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1. Introduction

1.1. Background

The International Energy Outlook 2011 (IEO2011) was presented an assessment
by the U.S. Energy Information Administration (EIA) of the outlook for international energy
markets through 2035 [1-4]. In the IEO2011 reports, the world-wide energy consumption will
continue to increase by 2% per year. Figure 1.1(a) shows the actual values for energy
consumption starting from 1990 until today and the predictions of the energy consumption until
the year 2035. This means the world-wide energy consumption is predicted to be twice as high in
the year 2035 compared to today (2011). However, world energy consumption by fuel (1990-
2035) shows in Figure 1.1(b). With respect to global warming and energy depletion, each
country has to make efforts to reduce the consumption of fossil fuels. The dramatic increase in
world-wide demand for energy and its environmental problems are expected in nowadays and
the future have stimulated international cooperation to consider how to meet future energy needs
while reserving and improving the environment. This has led to nuclear energy, because large
amounts of energy can be produced with nuclear reactors without the anti- environmental effects
accompanied by the use of fossil fuel products. Although renewable energy sources (solar
photovoltaic, biomass, wind power etc.) may offer similar beneficial effects, concerns exist on
economic efficiency and reliability when they are used for base-load power generation. The
technology and economic reliability of nuclear energy have been demonstrated by the practical

reactor operation throughout the world today.
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Currently, nuclear energy produces approximately 14% of the world’s electricity
supplies and approximately 6% of total energy used worldwide. The amount of total energy
produced and of energy use per capita is increasing. The total energy requirements of the world
increased by a factor of 2.5 between 1970 and 2006, from 6181 to 15311 GWa (195 to 483
exajoules (EJ)). Over the past decades, the share of electricity as a percentage of the total energy
produced has also increased. Figure 1.3 shows the contribution of different energy sources to the
global energy balance over this period. The share of nuclear grew from just below 0.5% in 1970
to above 7% in the 1990s and declined to 6% by 2006. Fossil fuels remain the dominant energy

source [5].

Nuclear power has been used to produce electricity for public distribution since
1954. Since that time, power plants have been operated in 32 countries Currently, 30 countries
operate 439 plants, with a total capacity of 372 GW(e). Further, 34 units, total 28 GW(e), are
under construction (as of 26 June 2008). During 2007, nuclear power produced 2608 billion
kW -h of electricity. The industry now has more than 13000 reactor years of experience. In
Western Europe, nuclear generated electricity accounts for almost 30% of total electricity. In
North America and Eastern Europe, it is approximately 18%, whereas in Africa and Latin
America it is 1.8% and 2.6%, respectively. In the Far East, nuclear energy accounts for 11.5% of
electricity generation; in the Middle East and South Asia it accounts for 1.6%. Nuclear energy

use is concentrated in technologically advanced countries.

Nuclear energy has contributed to the economic developments as well as our
convenient lives on the basis of stable electricity supply. About 30% and 15% of total electric
power consumed in Japan and in the world, respectively, is now generated at nuclear plants, and
its proportion is predicted to increase especially in developing countries like China and India.
Nuclear energy is a promising option from the aspects of energy security as well as low CO,
emission. The energy system depending on fossil fuels is vulnerable to future soaring prices of
oil and natural gas and responsible to the global warming. Nuclear plants recently respond to
some accessory demands of desalination of water or hydrogen production by utilizing the nuclear
heat. After Fukushima accident in March this year, a radical overhaul of the energy policy in
Japan including nuclear has been launched. Whatever a future direction of the policy given for
nuclear energy is, efforts to resolve intrinsic technological challenges in the utilization of nuclear
power are continuously necessary to advance the safety, the nonproliferation, and the

management of spent fuels.



Advanced nuclear systems, such as fast breeder reactor and fusion reactor, have
been developed to increase the thermal efficiency. For the development of advanced nuclear
systems, an essential issue is the performance of the structural materials. Key technologies for
the structural materials include high temperature strength and long life time with the resistance
under high corrosive and neutron dose environment. Many advanced materials with high
performances, such as reduced activation ferritic/martensitic (RAFM) steel, vanadium alloy,
SIiC/SiC composite, have been researched and developed as structural materials, blanket for
fusion. Structural materials, RAFM steels are considered to the final candidate of the
international thermo-nuclear reactor (ITER) that blanket module and materials R&D to evaluate
the performance under irradiation have been conducted as an international collaboration research
of the broader approach (BA). In this activity, it was shown that the most critical issue for
RAFM steel fabrication of ITER-TBM is welding and joining technology because the total

fusion lines of welding is estimated to the 500 m per a body of fusion blanket of DEMO reactor.

1.2. The necessity of nuclear energy
1.2.1. Fusion reactor system

Fusion is an attractive option for future large-scale energy production due to the
abundant quantities of the basic fuels - deuterium and lithium - as well as to its inherent safety
features and to waste production that will not be a long-term burden for future generations.
Moreover, fusion offers the possibility of an environmentally friendly energy supply due to the
absence of greenhouse gas emissions. In the sun and other stars, huge gravitational forces
compress the nuclei of hydrogen atoms close together to overcome their mutual electrical
repulsion. The nuclei then fuse, releasing the energy that lights and warms the universe. A gas
consisting of a mixture of hydrogen isotopes (deuterium and tritium) is heated to a temperature
high enough to strip the electrons from the atoms. The resulting medium consists entirely of
charged particles. This is called "plasma”. The plasma is electrically conducting and therefore
can be confined by strong magnetic fields. When heated to temperatures around 100 million

degrees, energetic collisions between the plasma ions produce fusion reactions.

Among the fusion reactions, the following reaction (Eq. 1.1) has been considered

to be most adequate for near-future realization of fusion energy. This fusion reaction occurs



between the nuclei of the two heavy isotropes of hydrogen — deuterium (D) and tritium (T) — to

form a helium nucleus and the release of a neutron and high energy;

2D, + *T; — *He, (3.5MeV) + 'ng (14.1MeV) (1.1)

The magnetic storage configuration is needed to control the thermo-nuclear
plasma sustained by this reaction. Although many fusion reactor concepts have been developed,
the most typical one will probably be Tokamak type [6]. For its advance and development,
international cooperation was established to organize the international thermo-nuclear reactor

(ITER) taken by China, the European Union, India, Japan, Korea, Russia and the United States.

ITER project was focused on plasma science and technology and the mission did
not include a complete set up of blankets for energy generation. