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Abstract 

If a nuclear fusion reactor is developed, it can stably obtain electrical energy greater 

than that of existing nuclear power plants, even in the face of external shocks such as natural 

disasters. For this reason, research on the development of structural materials for fusion 

reactors is currently underway in advanced countries. In particular, reduced activation ferritic 

martensitic (RAFM) steel is mentioned as one of the strong candidates for fusion reactor 

structural materials due to its low coefficient of thermal expansion, stress corrosion cracking 

resistance, swelling resistance, and He brittleness resistance. However, common issues to be 

solved can be divided into two main issues. One is the material hardening/brittleness problem 

that occurs under high-energy neutron irradiation, and the other is that it is difficult to transfer 

the heat load to the cooling pipe quickly due to the low thermal conductivity. 

 

In this study, thermal properties, mechanical properties, and changes in physical 

properties after irradiation were analyzed after manufacturing a composite material by 

adding copper and tungsten to F82H steel, one of the RAFM steels. Each composite material 

was manufactured by putting Cu or W wire into F82H powder produced by gas atomizing 

and sintering by using a spark plasma sintering (SPS) at temperatures of 850 °C and 1000 °C, 

respectively. After the SPS, all specimens were annealed at 800 ℃ for 180 min for the heat 

treatment. The measurements for densities by using Archimedes’ method and for the thermal 

diffusivities by a laser flash analysis (LFA). And then, the thermal conductivity of each 

specimen was calculated by using the density obtained from Archimedes’ method, and the 

thermal diffusivity and the specific heat data obtained from the LFA. For the surface structure 

observation, scanning electron microscope (SEM), and energy dispersive spectroscopy 



 

II 

 

(EDS) were conducted for SPSed and annealed samples. Mechanical property examinations 

were performed to compare between general F82H and SPSed F82H-based composite 

materials. With the SPS holding at 850 °C for 10 min to 120 min, the composite materials 

show very poor mechanical properties, such as tensile property and Vickers hardness. The 

reason for the F82H-based composite material showed low mechanical properties is that the 

relative density was lowered, and pores were generated inside the material because the 

sintering temperature was not high enough and the sintering was not performed properly 

inside the F82H. In order to increase the relative density, the temperature increase rate was 

lowered from 100 °C/min to 50 °C/min, but the sintering temperature of 850 °C was 

increased to 1000 °C.  

 

The F82H-based composite material sintered at a temperature of 1000°C showed a 

thermal conductivity improvement of up to 3.3 times compared to the existing F82H. 

However, in the composite material containing W, as the volume fraction of W increased, 

the ductility of the composite material significantly decreased, resulting in very low 

toughness. The reason for this result is related that the formation of intermetallic compounds, 

such as Fe7W6, Fe3W3C and Fe2W phases could be found between tungsten and matrix in 

sintered steels. F82H-W reaction layer surrounding W wire, Fe7W6 intermetallic compounds 

would occur the embrittlement of entire elongation and initiation of fracture during the 

tensile test. In contrast, F82H-20Cu composite material showed no separation or crack 

initiation at the interface between F82H and copper wire, resulted in a satisfactory tensile 

property. From those results, F82H-20Cu composite material SPSed at 1000 oC for 120 min 

is suggested that the optimized condition to improve the thermal conductivity, leading to a 

comparable tensile property with that of the general F82H. 
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In the case of material embrittlement, the most important area to focus on is the 

evaluation of the investigation characteristics and the establishment of a database. It is almost 

impossible to evaluate the effect of He or H generated by nuclear transformation under high-

energy neutron irradiation on low-temperature fracture toughness or high-temperature creep, 

using an irradiation test using a nuclear fission reactor. In this regard, the effect of He has 

been indirectly evaluated through the method using He ion implantation. Irradiation damage 

modeling has long been an important issue in that it supplements the limitations of long-term 

irradiation tests by predicting various causes and results of material damage. For triple ion 

beam irradiated F82H-composite materials, F82H-20W composite material shows higher 

irradiation hardening than that of F82H-20Cu composite material. Cu part in F82H-20cu 

shows no irradiation hardening for the irradiation at 500 °C. F82H-W reaction layer with the 

F82H-W reaction layer tends to larger increase hardening for the irradiation condition. 

Radiation-induced dislocation loop was not observed in F82H after ion irradiation at 500 °C. 

For these reasons, F82H-Cu composite could be a candidate material for divertor of fusion 

reactor, especially at higher temperature. 

 

  



 

IV 

 

Contents 

Contents ................................................................................................................................... IV 

List of Figures ................................................................................................................... VI 

List of Tables ..................................................................................................................... IX 

Chapter 1 – Introduction ............................................................................................................ 1 

1.1 New Generation Energy System...................................................................................... 2 

1.2 Requirements for Nuclear Fusion Reactor ...................................................................... 7 

1.3 Candidates of Structural Materials for Nuclear Fusion Reactor .................................... 10 

1.4 Composite Material ....................................................................................................... 13 

1.5 Objective ....................................................................................................................... 14 

References ........................................................................................................................... 15 

Chapter 2 – Experimental Method .......................................................................................... 23 

2.1 Specimen fabrication by using Spark Plasma Sintering ................................................ 24 

2.2 Archimedes’ Principle and Density Determination ....................................................... 27 

2.3 Laser Flash Analysis ...................................................................................................... 28 

2.4 Thermal simulation ........................................................................................................ 29 

2.5 Scanning Electron Microscopy ...................................................................................... 30 

2.6 Mechanical Properties Analysis for Bulk Materials ...................................................... 32 

2.6.1 Tensile Test ......................................................................................................... 32 

2.6.2 Vickers Hardness Test ......................................................................................... 33 

2.6.3 Nano-indentation ................................................................................................ 34 

2.7 Transmission Electron Microscopy ............................................................................... 35 

2.8 Ion Irradiation ................................................................................................................ 36 

References ........................................................................................................................... 37 



 

V 

 

Chapter 3 – Fabrication of F82H-based composites ............................................................... 39 

3.1 Introduction ................................................................................................................... 40 

3.2 F82H-based composite materials SPSed at 850 °C and 1000 °C .................................. 42 

3.2.1 Relative Densities and Thermal Conductivities of F82H Composites SPSed at 

850 °C ...................................................................................................................................... 42 

3.2.2 Relative Densities and Thermal Conductivities of F82H Composites SPSed at 

1000 °C .................................................................................................................................... 45 

3.3 Microstructure of F82H-based composite materials ..................................................... 47 

3.3.1 Microstructure of F82H-based composite materials SPSed at 850 °C ............... 47 

3.3.2 Microstructure of F82H-based composite materials SPSed at 1000 °C ............. 49 

3.4 Tensile property of F82H-based composite materials ................................................... 52 

3.5 Summary ....................................................................................................................... 58 

References ........................................................................................................................... 61 

Chapter 4 – Microstructure analysis in irradiated RAFM and F82H composite materials ..... 62 

4.1 Introduction ................................................................................................................... 63 

4.2 Microstructure analysis for irradiated RAFM ............................................................... 65 

4.3 Microstructure analysis for irradiated F82H composite materials ................................ 71 

References ........................................................................................................................... 81 

Chapter 5 – Discussion ............................................................................................................ 83 

5.1 Differences of irradiation conditions between RAFM and F82H composite materials. 84 

5.2 Irradiation Hardening .................................................................................................... 86 

5.3 Thermal simulation ........................................................................................................ 93 

5.3 Summary ....................................................................................................................... 95 

References ........................................................................................................................... 96 

Chapter 6 – Conclusion ........................................................................................................... 98 



 

VI 

 

 

List of Figures 

Figure 1.1 Consumption-based CO₂ emissions per capita vs GDP per capita [3] ............. 3 

Figure 1.2 Schematic image of a nuclear fusion reaction .................................................. 5 

Figure 1.3 The design of ITER .......................................................................................... 6 

Figure 2.1 Conceptional design model of SPS ................................................................ 25 

Figure 2.2 3D Concept model of F82H-xW-yCu composites .......................................... 29 

Figure 2.3 Shape of micro-tensile test specimen (Type SS-J1) ....................................... 32 

Figure 3.1 Thermal conductivities and relative densities of F82H-xW-yCu composites 

SPSed at 850 °C ...................................................................................................... 44 

Figure 3.2 Thermal conductivities and relative densities of F82H-xW-yCu composites 

under diverse SPS conditions at 1000 °C ................................................................ 46 

Figure 3.3 (a) surface of 15W-5Cu composite SPSed at 850 ℃ for 10 min and (b) Cu 

wire surrounded by F82H matrix and pores ............................................................ 47 

Figure 3.4 Surface of (a), (c) 15W-5Cu and (b), (d) 5W-15Cu composites SPSed at 

850 ℃ for 120 min .................................................................................................. 48 

Figure 3.5 Cross-sectional SEM images of F82H-20Cu, F82H-10W-10Cu and F82H-

20W composites with 10 to 120 min SPS holding time .......................................... 50 

Figure 3.6 Surface of electro-polished F82H part in F82H-20W composite material ..... 50 

Figure 3.7 The reaction layer at the interface between F82H and W .............................. 51 

Figure 3.8 stress–strain curves of sintered F82H, F82H-5W-15Cu, F82H-10W-10Cu 

and F82H-5W-10Cu composites ............................................................................. 52 



 

VII 

 

Figure 3.9 SEM image and EDS mapping images at the fracture surface of the F82H-

5W-15Cu after tensile test ....................................................................................... 53 

Figure 3.10 Engineering stress-strain curves on F82H-based composites SPSed at the 

temperature of 1000 °C ........................................................................................... 54 

Figure 3.11 SEM images and EDS mapping data of fracture surfaces on F82H-20W (a–

c), F82H-10W-10Cu (d–f) and F82H-20Cu (g–h) composites with 120 min SPS 

holding time ............................................................................................................. 56 

Figure 4.1 Surface structures of RAFM steels used in this chapter ................................. 66 

Figure 4.2 SRIM prediction profile for depth distribution of displacement damage for 

6.4 MeV Fe3+ ions.................................................................................................... 66 

Figure 4.3 Microstructures in Fe3+ ion irradiated RAFM steels ...................................... 67 

Figure 4.4 Weak beam dark-field TEM micrographs of microstructures in Fe3+ ion 

irradiated RAFM steels............................................................................................ 68 

Figure 4.5 Dislocation loop distribution in ion-irradiated RAFM steels ......................... 69 

Figure 4.6 Dislocation loop distribution in ion-irradiated RAFM steels ......................... 69 

Figure 4.7 Dislocation loop distribution in ion-irradiated RAFM steels ......................... 70 

Figure 4.8 SRIM prediction profile of depth distribution of displacement damage for 

10.5 MeV Fe3+ ions (Blue) and implanted ions for 1.05 MeV He+ ions and 0.38 

MeV H+ ions (Red) ................................................................................................. 72 

Figure 4.9 Dislocation loops with ‘coffee bean’ contrast at 1600 nm depths in F82H 

irradiation at 350 °C ................................................................................................ 73 

Figure 4.10 (a) The low-magnification TEM micrograph and high-magnification 

microstructure at (b) 800 nm and (c) 1600 depths in F82H irradiation at 350 °C ... 73 

Figure 4.11 Dislocation loops with ‘coffee bean’ contrast at 1600 nm depths in F82H 



 

VIII 

 

irradiation at 350 °C ................................................................................................ 74 

Figure 4.12 conceptional image of the specimen preparation by using FIB ................... 75 

Figure 4.13 (a) In-focused microstructure of the F82H-20W composite after the ion-

irradiation. (b) Under-focused TEM image over the depth range of 1000 nm to 

1800 nm ................................................................................................................... 77 

Figure 4.14 (a) In-focused microstructure of the F82H-20Cu composite after the ion-

irradiation. (b) Cu part and (c) F82H part in F82H-20Cu composite of under-

focused TEM image over the depth range of 1000 nm to 1800 nm ........................ 78 

Figure 4.15 In-focused microstructure of the F82H-W reaction layer after the ion-

irradiation and Under-focused TEM image over the depth range of 1100 nm to 

1600 nm ................................................................................................................... 79 

Figure 4.16 Size distributions of irradiation-induced cavities at (a)-(b) F82H areas in 

F82H-W and F82H-Cu composite materials and (c)-(d) the F82H-W reaction layer

 ................................................................................................................................. 79 

Figure 5.1 Microstructure of F82H irradiated for triple ion beam at 500 °C .................. 85 

Figure 5.2 The dependence of swelling of F82H steels on irradiation temperature [9] .. 85 

Figure 5.3 (a) The depth profiles of the averaged nanoindentation hardness on (a) F82H-

20W and (b) F82H-20Cu before (△ mark) / after (○ mark) the ion irradiation .... 87 

Figure 5.4 Nix-Gao plot for (△ mark) unirradiated and (△ mark) ion-irradiated (a) 

F82H-20W and (b) F82H-20Cu .............................................................................. 90 

Figure 5.5 Overestimation of the value of nano-hardness in various unirradiated 

materials [10] ........................................................................................................... 92 

Figure 5.6 Temperature distribution in (a) F82H, (b) F82H including 1 vol.% pores, (c) 

F82H-20W and (d) F82H-20Cu .............................................................................. 93 



 

IX 

 

 

List of Tables 

Table 3.1 Thermal conductivities and relative densities of composite materials SPSed at 

850 °C ...................................................................................................................... 43 

Table 3.2 Thermal conductivities and relative densities of composite materials SPSed at 

1000 °C .................................................................................................................... 46 

Table 3.3 Tensile properties of composite materials SPSed at 1000 °C .......................... 55 

Table 4.1 Chemical compositions of reference RAFM steels ......................................... 65 

Table 4.2 Ion irradiation conditions for reference RAFM steels ..................................... 65 

Table 4.3 Mean dislocation loop diameter and density in RAFM steels irradiated at 

325 °C ...................................................................................................................... 68 

Table 4.4 Mean cavity diameter, number density and swelling fraction in He implanted 

RAFM steels ............................................................................................................ 70 

Table 4.5 Mean cavity diameter, number density and swelling fraction in F82H 

composites irradiated at 350 °C ............................................................................... 75 

Table 4.6 The number density and diameter of root mean cube of cavities formed in 

F82H-based composite materials irradiated at triple ion-beam conditions ............. 80 

Table 5.1 H0 and irradiation induced hardness changes of F82H-20W and F82H-20Cu 

composite material................................................................................................... 89 

Table 5.2 Simulated average temperature of composite materials .................................. 94 

 

  



 

1 

 

Chapter 1 

 

 

 

 

Introduction 

 

 

 

 

  



 

2 

 

 

1.1 New Generation Energy System 

The biggest cause of global warming, a major concern today, is the increase in carbon 

dioxide (CO2) produced by the combustion of fossil fuels, followed by cooling aerosols and 

cement manufacturing [1]. As an indirect effect of climate change, it has been shown to 

intensify air pollution, such as increasing ozone concentration, by promoting photochemical 

reactions in the atmosphere in proportion to the increase in temperature and affecting health. 

Diseases are increasing through rising global temperatures are also contributing to droughts 

and increased forest fires [2]. Deforestation can also lead to a rise in temperature over the 

centuries, change the life cycle of the planet, and even change human civilization. For this 

reason, many theories for solving human-induced climate change have been widely debated 

for a long time. Accordingly, many countries around the world have agreed to the ‘Paris 

Agreement’ adopted in 2015 and ‘An IPCC special report on the impacts of global warming 

of 1.5 °C’ approved at the 45th General Assembly of the Intergovernmental Panel on Climate 

Change (IPCC) in 2018 [3-4]. According to the proposal, carbon neutrality is legislated or 

declared as a goal by 2050. A total change in the economic and social structure is required to 

realize carbon neutrality [5]. Among them, the most fundamental problem to be solved is the 

energy source problem as shown in figure 1.1 [6].  
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Figure 1.1 Consumption-based CO₂ emissions per capita vs GDP per capita [3] 

 

In order to realize carbon neutrality, the use of fossil fuels should be extremely limited, 

and the development and share of alternative energy sources that do not generate carbon 

dioxide should be increased. A nuclear power plant is a place where electricity is generated 

by using nuclear power [7]. The nuclear reactor acts as a boiler in a thermal power plant that 

burns coal or oil, and the uranium, the fuel of this reactor, generates two to three neutrons 

and enormous energy through nuclear fission. The energy released when all 1 gram of 

uranium is nuclear is equivalent to the energy released when 9 drums of oil or 3 tons of coal 

are burned [7-8]. Conversely, various fission fragments produced by nuclear fission have 

very high radioactivity. When a nuclear power plant is in a steady state, these fission 

fragments cannot escape from the nuclear fuel and are thoroughly protected and shielded, 

thus, there is no concern about exposure [9]. However, when nuclear fuel is melted and 

protective and shielding measures are lost, such as in the Chernobyl nuclear power plant or 

the Fukushima nuclear power plant, a huge amount of radioactive material and powerful 

radiation can be released into the external environment [8, 10-12]. During the operation of 

the nuclear power plant, there was a concerning that radiation exposure problems may occur. 
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In order to use nuclear energy from nuclear fission, thorough and safe measures must be 

taken to prevent radiation exposure, so it is recognized as a major disadvantage of using 

nuclear energy. However, there is currently no power generation means to get a large amount 

of environmentally friendly energy sources that are safe against external shocks such as 

disasters and fires and do not generate carbon dioxide. 

Except for nuclear energy, most of the available energy on Earth is based on solar energy 

[13-15]. Renewable energies such as solar power and wind power are eco-friendly because 

they generate almost no carbon dioxide, but there are some limitations in the stable supply 

of mass energy because there is a large variation depending on the region and environment 

and the energy generation efficiency is much lower than that of fossil fuel power generation 

or nuclear power generation [16]. There is the safest and most stable alternative for realizing 

long-term sustainable carbon neutrality by compensating for the shortcomings of these 

renewable energies is to implement nuclear fusion energy similar to that of the sun directly 

on Earth. 

Nuclear fusion refers to a reaction in which two light atomic nuclei react to form a 

heavier atomic nucleus. In the process of overcoming repulsion and fusion into heavier 

atomic nuclei, energy is generated as much as the reduced mass [17-18]. Nuclear force acts 

between the protons and neutrons making up the nucleus, and when the distance between 

each other is closer than 1.0 × 10−14 m, it becomes an attractive force that overcomes the 

electrical repulsion force (Coulomb’s force) between protons with the same charge [19]. 

When the above conditions are given between relatively light atomic nuclei such as hydrogen 

or helium, they combine with their attractive force to form heavier atomic nuclei and release 

binding energy at the same time. Thermonuclear fusion is a method of colliding by using the 

large thermal velocity of atomic nuclei by making high-temperature plasma into a high-

temperature plasma to overcome Coulomb’s force and bring atomic nuclei closer together as 
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shown in figure 1.2 [20]. 

 

 

Figure 1.2 Schematic image of a nuclear fusion reaction 

 

Although nuclear fusion energy has been developed since the 1950s, the level of 

development has risen sharply over the past 20 years, and it has entered the engineering 

development stage beyond the previous simple basic research stage. The realization of fusion 

energy, with the highly advanced peripheral technology, is increasingly coming into sight. 

To demonstrate the production of large-capacity fusion energy, the International Fusion 

Experimental Reactor (ITER), jointly built by seven leading countries, is about to be 

completed in 2025. The design of ITER fusion reactor is presented in Fig. 1.3 [21].  
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Figure 1.3 The design of ITER 

 

Theoretically, the efficiency of fusion energy is about seven times that of nuclear power, 

which is the most efficient power generation method at present. A nuclear fusion reaction 

with 1 kg of hydrogen can produce as much electricity as a thermal power plant using 8 tons 

of coal. Above all, deuterium, one of the raw materials for power generation, exists close to 

infinity on Earth, and high-level radioactive waste does not come out during the power 

generation process. Leading countries in nuclear fusion are proposing specific plans to show 

electricity production through nuclear fusion. From several years ago, China has already 

made aggressive investments with the goal of completing a nuclear fusion energy 

demonstration device in the 2030s [22]. Last year, the UK announced its plan to complete 

the world’s first nuclear fusion power generation demonstration equipment (STEP) in 2040 

as one of the 10 key plans for the green industrial revolution [23]. The United States also 

published a report containing detailed research plans in response to the proposal that nuclear 

fusion power production should be demonstrated between 2035 and 2040 to achieve carbon 

neutrality in 2050 [24]. Japan included the development of nuclear fusion energy in its plan 

to achieve 2050 carbon neutrality [25].   
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1.2 Requirements for Nuclear Fusion Reactor 

The advantage of a fusion reactor is that there is no risk of explosion or serious accident 

even in an unexpected accident, and high-efficiency energy capable of producing large-

capacity electricity can be used in an environmentally friendly manner. However, the fusion 

reactor is a very complex device in which high-temperature plasma of 100 million °C or 

higher is confined by a superconducting magnet with a high magnetic field of -270 °C [26]. 

Element technologies for commercial fusion reactors include core combustion plasma, 

tokamak devices, and technologies related to energy transport and conversion systems [27]. 

In particular, vacuum containers and structural materials related to tokamak devices are very 

important because they must be operated for a long time in an extremely harsh environment. 

Blanket and Divertor are representative structural materials for fusion reactors. Most of 

the energy by deuterium-tritium (D-T) fusion is released in the form of high-energy neutrons 

of about 14.1 MeV [28-30]. Blanket converts the kinetic energy of this neutron into thermal 

energy and plays a role in protecting structures such as vacuum vessels and superconducting 

magnets from neutron irradiation [31]. When a nuclear fusion reaction starts, it creates tritium 

by itself using the neutrons that result from the reaction. The first wall of the fusion reactor, 

the blanket, surrounds the inside of the vacuum vessel, the space where the fusion reaction 

takes place and serves to collect neutrons that are ejected because of the fusion reaction [30, 

32]. 

The high kinetic energy of the neutrons collected in the blanket is converted into thermal 

energy, which heats the coolant flowing inside the blanket to generate steam, which turns a 

turbine to produce electricity. When neutrons reach the lithium layer inside the blanket, the 

lithium and neutrons react to form tritium at the same time. Tritium not used in the fusion 
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reaction is emitted mixed with impurities, and only tritium is separated and purified from 

this effluent and stored, so that it can be used again as a fuel for fusion. The divertor protects 

the vacuum vessel surrounding the outside against the high-temperature heat load (>20 

MW/m2) generated from the internal plasma and removes impurities generated from He 

alpha particles during nuclear fusion reactor operation [33-35]. Impurities interfere with 

high-temperature and high-purity plasma generation. Therefore, the Divertor is a major 

device that minimizes plasma contamination by removing impurities in the core and protects 

the vacuum vessel and diagnostic equipment from the high temperature of the plasma [36-

37]. 

In a nuclear fusion reactor, various materials are required for each component. In 

particular, the structural materials located from the plasma to the blanket and diverter must 

exhibit stable characteristics in a very harsh operating environment, thus selection of 

appropriate materials and development of reliable structural materials. This becomes a 

prerequisite for the realization of a highly efficient nuclear fusion reactor. Blanket and 

Divertor are components exposed to the harshest environment in a fusion reactor due to harsh 

neutron irradiation, ultra-high temperature, and high magnetic field [38-42]. Therefore, it can 

be said that the development of structural materials is very important to secure 

competitiveness in terms of stability, reliability, environment-friendly issues, and unit cost 

of electricity generation for practical use of fusion power generation. 

For the development of a nuclear fusion reactor, various design and analysis methods, 

such as safety analysis in a high-temperature neutron irradiation environment, must be 

supported [42]. For these reasons, the structural materials that can withstand harsh 

environments are essential. In particular, as an increase in the thermal load incident upon 

plasma operation of a commercial fusion reactor is expected, active cooling between the face-

to-face material and the cooling plate is required to secure the safety of the fusion reactor, 
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and the development of a technology capable of maximally increasing heat transfer is 

required. 
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1.3 Candidates of Structural Materials for Nuclear Fusion Reactor 

Ferritic martensitic steel (FM steel) with a martensitic microstructure with iron (Fe) as 

the base and chromium (Cr) as the main alloying element is already used in thermal power 

plants, etc., has high resistance to void swelling and he embrittlement [43-44]. However, it 

has the advantage of excellent compatibility with coolants, such as liquid metals. Due to the 

decrease in creep strength, the operating temperature is limited to about 550°C, irradiation 

embrittlement is brittle due to high-speed neutron irradiation at temperatures below 400°C, 

and the BCC crystal structure with the magnetic properties, thus it is difficult to design. In 

nuclear structural materials, nuclear fission or fusion reactors do not produce highly 

radioactive materials. However, when high-energy neutrons are absorbed by non-fissile core 

components or structural materials, the absorbed atoms are converted, and radioactive 

isotopes are generated [45]. This radioactive element decays into stable isotopes, 

accompanied by the emission of β or γ radiation. Depending on the element, radiation 

continues to be emitted for a long period after irradiation is complete. Radiation is an 

important issue for safety and daily operation, decomposition of power plants, and disposal 

of radioactive waste. In addition, the material applied to the fusion reactor must maintain 

sufficient toughness and high-temperature strength during use at high temperatures and 

resistance to irradiation damage caused by high-energy neutron irradiation. FM steel has 

problems such as irradiation hardening at low temperatures, significant increase in the 

Charpy ductile-brittle transition temperature (DBTT) or reduction of fracture toughness, and 

changes in fracture properties due to helium and hydrogen. There is a problem, and studies 

are being actively conducted to solve it. Accordingly, there are two important considerations 

in the development of fusion reactor materials. First, it suppresses the addition of 

molybdenum (Mo), niobium (Nb), nickel (Ni), etc., which have radioactive properties, and 
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instead tungsten (W), vanadium (V), manganese (Mn), Tantalum (Ta) and titanium (Ti) are 

added. The other is to remove impurities that affect induced activation and dose rate as much 

as possible, even when a small amount is added [46-48]. By manufacturing reduced 

activation ferritic martensitic (RAFM) steels such as EUROFER 97 in Europe, F82H steel in 

Japan and CLAM in China, a database for the evaluation of properties in the fusion reactor 

operating environment has established and manufacturable has evaluated [49-51]. 

Tungsten, as a candidate material for the fusion reactor plasma, has excellent refractory 

properties and resistance to surface erosion [52-55]. However, using pure tungsten as a 

material for a fusion reactor diverter has a serious problem because it becomes brittle by 

recrystallization and irradiation. When the material becomes brittle like this, cracks in the 

structure cause air to enter, and tungsten produces radioactive oxides. The problem of 

tungsten embrittlement must be addressed because the generated radioactive oxides pose a 

serious safety risk if they are released. In recent years, research on developing alloys or 

composite materials based on tungsten has been extensively conducted. Tungsten, a material 

with excellent heat/erosion resistance, is considered as a plasma-facing material for the first 

wall and divertor in the center, which must be in contact with high-energy (14.1 MeV) 

neutrons and high-temperature plasma. Since tungsten (W) or tungsten alloys have a large 

atomic number, erosion by plasma in the operating state of a nuclear fusion reactor is 

significantly less than that of a low atomic number material [56-57]. Therefore, tungsten-

based alloys stand out as structural materials that exhibit high durability that can withstand 

long-term conditions under heat and deuterium particle erosion at high temperatures [57]. 

Unlike tungsten, which is a major candidate for plasma facing materials, copper-based 

alloys such as CuNiBe alloys and CuCrZr alloys are mainly mentioned as divertor structural 

materials [58-60]. The high thermal conductivity of the copper alloy allows it to transfer high 

heat loads from the plasma to the cooling tube. Copper inherently has a high thermal 
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conductivity of about 380 W/(m•k) at between 20 - 500 °C, which results in high heat flux 

characteristics [60]. Copper-based precipitation hardened (PH) copper alloys and dispersion 

strengthened (DS) copper alloys typically have a thermal conductivity of about 80-90% of 

pure copper [61-64]. The Cu-Ni-Be alloy has a rather low thermal conductivity, accounting 

for 65-75% of pure copper [65]. Since it is higher than F82H having a thermal conductivity 

of 31.3 W/(m•k) or tungsten having a thermal conductivity of 173 W/(m•k), it is one 

candidate for application to a location with a very high heat flux among fusion reactor 

structural materials [65-67]. 
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1.4 Composite Material 

The dissimilar material joining technology is one of the most important material 

technologies for the realization of a nuclear fusion reactor [68]. For the development of 

nuclear fusion reactors and fusion-related technologies, in terms of materials, materials that 

face high-temperature plasma, materials that transmit generated thermal energy, and 

structural materials should be developed separately. However, in the entire manufacturing 

process of a fusion reactor, these dissimilar materials are joined to form a single part, so 

dissimilar material bonding technology is an essential element technology that must be 

secured for the construction of a fusion reactor [69]. Composite material is the product made 

through this dissimilar material bonding technology. Composite material refers to a material 

having an effective function by macroscopically combining two or more types of materials 

with different components or properties [68, 70-72]. Alloys in which two or more types of 

materials are microscopically combined and have macroscopic homogeneity are not referred 

to as composite materials. Unlike alloys, composites have macroscopic interfaces between 

their constituent materials. Components of composite materials include fibers, particles, 

lamina, and matrix [73]. Composite materials composed of these elements can be classified 

into layered composites, particle-reinforced composites, fiber-reinforced composites. 
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1.5 Objective 

The major objective of this study is improving the thermal conductivity of F82H by 

adding W or Cu in the matrix. Each composite material was manufactured by putting Cu or 

W wire into F82H powder produced by gas atomizing and sintering by using a spark plasma 

sintering (SPS). In order to fabricate a dense composite material, it is most important to find 

the optimal SPS condition. After fabricating several candidate composite materials, it is 

essential to compare and analyze changes in thermal conductivity, mechanical properties, 

and irradiation properties with the existing F82H. 
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2.1 Specimen fabrication by using Spark Plasma Sintering 

Sintering refers to the process of powder particles becoming a lump through a thermal 

activation process. During sintering, the density of the powder compact increases from 40 ~ 

60 % to 80 ~ 99.9% after sintering, accompanied by ancillary phenomena [1]. The most 

representative accompanying phenomenon is a change in particle size, and it is observed that 

the particle size increases by over 10 times during the sintering process. Therefore, material 

densification and grain growth are representative sintering phenomena [2]. The sintering 

process in which densification and grain growth occur is directly related to changes in surface 

or interfacial energy. The surface area of particles is reduced through densification, and the 

area of the interface between particles is also reduced through particle growth. This change 

in energy serves to promote the movement of matter. In addition, chemical synthesis 

reactions occur simultaneously with densification and grain growth during the sintering 

process.  

In this experiment, spark plasma sintering (SPS) method was applied. Spark plasma 

sintering is a sintering method with high energy of high-temperature discharge plasma that 

is instantaneously generated by spark discharge by directly injecting pulse electric energy 

between the particles of the green compact that are subjected to mechanical pressure [3-5]. 

Compared to the conventional sintering method by hot press (HP) or hot isostatic press (HIP), 

SPS is possible at low temperature and for a short time. If HIP is a technology that promotes 

sintering by applying direct pressure to the specimen with a carbon piston, spark plasma 

sintering technology promotes sintering by simultaneously applying pressure and current 

through the carbon holder, as shown in Figure 2.1. 
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Figure 2.1 Conceptional design model of SPS 

 

It enables sintering even at low temperatures. SPS has the advantage that low-

temperature sintering is possible, and thus a sintered body with extremely suppressed grain 

growth can be manufactured.  

To fabricate F82H-based composite materials, F82H powders and wire-shape (1 mm in 

length and 300 μm in diameter) tungsten (Nippon Tungsten CO., LTD, 99.96% or higher 

purity) and copper (Nilaco Co., 99.9% purity) are used in this study. The typical compositions 

of F82H are listed in Table 2.1. About 125 μm sized spherical F82H powders were fabricated 

by a gas atomization from the bulk F82H. And then, the F82H powders were sintered with 

tungsten wires and/or copper wires. All the composites were sintered by the SPS 

(DR.SINTER.LAB, SPS+510 L). The direction of wires was perpendicular to the 

compression direction for the sintering. In this study, there are two kinds of composite 

materials with the holding temperature of 850 °C or 1000 °C. To sinter the composite 

materials at 850 °C, the SPS was performed at the heating rate of 100 °C/min from R.T. to 

600°C with 3 min holding time, 50°C/min to 850 °C and then held the temperature under the 

inner pressure of 40 MPa. Other composites were sintered as the metal volume fraction of 
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F82H-xW-yCu (x, y = 0~20 vol%). The conceptual model for our study is depicted as shown 

in Figure 1 (a). The SPS was conducted with the heating rate of 100 °C/min from room 

temperature to 750°C, and then, 50°C/min until the setting temperature of 1000 °C under the 

pressure of 40 MPa. The holding time at the highest temperature was 10, 60, and 120 min, 

respectively. Figure 1 (b) shows the temperature profile applied during the SPS process. The 

size of SPSed specimens is 20 mm diameters, and the height is about 10 mm. SPSed 

specimens were machined and cut into a square plate shape with a width of 20 mm, a length 

of 10 mm, and a thickness of 0.2 mm. And then, the surfaces of each specimen were polished 

using sandpaper with grits 800, 1000, and 2000 for 6 min, respectively. After cutting and 

polishing, a heat treatment in the vacuum condition was performed at a temperature of 800 °C 

for 180 min to reduce the inner stress of the specimens. 
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2.2 Archimedes’ Principle and Density Determination 

The state and volume of the material change with temperature. Therefore, accurate 

temperature measurement must be accompanied by accurate density measurement, and the 

temperature during measurement must also be kept constant at the same time [6]. In fact, a 

measurement error of up to 0.0001 g/cm3 may occur due to a temperature difference of 0.1 °C. 

Depending on how the volume is defined, it can be divided into true density, appendant 

density, and bulk density. True density is the density calculated using only the volume of the 

actual sample except for all pores present inside and outside. It is irrelevant in the case of a 

densely constructed sample inside, but the true density cannot be measured if there is a waste 

hole that cannot be accessed from the outside. Apparent density refers to the density 

calculated using the volume excluding pores open to the outside. That is, since it is the 

density calculated by dividing the weight of the sample by the volume including the closed 

pores inside, in the case of a porous material, it is essential to measure the apparent density. 

Bulk density is the density calculated using the volume including pores open to the outside. 

In the case of a porous material with micropores, the apparent density and bulk density differ 

greatly, whereas in the case of an ideal material with no pores and the clear surface, there is 

no difference between the bulk density and the apparent density. In this experiment, assuming 

that the density of water is 1 g/m3, the density was calculated using the dried weight, saturated 

weight, and suspended weight. The dried weight is the weight of the dried sample, the 

saturated weight is the weight of the sample in water, and the suspended weight is the weight 

when the surface of the sample immersed in water is wiped with a damp cloth and the internal 

pores are filled with water. The relative density was calculated by comparing the density for 

each sample with the theoretical density, respectively.  
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2.3 Laser Flash Analysis 

The thermal diffusivities of F82H-xW-yCu composite materials were measured by the 

laser flash analysis (Netzsch, LFA 457 MicroFlash). In the conventional contact method for 

measuring heat conduction in a steady state, there was a problem that an error occurred due 

to the contact resistance between the sample surface and the heating surface, and it took a lot 

of time. On the other hand, the flash method, which is a non-contact measurement method, 

measures the thermal diffusion coefficient without contact resistance with the sample, can 

measure in a short time, and has the advantages of easy data acquisition and small size of the 

specimen. The direction of the heat flux during LFA was in the direct path of tungsten and 

copper wires in the specimens [7-8]. The thermal conductivity of each specimen was 

calculated by using the density obtained from Archimedes’ method, and the thermal 

diffusivity and the specific heat data obtained from the laser flasher. The specific thermal 

conductivity could be calculated using the equation of thermal diffusivity: 

    λ = α × Cp × ρ  (2.1) 

where λ is the specific thermal conductivity, α is the thermal diffusivity, Cρ is the specific 

heat, and ρ is the density [9]. Thermal diffusivity of a material is a thermal property that 

determines the rate at which heat propagates by its conductivity regarding time at a 

temperature. The higher the thermal diffusivity, the faster the heat propagates. 
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2.4 Thermal simulation 

For the design of composite materials, thermal simulations with were performed various 

conditions. The analysis models were designed by using AutoCAD2020 and SpaceClaim as 

shown in Fig. 2.2. The volume fraction of wires is 20 % of total composite material sample. 

With designed model, the analysis has been carried out following a theoretical-computational 

approach based on adopting the commercial computational steady-state thermal analysis 

code with ANSYS v19.1. The thermal conductivity of each material was set to 31.3 W/(m•k), 

173 W/(m•k) and 401 W/(m•k) as F82H, W and Cu.  

 

 

Figure 2.2 3D Concept model of F82H-xW-yCu composites 
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2.5 Scanning Electron Microscopy 

A scanning electron microscope (SEM) is a microscope widely used to observe small-

sized microstructures and shapes in a solid state. Due to the very small electron beam, it is 

easy to observe a three-dimensional image with a deep depth of field. Therefore, it is an 

analysis equipment that can observe three-dimensional shapes, such as complex surface 

structures and crystal shapes at high magnification [10]. The SEM images information on the 

reflection or scattering of the electron beam irradiated from the electron gun to the sample, 

so that the user can analyze the surface of the sample. Secondary Electron (SE) provides 

detailed information on the surface shape without causing damage to the sample surface due 

to its relatively low energy [11]. In addition, since the manufacturing cost of the detector is 

low, and it is easy to control, it is used as a basic detector for SEM. Increasing the accelerating 

voltage in SE increases the penetration depth of the electron beam, thus decreasing the 

contrast, but increasing the probability that secondary electrons are emitted from all 

topologies of the specimen. If higher contrast is required during SEM observation, the 

contrast can be increased by lowering the acceleration voltage. Electrons that are reflected 

or scattered from the surface of the sample and then emitted out of the surface of the sample 

are called back-scattered electrons (BSE), and the detector is often located under the 

objective lens. Since backscattering increases as the elemental atoms of the sample are 

heavier, the contrast due to the difference in atomic number appears on the backscattered 

electrons on the surface of the flat sample. Therefore, information on the composition of the 

sample can be detected by the backscattered electron image. Energy dispersive spectroscopy 

(EDS) can be performed with the SEM used in the laboratory. To perform this analysis, SE 

images are obtained from the program, and X-rays and long-wavelength visible light are 

detected by the action between primary electrons and solid samples using an EDS detector. 
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This is a powerful analysis function of SEM that can perform qualitative or quantitative 

analysis by measuring the distribution of elements by detecting the intensity of characteristic 

X-rays generated by scanning the primary electron beam on the specimen. For the structure 

analysis of F82H-based composite materials, surface structure and EDS mapping observation 

were carried out at 10 to 20 kV using JSM-6510LA scanning electron microscope (SEM, 

JEOL) equipped with Norman Voyager Series IV (EDS, Thermo Electron Corporation). 
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2.6 Mechanical Properties Analysis for Bulk Materials 

2.6.1 Tensile Test 

When conducting a tensile test, the sintered body was processed to a thickness from 0.2 

mm to 0.25 mm, and the processed sample was punched out with a punching machine to 

prepare the SS-J1 micro-tensile test piece as shown in Fig. 2.4. The length of the parallel part 

of the micro-tensile test piece is 5 mm, and the width is 1.2 mm. For tensile tests, a model-

5564 tensile tester manufactured by Instron was used. The tensile test was conducted under 

the conditions of room temperature, air condition, and strain rate of 10-3 s-1 [12]. The test was 

performed at least 5 times for each composite material. Tensile strength and breaking 

elongation were calculated from the results of the tensile test. 

 

 

Figure 2.3 Shape of micro-tensile test specimen (Type SS-J1) 
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2.6.2 Vickers Hardness Test 

Vickers hardness tester makes an indentation by pressing a pyramid-shaped diamond 

indenter with a facing angle of 136°. The hardness expressed as the value obtained by 

dividing the load by the surface area of the remaining permanent pit is called the Vickers 

hardness. For Vickers hardness, where the load is P kg and the length of the diagonal of the 

pit is d mm, then the Vickers hardness Hv becomes Hv=1.854 P/d2. Since the feet are similar, 

the hardness value becomes constant regardless of the size of the load. If the size of the load 

is tiny, the hardness can be measured directly on the surface of the product. Also, the hardness 

tester that can be used under a load of 1kg or less is called a microhardness tester, and since 

the pit is very small, it is also used to obtain the hardness distribution of the surface or to 

measure the hardness of a small part of the material structure [13]. In this study, experiments 

were performed at room temperature for each region of F82H, W and Cu exposed on the 

surface. The test load was all the same at 3 kgf, and the test load was maintained for 10 

seconds. 
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2.6.3 Nano-indentation 

The nano-indentation tests were performed to evaluate the ion-irradiation-induced 

mechanical properties. For the F82H-20W and F82H-20Cu composite materials after ion 

irradiation, the nano-hardness before and after irradiation was measured using the 

nanoindentation test. The nano-indentation is an analysis technique that measures various 

mechanical properties such as hardness and elastic modulus by applying a very small load to 

the surface of an indenter having a certain geometric shape [14-16]. In this experiment, 

among the tips of various nano indenters such as conical and triangular cylindrical flat punch, 

the Berkovich tip was used. For the nanoindentation test, progressive multi-cycles in force 

control were used, and hardness values from 200 nm to 2000 nm depth were measured from 

the surface of the sample. Unirradiated and irradiated measurement area were tested for Fe, 

W, and Cu exposed on the surface of the composite material, respectively. 
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2.7 Transmission Electron Microscopy 

The principle of operation of a transmission electron microscope (TEM) is the same as 

that of an optical microscope, but the light source of the optical microscope is light, whereas 

the light source of the TEM transmits the specimen with the accelerated electron beam and 

controls the action of the lens to the full length to control the magnification of the image. 

Typically, using voltages of up to hundreds of thousands of volts, the electron gun accelerates 

electrons to high speeds. When accelerated electrons smaller than the wavelength of the 

material to be observed are generated and transmitted through the medium, a difference in 

the intensity of the electron beam that can be transmitted occurs depending on the degree of 

crystal plane or defect. The difference in transmitted beam intensity appears as a contrast to 

the fluorescent screen. For the microstructure analysis, observation images and diffraction 

patterns were obtained using a TEM (JEOL, JEOL-2010F) operated at 200 kV. The inner 

grains of F82H-W-Cu composite materials were observed by bright-field images and weak 

beam dark-field images. 
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2.8 Ion Irradiation 

It is predicted that the first wall of the fusion reactor will be exposed to neutron 

irradiation dose of about 300 DPA or more during its service life. It takes almost several 

decades to irradiate a sample with the above dose in a research reactor. Therefore, ion 

irradiation using a particle accelerator such as Van de Graaff or cyclotron is widely used 

where the structural material of a nuclear fusion reactor is damaged during operation. Unlike 

nuclear reactors, ion irradiation has a high damage density and can cause a large amount of 

irradiation damage in a short time, making economic research possible. However, in the case 

of the ion irradiation test, the irradiated damaged area only reaches a depth of several 

micrometers, thus a nano-micro-scale sample analysis method is indispensable. In this study, 

triple beam ion irradiation was performed on F82H-20W and F82H-20Cu composite 

materials sintered at a temperature of 1000 °C. Ion-beam irradiation with 10.5 MeV Fe3+, 

1.05 MeV He+ and 0.38 MeV H+ was performed in perpendicular direction to the polished 

surfaces at Takasaki Ion Accelerators for Advanced Radiation Application (TIARA) facility 

in National Institutes for Quantum Science and Technology (QST) [17]. To make a flat ion-

concentration peak for He+ and H+ irradiation, the energy degraders in the accelerator were 

applied during the irradiation [18]. The irradiation temperature was controlled at the 

temperature of 500 °C averagely. 
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Chapter 3 

 

 

 

 

Fabrication of F82H-based composites 
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3.1 Introduction 

The RAFM (Reduced Activation Ferritic / Martensitic) steel is one of the strong 

candidate materials for the plasma-facing components (PFCs) in demonstration fusion plants 

(DEMO) nuclear fusion reactor due to its high resistance against the neutron radiation 

condition. The structural materials in the coolant system and the divertor should have a high 

thermal conductivity to transfer the high heat load from the plasma-faced region to a coolant 

pipe. RAFM steels have good mechanical properties at the temperature that the fusion reactor 

operated and great swelling resistance. However, it has very low thermal conductivity for the 

structural material of the divertor compared to other candidate materials, such as tungsten or 

copper-based alloys. Since the SPS temperature of 1000°C is very close to the melting point 

of copper (1085 °C), it is necessary to pay attention to partial melting of copper during the 

SPS. Therefore, the temperature increase rate to the holding temperature was set to 50 °C so 

that the SPS temperature does not exceed the set holding temperature. 

A structural material surrounding the coolant for the nuclear fusion reactor is used in 

harsh environments, for instance, exposed to high-energy neutron flux and concentrations at 

temperatures of at least 300 °C. Therefore, we had designed one of RAFM steel, F82H-based 

composite materials to improve the thermal conductivity of the RAFM steels. F82H-xW-yCu 

composite materials (x, y=0~20 vol.%) were sintered under 40 MPa pressure at 850 °C and 

1000 °C for from 10 min to 120 min.  

The increase in thermal conductivities of the composites could be expected with the 

addition of metal wires which have a high thermal conductivity such as pure copper (401 

W/(m•k)) and pure tungsten (173 W/(m•k)). The advantage of adding copper is extremely 

high energy density with very high thermal conductivity. It can make fast removal of the high 
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heat load from the core region of a reactor to the cooling pipe. However, Cu could be applied 

at low operating temperatures due to its relatively modest strength parameters. The 

advantages of adding tungsten are its low coefficient of thermal expansion (CTE), low 

neutron activation, low tritium retention, and so on. However, a difference of the CTE 

between tungsten (4.3 × 10−6/K) and F82H (12 × 10−6/K) is too large, and it may occur a 

mechanical failure due to the thermal mismatch or the dimensional instability for an 

operation of the fusion reactor. Thus, for the F82H-W composite material, it is essential to 

measure the mechanical properties after sintering, in particular, to analyze the tensile 

properties. 
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3.2 F82H-based composite materials SPSed at 850 °C and 1000 °C 

3.2.1 Relative Densities and Thermal Conductivities of F82H Composites SPSed 

at 850 °C 

Figure 1 shows the temperature and pressure profile applied during the SPS process. In 

the SPSed samples, the direction of wires was perpendicular to the compression direction. 

The composites were sintered as F82H-xW-yCu (x, y = 5~15 vol.%). The conceptual model 

for our study is depicted as shown in Fig. 2. Samples were cut and machined from the vertical 

direction, and then the surface of the samples was polished for the laser flash analysis and 

the microstructural analysis. 

The expected thermal conductivity of a composite, λcomposite was estimated on a basis of 

the mixture rule [1]. The mixture rule on a thermal conductivity is expressed as below: 

λcomposite = λmatrixVmatrix + λadditiveVadditive 

where λcomposite is the sum of thermal conductivity of the matrix and thermal conductivity of 

the additive, which is directly proportionate to each volume fraction [2]. The relative 

densities, expected thermal conductivities and actual thermal conductivities of the composite 

materials are listed in Table 3.1. Figure 3.1 shows the actual thermal conductivities and 

relative densities of F82H-xW-yCu composites. Assuming F82H-20Cu composite is fully 

dense, it could have 3 times higher thermal conductivity than F82H bulk. The actual value 

of the thermal conductivity is a proportional relationship with temperature, thus, the thermal 

conductivity of F82H-20Cu composite seems to have a lower thermal conductivity than the 

expected thermal conductivity. 
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Table 3.1 Thermal conductivities and relative densities of composite materials 

SPSed at 850 °C 

 

 

 

 
SPS Holding 

Time [min] 

Expected thermal 

conductivity [W/mK] 

Actual thermal 

conductivity [W/mK] 

Relative density 

[ % ] 

F82H - 31.3 31.3 100 

 F82H+5W+5Cu 10 56.9 43.7 98.7 

 F82H+5W+10Cu 10 75.4 73.2 96.9 

 F82H+5W+15Cu 10 93.9 86.8 97.5 

 F82H+10W+5Cu 10 64.1 56.3 96.3 

 F82H+10W+10Cu 10 82.5 66.1 96.0 

 F82H+15W+5Cu 10 71.2 41.6 82.9 

 F82H+5W+15Cu 60 93.9 82.9 96.4 

 F82H+15W+5Cu 60 71.2 65.8 98.3 

 F82H+5W+15Cu 120 93.9 88.6 97.3 

 F82H+15W+5Cu 120 71.2 67.1 98.6 
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Figure 3.1 Thermal conductivities and relative densities of F82H-xW-yCu 

composites SPSed at 850 °C 
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3.2.2 Relative Densities and Thermal Conductivities of F82H Composites SPSed 

at 1000 °C 

When a composite is fully dense, it could show the theoretical thermal conductivities, 

which are their highest thermal conductivity. The expected thermal conductivities of all 

composites are listed in Table 3.2. And the actual thermal conductivities and the relative 

densities of the composites were summarized in Fig. 3.2 and Table 3.2. 20 vol.% of tungsten 

or copper composite material was prepared in order to reduce the variables and problems that 

may occur by adding tungsten and copper at the same time. Basically, the actual thermal 

conductivity of a composite would be lower than the expected value calculated by the 

formula of the mixture rule for a composite material. The theoretical value of the thermal 

conductivity of F82H-20Cu composite is 105.2 W/(m•k). However, the value of the actual 

thermal conductivity of F82H-20Cu composite material SPSed at 1000 °C for 120 min was 

103.0 W/(m•k) due to its the reduced relative density in SPS and the minute errors that occur 

in the density measurement. Nevertheless, it was confirmed that the composite material had 

a very high relative density of 99.8%. In general, in the case of a material sintered with SPS 

having a relative density of 99% or more, it could be judged that it is well sintered. The 

problem is the reduced relative density and the minute errors that occur in the density 

measurement. It is about 3.3 times better thermal conductivity than F82H. As the copper 

content increases, the amount of increase in thermal conductivity also increases.  
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Figure 3.2 Thermal conductivities and relative densities of F82H-xW-yCu 

composites under diverse SPS conditions at 1000 °C 

 

Table 3.2 Thermal conductivities and relative densities of composite 

materials SPSed at 1000 °C 

 

 
SPS Holding 

Time [min] 

Expected thermal 

conductivity 

[W/(m•k)] 

Actual thermal 

conductivity 

[W/(m•k)] 

Relative 

density 

[ % ] 

F82H Bulk [8] - - 31.3 100 

20W 10 59.8 55.5 99.5 

20W 60 59.8 56.0 99.8 

20W 120 59.8 58.5 99.9 

10W-10Cu 10 82.5 74.4 98.9 

10W-10Cu 60 82.5 75.7 99.4 

10W-10Cu 120 82.5 81.2 99.8 

20Cu 10 105.2 98.3 99.1 

20Cu 60 105.2 100.9 99.3 

20Cu 120 105.2 103.0 99.8 
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3.3 Microstructure of F82H-based composite materials 

3.3.1 Microstructure of F82H-based composite materials SPSed at 850 °C 

Microstructure of F82H-xW-yCu composites was investigated by using SEM and EDS. 

Figure 3.3 shows SEM images of 15W-5Cu composite SPSed at 850 ℃ for 10 min SPS 

holding. These figures were taken in x-axis, thus both W and Cu wires are circular shape. 

The gray-colored areas show Cu wire and bright silver-colored areas are W wire. At the F82H 

matrix, many pores were observed around wires. It may occur the decrease in the density and 

mechanical properties. 

 

Figure 3.3 (a) surface of 15W-5Cu composite SPSed at 850 ℃ for 10 min and (b) Cu 

wire surrounded by F82H matrix and pores 

 

For the 15W-5Cu and 5W-15Cu composites, the pores in the F82H matrix did not 

disappear even after sintering at 850 ℃ for 120 min, as shown in figure 3.4. The copper wire 

was deformed from a circular shape to a flake shape due to a pressure of 40 MPa applied for 

a long time. 
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Figure 3.4 Surface of (a), (c) 15W-5Cu and (b), (d) 5W-15Cu composites SPSed 

at 850 ℃ for 120 min 
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3.3.2 Microstructure of F82H-based composite materials SPSed at 1000 °C 

Fig. 4.3(a)–(i) show surface structures of F82H-20Cu, F82H-10W-10Cu and F82H-

20W composites SPSed at 1000 ℃ for 10 to 120 min. As an aspect of the SPS holding time, 

the thermal conductivity of each specimen increases with its relative density. Cu wires 

became softer and were shaped like flakes under the high pressure of 40 MPa for the longer 

sintering time. As indicated by arrows in Fig. 3.5(a), (d) and (g), the diverse and 

multitudinous pores were formed in F82H matrix. For 10 min SPS holding time, F82H 

powder with a spherical shape could be observed probably because of its not enough SPS 

holding time. As shown in Fig. 3.5(a)-(c), (d)-(f), and (g)-(i), increase the SPS holding time 

tends to decrease the number of pores. For example, with 60 min holding time, the number 

of pores has decreased compared to that of 10 min holding time. The pores finally 

disappeared in the SPS condition for 120 minutes. In figure 3.6, ferritic/martensitic 

microstructure with precipitates (M23C6, MX) were observed in F82H matrix after SPS at 

1000 ℃. It appears that no microstructure modification occurred from tempered 

ferritic/martensitic structure to ferritic structure with the thermal profile which is SPS at the 

temperature of 1000 ℃ for 120 min and the annealing at a temperature of 800 ℃ for 180 

min. 
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Figure 3.5 Cross-sectional SEM images of F82H-20Cu, F82H-10W-10Cu and 

F82H-20W composites with 10 to 120 min SPS holding time 

 

 

Figure 3.6 Surface of electro-polished F82H part in F82H-20W composite material 
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However, the reaction layer formed at the interface between F82H and W. As shown in 

Fig. 3.7, the average thickness of F82H-W reaction layer in F82H-20W SPSed at 1000 °C 

for 10 min, 60 min and 120 min is 0.85 μm, 1.30 μm and 1.42 μm, respectively. The thickness 

of reaction layer is increase with SPS holding time. The F82H-W reaction layer, the 

intermetallic compound consists of Fe7W6 μ-phase and Fe2W laves phase. It makes the 

composite material harder with an extremely high brittleness due to its very high hardness. 

 

 

Figure 3.7 The reaction layer at the interface between F82H and W 
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3.4 Tensile property of F82H-based composite materials 

 

Stress-strain curves of F82H-15W-5Cu, F82H-10W-10Cu and F82H-5W-15Cu are 

plotted in figure 3.8. The deterioration of the physical properties of the F82H composite 

material revealed in the Vickers hardness test is also shown in the tensile test. Entire yield 

strengths, ultimate tensile strengths (UTS), total elongation and toughness of F82H-based 

composite materials reduced after SPS with holding at 850 °C. As a result, the F82H-based 

composite material under the sintering condition of 850 °C holding temperature shows about 

10 times lower yield strength and elongation than F82H sintered using only F82H powder, 

as shown in figure 3.8 (a). 

 

 

 

Figure 3.8 stress–strain curves of sintered F82H, F82H-5W-15Cu, F82H-10W-

10Cu and F82H-5W-10Cu composites 

 

 

Fig. 3.9 (upper left) shows the cross-sectional SEM micrograph of F82H-10W-10Cu 
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composite. The EDS mapping showed the reaction layers and the diffusion layers between 

F82H matrix and W wire in the F82H-5W-15Cu composite as shown in figure 3.9. From the 

observation of the fracture surface, it can be seen that the raw material, F82H powder 

maintains a spherical shape, and the produced composite material lacks sinterability. 

 

Figure 3.9 SEM image and EDS mapping images at the fracture surface of 

the F82H-5W-15Cu after tensile test 

 

The engineering stress-strain curves of the composites are presented in figure 3.10. The 

0.2 % offset yield stress, ultimate tensile strength and total elongation of the composite 

materials are listed in Table 3.3. All the tensile-tested specimens had failed in the mid-

substance. F82H-20W composite material SPSed at 1000 ℃ for 120 min shows the highest 

ultimate tensile stress of 605.9 MPa among all composite materials. In contrast, F82H-20Cu 
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composite material SPSed at 1000 ℃ for 120 min shows the highest engineering strain with 

the total elongation of 17.7 %, which statistically greater than F82H-20W and F82H-10W-

10Cu composite material.  

 

 

Figure 3.10 Engineering stress-strain curves on F82H-based composites SPSed 

at the temperature of 1000 °C 
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ID [SPS holding time] 
0.2% offset yield stress 

(Mpa) 

Ultimate Strength 

(Mpa) 

Total Elongation 

(%) 

F82H[8] 548 669 21.7 

20W [10 min] 7.2 18.3 1.3 

20W [60 min] 497.6 464.0 2.4 

20W [120 min] 514.4 605.9 2.5 

10W-10Cu [10 min] 8.4 16.0 1.0 

10W-10Cu [60 min] 384.3 428.9 6.8 

10W-10Cu [120 min] 479.5 583.6 8.0 

20Cu [10 min] 112.6 226.6 4.1 

20Cu [60 min] 422.8 482.9 9.4 

20Cu [120 min] 439.2 556.6 17.7 

 

Table 3.3 Tensile properties of composite materials SPSed at 1000 °C 
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Figure 3.11 SEM images and EDS mapping data of fracture surfaces on F82H-

20W (a–c), F82H-10W-10Cu (d–f) and F82H-20Cu (g–h) composites with 120 min 

SPS holding time 

 

In order to carry out the investigation of the fracture mode on the composite materials, 

SEM observation was performed on the failed area of the tensile-tested specimens. Fig. 

3.11(a)–(c), 3.11(d)–(f), and 3.11(g)–(h) show SEM images of the edge of the tensile-tested 

F82H-20W, F82H-10W-10Cu, and F82H-20Cu composite materials with the SPS condition 

of 120 min holding time, respectively. As shown in the SEM images, it is recognized that 

F82H-20W and F82H-10W-10Cu were deformed with phase separation at the interface 

between W-wire and F82H matrix. In contrast, F82H-20Cu composite material showed no 

phase separation but the deformation with necking. While the fracture surface of F82H area 
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showed dimple structure as shown with yellow circles in Fig. 3.11(a), 3.11(d) and 3.11(g). 

As shown in figure 3.11 (i), The EDS mapping performed for the tip of the tensile-tested 

F82H-20Cu composite material indicated that the interface between copper-wire and F82H 

matrix would be stable even after the deformation. 
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3.5 Summary 

The objective of this chapter is the optimization of the SPS condition and the value of 

(x, y) in F82H-xW-yCu composites on a basis of the higher thermal conductivity. First, F82H-

15W-5Cu, F82H-10W-10Cu and F82H-5W-15Cu were fabricated at SPS holding 

temperature of 850 °C for 10 min, 60 min and 120 min in order to find a proper with high 

thermal conductivity. From the observation of the fracture surface, it can be seen that the raw 

material, F82H powder maintains a spherical shape, and the produced composite material 

lacks sinterability. Relative density also shows a low tendency with 98 % or less value due 

to sintering with low completeness. Since the low relative density acts as a fatal factor for 

lowering the tensile strength of the composite material, improvement of sinterability is 

required. In order to compress the composite materials by increasing the relative density, 

sintering at a higher temperature is required for a long time. It is necessary to find a stable 

SPS condition at a temperature as high as possible in a temperature range lower than the 

melting point of copper wire. 

As listed in Table 4.1, the composite material, including larger volume fraction of 

copper, shows higher thermal conductivity than tungsten-rich composite materials. Under 

these results, the amount of copper wire could show more effective improvement for the 

increase in the thermal conductivity than tungsten wire. Therefore, in the aspect of thermal 

conductivity, the best content fraction of the composite material with the highest thermal 

conductivity and mechanical property would be F82H-20W in this chapter. The formation of 

pores in sintered materials is a very critical issue because it would degrade the thermal 

conductivity and the tensile property due to the decrease in relative density. Actually, in this 

study, the decrease in relative density resulted in the decrease in thermal conductivity. 

According to SEM observation, the number of pores in sintered composites was decreased 
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with longer holding time. The SPS for 120 min resulted in no formation of a pore in F82H 

matrix with 99% or higher relative densities. Hence, a longer SPS holding time (> 120 min) 

would be effective to make F82H-20Cu composite a denser and a higher thermal conductivity 

material. In addition, the interface between tungsten-, copper wire and F82H would act an 

important role to its tensile property total elongation (TE), 0.2 % offset yield stress, and the 

ultimate tensile strength (UTS) of the general F82H steel are 21.7 %, 548 MPa and 669 MPa, 

respectively. However, the sintered composites resulted in the decrease in the tensile 

properties compared to general F82H. In terms of F82H-20W composite with 120 min SPS 

holding time, the 0.2 % proof stress and the UTS were the highest, while the TE was the 

worst among all composite materials with 1000 ℃ SPS holding temperature. The separation 

of tungsten wire from F82H matrix was observed in F82H-20W and F82H-10W-10Cu 

composite materials due to the formation of the reaction layer or intermetallic compounds at 

the interface between tungsten wire and F82H during sintering. It was reported that the 

reaction layer and the diffusion layer in F82H-W wire composite material [3]. Basically, 

tungsten and ferritic steel have differences in their coefficients of thermal expansion, melting 

temperature, and elasticity modulus [4-5], so that the rapid temperature change would 

generate high internal stresses, leading to separation or failure [6]. In addition, it was reported 

that the formation of intermetallic compounds such as Fe7W6, Fe3W3C and Fe2W phases 

could be found between tungsten and matrix in sintered steels [7]. Following our previous 

report [3], the formation of Fe2W and Fe7W6 intermetallic compounds would occur in this 

study. The formation of intermetallic compounds at the interface between matrix and W 

wires would reduce the mechanical property of the sintered composites because it could be 

a source of crack initiation during deformation. In actual, those tungsten wires in F82H-20W 

and F82H-10W-10Cu were pulled out from the F82H matrix during tensile testing as shown 

in Fig. 6. In contrast, F82H-20Cu composite material showed no separation or crack initiation 
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at the interface between F82H and copper wire, resulted in a satisfactory tensile property. 

From those results, F82H-20Cu composite material SPSed at 1000 oC for 120 min is 

suggested that the optimized condition to improve the thermal conductivity, leading to a 

comparable tensile property with that of the original F82H. 
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Microstructure analysis in irradiated 

RAFM and F82H composite materials 
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4.1 Introduction 

In the previous chapter, various F82H-xCu-yW (x, y = 0~20 vol.%) composite materials 

had been fabricated with copper wires and/or tungsten wires (401 W/(m•K) of pure Cu and 

173 W/(m•K) of pure W) to improve the thermal conductivity by using the spark plasma 

sintering (SPS). The thermal conductivity of F82H could be increased three times higher by 

adding 20 vol.% of Cu wires with F82H. In F82H-20Cu composite material shows 3.3 times 

higher (103 W/(m•K)) thermal conductivity than general F82H (31.3 W/(m•K)) with 

satisfactory mechanical properties. However, the results were investigated under the 

atmosphere with no radiation source at the room temperature. As the result, the swelling 

resistance and irradiation hardening effect on F82H-based composite materials are not 

included in the previous chapter. During the operation of a nuclear fusion reactor, heavy 

hydrogen isotopes (Deuterium and Tritium) will be used as fuel, hostile conditions generating 

a high flux of neutrons with high heat loads for plasma facing components (PFCs) will be 

created during the fuel synthesis. The structural material for DEMO reactor needs long 

lifetime and stability based on good thermal and mechanical properties for harsh operating 

condition. Therefore, the evaluations of irradiation resistance on irradiation hardening and 

helium embrittlement are required for the F82H-based composite material. In this study, 

swelling and the irradiation hardening behaviors in triple ion beam (Fe3+, He+ and H+) 

irradiation on F82H-based composite materials were investigated by transmission electron 

microscope (TEM) observation and the nano-indentation test. To compare the difference in 

microstructures with irradiation condition, ion irradiation for Fe3+ ion beam, and He+ gas 

implantation was performed to two reference RAFM steels, respectively. And the hardness 

change by the irradiation hardening was analyzed by using Nix-Gao model for F82H-based 

composite materials [1-3]. Nano-indentation tests were carried out to measure nano-scale 
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hardness on ion-irradiated composite materials. For the nano-indentation test on the 

composite material, the major controversy is that the hardness of the measured object varies 

depending on the kinds of material. The Fe contained in F82H and the tungsten wire react to 

form Fe7W6 μ-phase and Fe2W λ-phase [4-7]. In particular, the investigation for the 

irradiation hardening on the F82H-W reaction layer surrounding surface of W wire, Fe7W6 

μ-phase intermetallic compound with a size of several micrometers is important [4]. In 

addition, the microstructural understanding should be investigated as well as the thermal 

conductivity for the PFMs in order to clarify the characterization of the irradiation effect on 

the composites after the irradiation.  
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4.2 Microstructure analysis for irradiated RAFM 

To compare the difference in microstructures with irradiation condition, between SPSed 

composite material and general RAFM steel, two kinds of reference RAFM steels were 

fabricated. The chemical compositions of RAFM steels are listed in table 4.1. As shown in 

table 4.2, ion irradiation for Fe3+ ion beam and He+ gas implantation was performed to RAFM 

steels, respectively. And then, analysis of radiation damage distribution was performed for 

Fe3+ ion beam irradiated specimens. Cavity distribution and swelling were analyzed for the 

He+ gas implanted specimens. The surface structures of RAFM steels are presented in Fig. 

4.1. 

 

 Cr W V Ta Mn Ti C Si 

RAFM 1 9.3 0.93 0.22 0.094 0.40 - 0.10 0.11 

RAFM 2 9.1 1.1 0.21 0.1 0.42 0.015 0.10 0.11 

Table 4.1 Chemical compositions of reference RAFM steels 

 

Ion species Temperature Maximum dpa Ion concentration 

Fe
3+

 325 °C ~6 dpa self-ion 

He
+

 
R.T. ➔ Annealing 

@350°C for 2hr 
0.45 dpa 11000 appm 

Table 4.2 Ion irradiation conditions for reference RAFM steels 
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Figure 4.1 Surface structures of RAFM steels used in this chapter 

 

The depth profile of displacement damage for 6.4 MeV Fe3+ ions is presented in figure 

4.2. Heavy ion irradiation was performed on both steels using the DuET (Dual-Beam Facility 

for Energy Science and Technology) facility at Kyoto University. Fe3+ ions were used as the 

irradiated ion species and irradiated at an average temperature of 325 °C with an energy of 

6.4 MeV. As a result of stopping and range of ions in matter (SRIM) simulation, it was found 

that the maximum dpa with irradiation damage was 5.8 dpa at a depth of about 1.5 um from 

the surface of specimens [8-9].  

 

Figure 4.2 SRIM prediction profile for depth distribution of displacement damage 

for 6.4 MeV Fe3+ ions 
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The microstructures in ion-irradiated RAFM are presented in figure 4.3 with bright-

field (BF) TEM image. Fig. 4.3 (a) and (d) show the low-magnification TEM images of the 

irradiated RAFM steels. As shown in figure 4.3 (c) and (f), there are few dislocation loops 

with ‘coffee bean’ shape at the shallow area of 500 nm depths.  

 

 

Figure 4.3 Microstructures in Fe3+ ion irradiated RAFM steels 

 

In the depth of damage peak at 1500 nm, microstructures with the weak beam dark-field 

(WBDF) TEM images are presented in figure 4.4. The major proportion of dislocation loops 

with a0<100> loop-type and a small proportion of a0/2<111> type burgers vectors are 

indicated by white solid and dashed arrows, respectively. Analyzed mean diameter and 

number density of dislocation loops are listed in table 4.3. 
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Figure 4.4 Weak beam dark-field TEM micrographs of microstructures in Fe3+ 

ion irradiated RAFM steels 

 

 

 
Mean loop diameter 

(nm) 

Dislocation loop 

density (1021 m3) 

Model RAFM 1 12.6 ± 4.5 7.1 ± 1.5 

Model RAFM 2 14.3 ± 5.7 4.9 ± 1.8 

Table 4.3 Mean dislocation loop diameter and density in RAFM steels 

irradiated at 325 °C 

 

Ion beam irradiation-induced dislocation loop distributions in irradiated RAFM steels 

are given in figure 4.5. The mean loop diameter is slightly higher, and the number density is 

lower for the model RAFM 2 compared to those for the RAFM 1. However, the differences 

in loop diameter and number density of the two RAFM steels are not significant. 
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Figure 4.5 Dislocation loop distribution in ion-irradiated RAFM steels 

 

He ion implantation performed with a max He concentration of 11000 appm at 550 nm 

depths as shown in figure 4.6. The RAFM steels were implanted at the room temperature, 

and then annealed at 350 ℃ for 2 hours in the vacuum furnace. 

 

Figure 4.6 Dislocation loop distribution in ion-irradiated RAFM steels 

After He implantation, no dislocation loop but large number of He bubbles with small 

sizes have been observed at 550 nm depths. As shown in figure 4.7, grain and lath boundaries 

could be trap sites for vacancy. The number density and average size of cavities formed in 
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He implanted RAFM steels were listed in table 4.4. A higher number density (1024 m−3) and 

similar diameter (~1.5 nm) of bubbles were formed with a high concentration of He+ gas. 

Average size and number density of cavities and swelling fraction in RAFM 1 is slightly 

larger than RAFM 2. 

 

Figure 4.7 Dislocation loop distribution in ion-irradiated RAFM steels 

 
Mean diameter 

(nm) 

Number density 

(1023 m-3) 
Swelling 

Model RAFM 1 1.68 6.7 ± 1.2 2.87 % 

Model RAFM 2 1.32 6.3 ± 1.8 2.62 % 

Table 4.4 Mean cavity diameter, number density and swelling fraction in He 

implanted RAFM steels 
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4.3 Microstructure analysis for irradiated F82H composite materials 

Each specimen of F82H composites was irradiated by triple beam (0.38 MeV H+ with 

40 appm/dpa, 1.05 MeV He+ with 15 appm/dpa and 10.5 MeV Fe ion with 20 dpa at 1μm) at 

an average temperature of 350°C or 500 ℃ at TIARA (Takasaki Ion Accelerators for 

Advanced Radiation Application) facility in National Institutes for Quantum Science and 

Technology (QST). During the irradiation, the energy degraders in the accelerator were 

applied to make a flat ion-concentration peak for He+ and H+ irradiation. The depth profile 

of ion-induced damage distribution was calculated by using the SRIM simulation software. 

SRIM is a Monte Carlo simulation code widely used to calculate process parameters related 

to ion implantation and ion irradiation processes in various materials [10]. Using SRIM code, 

the amount of radiation damage caused by ion irradiation, displacements per atom (DPA) 

calculated for irradiated F82H-based composite materials. Since DPA is widely used as a 

standard unit for initial irradiation damage in irradiation damage, it is necessary to simulate 

the irradiation damage with a depth profile by SRIM for researchers using an ion beam as a 

source of irradiation damage. The displacement energy of atoms for the F82H-based 

composite material was set to 40 eV [11]. This value is recommended by ASTM for 

polycrystalline materials [12]. As shown in figure 4.8, SRIM prediction profile of depth 

distribution of displacement damage for 10.5 MeV Fe3+ ions (Blue) and implanted ions for 

1.05 MeV He+ ions and 0.38 MeV H+ ions (Red) irradiated to F82H substrate were presented. 

In the case of He+ and H+ ions, the irradiated layer has a thickness of about 2 μm. The 

contribution of helium to the total displacement damage is less than 0.01 DPA. Thus, the ion 

concentration according to the depth was plotted to investigate the hardening of the material 

due to implantation inside the base materials.  



 

72 

 

 

 

 

Figure 4.8 SRIM prediction profile of depth distribution of displacement damage 

for 10.5 MeV Fe3+ ions (Blue) and implanted ions for 1.05 MeV He+ ions and 0.38 

MeV H+ ions (Red) 
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Figure 4.9 Dislocation loops with ‘coffee bean’ contrast at 1600 nm depths in F82H 

irradiation at 350 °C 

 

 

Figure 4.10 (a) The low-magnification TEM micrograph and high-

magnification microstructure at (b) 800 nm and (c) 1600 depths in F82H irradiation 

at 350 °C 

 

As shown in figure 4.9, ‘Coffee-bean’ shaped dislocation loops were observed at 1600 

nm depths in F82H irradiation at 350 °C. And, TEM analysis of the defects generated by Ga+ 
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ions damage at the same grain revealed the presence of dislocation and black spot damage. 

No significant differences between ion beam irradiation-induced damage and Ga+ FIB 

generated defect microstructures were observed. In figure 4.10 (a), the low-magnification 

TEM micrograph for the observation of entire was given. As presented in figure 4.10 (b), 

large voids mainly exist in shallow area of 800 nm depths Huge voids were formed from the 

area shallower than 800 nm depth. The voids were getting smaller and small bubbles were 

formed from 600 nm to 1600 nm depths. A large amount of small size (1~10 nm diameters) 

He bubbles were observed in deep area of 1600 depths. Mean diameter and number density 

of cavities, and swelling fraction of F82H part were listed in F82H-based composite material 

irradiated at 350 °C as shown in table 4.5. 

 

 

 

Figure 4.11 Dislocation loops with ‘coffee bean’ contrast at 1600 nm depths in 

F82H irradiation at 350 °C 

 

number density (m−3) Cavity diameter Swelling (%) 
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(RMC) 

9.1×1020 23.0 nm 4.6 % 

Table 4.5 Mean cavity diameter, number density and swelling fraction in F82H 

composites irradiated at 350 °C 

 

Focused ion beam (FIB, Hitachi, FB-2100) milling to the interface between F82H and 

the additives was performed to fabricate specimens for each F82H-20W and F82H-20Cu 

composite material which were irradiated for triple ions at 500 °C as shown in figure 4.12. 

The FIB milling generated cross-section TEM specimens perpendicular to the direction of 

irradiated surface. FIB-milled TEM specimen of F82H-W or F82H-Cu is including F82H, W 

and Cu, respectively. The thickness of the TEM specimens was from 70 to 80 nm. For the 

microstructure observation, transmission electron microscopy (TEM, JEOL, JEM-2010) was 

performed at 200 kV. 

 

 

Figure 4.12 conceptional image of the specimen preparation by using FIB 

The bright-field (BF) TEM images are presented in Fig. 4.13 and Fig. 4.14. Under-
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focused BF-TEM images of irradiated F82H-based composite materials are shown in Fig. 

4.13 (b) and Fig. 4.14 (b)-(c). In F82H part of both composite materials, He-induced bubbles 

and voids were observed at the depth of the He concentration peak in F82H. The voids have 

the size of about 30 nm or larger in diameter and have a hexagonal shape. He bubbles have 

a circular shape of several nanometers in diameter. As shown in Fig. 4.15, the microstructure 

observation showed that irradiation-induced small-size He bubbles (<12 nm) were formed in 

the F82H-W reaction layer part of the F82H-20W composite material. The large amount of 

He bubbles, and a few voids were observed at the reaction layer part in F82H-20W composite. 

In contrast, there was no bubble or void in W wire part of F82H-20W composite and Cu wire 

part of F82H-20Cu composite. For the specific comparison, statistical size distributions were 

investigated with various sizes of cavities, as shown in figure 4.16. The cavities were divided 

into bubbles and voids in size and shape on F82H areas and the F82H-W reaction layer in 

F82H-W and F82H-Cu composite materials. The number density and diameter of root mean 

cube of cavities formed in F82H-based composite materials irradiated by triple ion-beam are 

listed in Table. 4.6. Compared with the irradiated materials, in the F82H-W reaction layer, 

higher density of He bubbles was formed than in F82H. Overall swelling fraction in the 

reaction layer was smaller than F82H due to the He Bubbles of much smaller size than the 

voids.  
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Figure 4.13 (a) In-focused microstructure of the F82H-20W composite 

after the ion-irradiation. (b) Under-focused TEM image over the depth 

range of 1000 nm to 1800 nm 
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Figure 4.14 (a) In-focused microstructure of the F82H-20Cu composite 

after the ion-irradiation. (b) Cu part and (c) F82H part in F82H-20Cu 

composite of under-focused TEM image over the depth range of 1000 nm to 

1800 nm 
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Figure 4.15 In-focused microstructure of the F82H-W reaction layer after 

the ion-irradiation and Under-focused TEM image over the depth range of 

1100 nm to 1600 nm 

 

Figure 4.16 Size distributions of irradiation-induced cavities at (a)-(b) F82H 

areas in F82H-W and F82H-Cu composite materials and (c)-(d) the F82H-W 

reaction layer 
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Material 
Number density of 

cavity (m
-3

) 

Cavity diameter 

(RMC) 
swelling (%) 

F82H@F82H-20W 3.45 × 10
21

 12.2 nm 3.26 % 

F82H@F82H -20Cu 3.7 × 10
21

 11.3 nm 2.63 % 

F82H-W 

Reaction layer 
1.34 × 10

22
 2.86 nm 1.32 % 

Table 4.6 The number density and diameter of root mean cube of cavities 

formed in F82H-based composite materials irradiated at triple ion-beam conditions 
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Chapter 5 

 

 

 

 

Discussion 
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5.1 Differences of irradiation conditions between RAFM and F82H composite 

materials 

For the reference RAFM steels, single Fe3+ or He+ ion beam was irradiated at 325 °C or 

room temperature. In order for the He implanted into the RAFM steels to aggregate to form 

bubbles, the annealing at 350 °C for 120 min was performed after He+ implantation. There 

was no formation of void in RAFM irradiated for only He ion. However, a large number of 

tiny He bubbles were observed. Radiation-induced dislocation loops were observed in 

RAFM and F82H after ion irradiation in the temperature range of 300 to 400 °C. As shown 

in figure 5.1, there was no observation of dislocation loop at the irradiation temperature of 

500 °C. For F82H-based composite materials, triple fusion Fe3+, H+ and He+ ion beam was 

irradiated at 350 °C and 500 °C. Comparing irradiation at 300 °C and 500 °C, average size 

and number density of voids decrease with increase of the irradiation temperature. As shown 

in figure 5.2, Wakai et al. reported that the swelling fraction decreased with the irradiation 

temperature under fusion triple beam irradiation condition at over 450 °C [9]. 
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Figure 5.1 Microstructure of F82H irradiated for triple ion beam at 500 °C 

 

 

 

Figure 5.2 The dependence of swelling of F82H steels on irradiation temperature [9] 
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5.2 Irradiation Hardening 

Since the ion irradiation sample has a shallow internal penetration depth of irradiated 

ions, it is essential to evaluate the mechanical properties at the nanoscale. The nano-

indentation tests were performed to evaluate the ion-irradiation induced mechanical 

properties. In this chapter, for the F82H-20W and F82H-20Cu composite materials, the 

hardness changes according to the indenter contact depth was measured for a depth of 200 

nm to 2000 nm by using Nano Indenter TI-950 (Hysitron) with a Berkovich tip which had 

been calibrated under the ISO-14577. The nano-indentation test was conducted to surfaces 

of F82H matrix, F82H-W reaction layer and W wire in the F82H-20W composite material 

and F82H matrix and Cu wire in the F82H-20Cu composite material at room temperature 

(R.T.). The nano-hardness measurements were carried out 15 times each at a specific depth 

for each material. In order to evaluate the irradiation hardening, the unirradiated area and 

irradiated area were tested. The depth profiles of the averaged nanoindentation hardness on 

the composite materials before and after the ion irradiation are presented in figure 5.3. As the 

contact depth of the indenter tip approaches the surface of the specimen, the indentation size 

effect (ISE) became larger. ISE is the observation during the nanoindentation test that 

hardness increases as the indent size decreases at nano-micro scales [3-4]. When the indent 

was created, the hardness of the material is not constant. At the small scale, materials would 

show higher hardness than at the macro-scale. The ISE has been seen through nano-

indentation and micro-indentation measurements at varying depths. Dislocations increase the 

harness of measured material by increasing flow stress through dislocation blocking 

mechanisms. 
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Figure 5.3 (a) The depth profiles of the averaged nanoindentation hardness on (a) 

F82H-20W and (b) F82H-20Cu before (△ mark) / after (○ mark) the ion 

irradiation 
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Even in the H-h graph for the composite materials measured in this chapter, the ISE in 

which the hardness value increases as the indentation depth decreases below a depth of 1000 

nm occurs, making the analysis difficult. It shows the indentation size effect (ISE) for the 

composite materials irradiated as the condition following Fig. 5.3 for quasistatic indentations 

ranging in depth from 200 to 2000 nm. 

Nix and Gao clearly explained the indentation size effect by considering the density of 

geometrically necessary dislocations generated by the indenter tip. All indentation hardness 

values interpolated from the curves in figure 3 for each contact depth are presented in Fig 4. 

The data in figure 5.4 was converted to Nix-Gao plot (H2 vs 1/h). There were bilinear 

relationships with points of inflection over the depth range of 200 nm to 1000 nm, which was 

analyzed with a Nix-Gao plot using the formula expressed as: 

𝐻2 =  𝐻0
2 + 𝐻0

2 ∙
ℎ∗

ℎ
 

with H as macroscale hardness value, H0 as depth-independent hardness, h* as the 

material characteristic length scale and h as the indentation depth. The measurements at 

various contact depths confirmed the expected ISE upon hardness for all specimens. The ISE 

is assumed to be similar in both irradiated and unirradiated conditions. With F82H-20W 

composite material, the increased hardness of the irradiated material could be seen until 

shallow contact depth up to 1000 nm, compared to the nano-hardness of the unirradiated area 

as shown in Fig. 5.4 (a). In contrast, for F82H-20Cu composite material, the increase in 

hardness of the irradiated material is smaller than that of F82H-20W. And the contribution 

arising from the unirradiated substrate is negligible for depth from 1400 nm. The depth-

independent hardness of the composite material was listed in Table 5.1.  
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Specimen Contact material Irradiated H0 (GPa) Unirradiated H0 (GPa) ∆H0 (GPa) 

F82H-20W 

Reaction layer 14.85 11.81 3.04 

W 7.81 3.51 4.30 

F82H 3.42 3.01 0.40 

F82H-20Cu 

Cu 1.06 0.98 0.08 

F82H 3.26 2.66 0.60 

 

Table 5.1 H0 and irradiation induced hardness changes of F82H-20W and F82H-20Cu composite material 
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Figure 5.4 Nix-Gao plot for (△ mark) unirradiated and (△ mark) ion-

irradiated (a) F82H-20W and (b) F82H-20Cu 

Irradiation hardening was notable at the F82H-W reaction layer part in the F82H-20W 
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composite material. Owing to the reaction between Fe contained in F82H and W, there was 

a formation of Fe7W6 μ-phase intermetallic compounds (IMC). The Fe-W atomic bond of 

Fe7W6 μ-phase IMC shows brittleness and the feature of being easily broken, as well as a 

covalent characteristic. In the Nix-Gao plot for the brittle materials, such as the reaction layer 

with the Fe7W6 μ-phase IMC or tungsten, the change in slope could occur even in the 

unirradiated region. At shallow contact depth (<500 nm), many studies had reported Nix-

Gao model overestimates the hardness values on various materials [1-6]. There were several 

inflection points at 300 nm to 500 nm depth in F82H-W reaction layer and W at the 

unirradiated conditions. As shown in Fig. 5.5, the Nix–Gao model overestimates the hardness 

values of several hard materials at such small depths [10]. Thus, the data should be analyzed 

in Nix-Gao model assuming that the dislocation spacing in the deformed volume is not 

uniform. Even considering the overestimation of hardness for unirradiated samples of hard 

materials, irradiation hardening is prominent in the F82H-W reaction layer and W of the 

F82H-20W composite material. In the F82H-20Cu composite material, less irradiation 

hardening occurred under the irradiation condition at 500 °C. 
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Figure 5.5 Overestimation of the value of nano-hardness in various unirradiated 

materials [10] 
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5.3 Thermal simulation 

 

As shown in figure 5.6, the temperature distributions of various materials were 

presented. The upper side, which is contacted with the first wall, was set the temperature to 

500 °C. At the bottom, there are two cylindrical cooling pipes with temperatures of 300 °C. 

In Fig. 5.6 (b), the average pore size was set to 500 μm of diameters. Total volume fraction 

of pores is 1% of the whole F82H. When 20 vol.% of wire is located inside F82H, faster heat 

transfer is possible. In addition, since heat exchange between the cooling pipe and the first-

wall interface at the top can occur quickly by adding W or Cu wires, it can be seen that the 

F82H-W and F82H-Cu composites can decrease the average temperature inside the material. 

 

Figure 5.6 Temperature distribution in (a) F82H, (b) F82H including 1 vol.% 

pores, (c) F82H-20W and (d) F82H-20Cu 

 

As listed in Table 5.2, when 20 vol.% of tungsten or copper is added, the temperature 

inside the material decreases by 2 °C and 5 °C on average, respectively. When 1 vol.% of 

pores are present inside F82H, the internal average temperature rises by 4.6 °C. Thus, in 

manufacturing a F82H-based composite material by adding wires, it is essential to minimize 
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the generation of pores that may occur during sintering of the F82H powder. 

 

 

Table 5.2 Simulated average temperature of composite materials 

 

 

  

Sample Average temperature, °C 

F82H 382.6 

F82H with 1 vol.% pore 387.2 

F82H with 20 vol.% W wire 380.6 

F82H with 20 vol.% Cu wire 377.6 
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5.3 Summary 

In this chapter, the microstructure and irradiation hardening effect were analyzed for the 

F82H-20W and F82H-20Cu composite materials irradiated with triple ion beam at a 

temperature of 500 °C. The microstructure observation showed that irradiation-induced He 

bubbles and voids were formed at F82H part in both composite materials, and the F82H-W 

reaction layer part in the F82H-20W composite material. In the reaction layer, a larger 

amount of He bubbles were formed than in F82H, but swelling fraction was smaller due to 

the overall size of He bubbles.  

Irradiation-induced hardness change is assumed to be mainly due to the irradiation 

hardening in the F82H-W reaction layer and W and additionally to cavities in F82H. 

Irradiation-induced increases in nano-hardness were observed for each material on F82H-

20W and F82H-20Cu composite materials. Triple ion-beam irradiation at the temperature of 

500 °C gives rise to more irradiation hardening for F82H-20W composite material than 

F82H-20Cu composite material. In contrast, F82H-20Cu composite material shows less 

irradiation hardening. Adding Cu in an F82H-based composite material tends to decrease the 

irradiation hardening with the irradiation condition at the temperature of 500 °C. 

Through the thermal simulation results, it could be confirmed that the use of tungsten 

or copper wires as an additive in the F82H-based composite material can quickly transfer the 

heat load from the first wall to the cooling tube. And it is important to find the suitable 

condition which can fabricate the composite material so that pores do not exist inside F82H 

or at the interface between F82H and additives.  
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Chapter 6 – Conclusion 

F82H steel, one of the reduced activation ferritic-martensitic (RAFM) steel, is a strong 

candidate for the plasma-facing components (PFCs) in demonstration fusion plants (DEMO) 

type nuclear fusion reactor. Advantages of F82H steel include low coefficient of thermal 

expansion, stress corrosion cracking resistance, progenitor swelling resistance and 

dimensional stability after irradiation and He brittle resistance. On the other hand, in terms 

of low thermal conductivity, high temperature creep characteristics, irradiation brittleness, 

and welding problems, there are still research tasks to be supplemented. In order to improve 

the low thermal conductivity of the existing F82H, several composite materials with a higher 

thermal conductivity than that of F82H were prepared. And those thermal, mechanical and 

irradiation properties were measured and compared. 

The basis experiments presented in the first half of Chapter 3 were performed on F82H-

15W-5Cu, F82H-10W-10Cu and F82H-5W-15Cu composite materials. All composite 

materials in this chapter were manufactured through SPS at 850 °C for various holding time 

after adding wire to F82H powder to have a specific volume ratio. In the case of the 

composite material containing 5 vol.% of tungsten and 15 vol.% of copper, the increase in 

thermal conductivity was almost three times higher than that of the conventional F82H. 

However, all F82H-based composites showed very low mechanical properties. The major 

cause is that the inside of the F82H matrix was not completely sintered because it was 

manufactured at a relatively low temperature of 850 °C. In general, when the composite 

material has a relative density of 98% or less, it is judged that large pores exist inside. Thus, 

it was necessary to find the new SPS condition for densification of the composite materials. 

Nevertheless, the results on the increase of thermal conductivities indicate that W or Cu 

adding composite material would have the potential to be an F82H-based composite material 
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applicable to nuclear reactor components. In order to solve the above problem, SPS was 

performed at a temperature of 1000 °C. However, since copper with a low melting point of 

about 1085 °C is likely to be melted in SPS, in this experiment, the temperature increase rate 

from 100 °C/min was lowered to 50 °C/min. Moreover, when sintering for a long time at a 

temperature of 1000°C, normalizing occurs, and care should be taken that the microstructure 

of F82H is converted from martensite to ferrite. This concern was resolved by confirming 

that the internal microstructure of F82H part in the composite material sintered by holding 

at 1000°C for 2 hours had a Ferritic-Martensitic structure. As a result, F82H-20Cu composite 

material shows approximately 3.3 times higher thermal conductivity than general F82H. The 

increase in the amount of copper wire would be more effective in improving the thermal 

conductivity of F82H-based composite material compared with tungsten wire. Furthermore, 

due to no formation of reaction layer and tungsten carbide at the interface between wire and 

F82H matrix, F82H-20Cu showed a comparable tensile property compared to that of general 

F82H. 

The microstructure and irradiation hardening effect were analyzed for the F82H-20W 

and F82H-20Cu composite materials irradiated with triple ion beam at a temperature of 

500 °C. The microstructure observation showed that irradiation-induced He bubbles and 

voids were formed at F82H part in both composite materials, and the F82H-W reaction layer 

part in the F82H-20W composite material. In the reaction layer, a larger amount of He 

bubbles were formed than in F82H, but swelling fraction was smaller due to the overall size 

of He bubbles. 

For the analysis of irradiation hardening, the triple ion-beam irradiation with 10.5 MeV 

Fe3+, 1.05 MeV He+ and 0.38 MeV H+ was performed to well-polished surface of F82H-20W 

and F82H-20Cu composite materials. The irradiation induced increases in nano-hardness for 

F82H, W and F82H-W reaction layer in F82H-20W and F82H-20Cu composite materials. 
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However, there was no observation of irradiation hardening at Cu part in F82H-20Cu 

composite material. It is correlated with the irradiation temperature and the melting point of 

each material. The irradiation condition at the temperature of 500 °C is high for Cu to 

generate irradiation-induced defects such as dislocation loops, He bubbles or voids. In F82H, 

dislocation loops were not found similar to Cu, but cavities such as He bubbles and voids 

were found in the microstructure. In the F82H-W reaction layer, Fe7W6 μ-phase intermetallic 

compound, there were a huge amount of He bubbles, but a few voids inside. And, triple ion-

beam irradiation at the temperature of 500 °C gave rise to more irradiation hardening for 

F82H-20W composite material than F82H-20Cu composite material. In contrast, there was 

no change of nano-hardness at Cu part in F82H-20Cu composite material. 

Due to the above results, it could be assumed that F82H-20W composite material is not 

stable under the current irradiation conditions with a significant change in its intrinsic 

hardening characteristic. In contrast, insignificant differences of irradiation hardening inside 

each of the irradiated/unirradiated Cu in F82H-20Cu showed that irradiation hardening did 

not occur to Cu with the irradiation condition at the temperature of 500 °C. Owing to the 

irradiation temperature, which was close to the melting point of Cu, the post-irradiation 

defect yield of FCC-Cu remained almost constant up to a lattice temperature of 300 °C and 

showed a tendency to decrease sharply as the temperature increased.  

The operating temperature range of RAFM steel to be applied as a structural material 

for a fusion reactor is about 350-550 °C. The RAFM steel was put a limit on the high and 

low temperature due to the deterioration of mechanical properties and irradiation-induced 

brittleness, respectively. In addition, with DEMO-type fusion reactors or commercial fusion 

reactors, a high neutron irradiation damage equivalent to about 150 DPA would be predicted 

until the end of the fusion reactor operation, thus the development of RAFM steel with 

improved resistance for irradiation brittleness is required. For the operation condition of a 
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nuclear fusion reactor at 500 °C, the critical embrittlement of F82H-W composite material 

may cause with the irradiation hardening on the F82H-W reaction layer. A high number 

density of cavities, less dislocation loops and swelling fraction were observed in F82H-W 

composites, while much less cavities observed in F82H-Cu composite irradiated at 500 °C. 

For these reasons, it is reasonable to be pursued more investigation on F82H-Cu composite 

materials to apply the composite to a fusion reactor. 
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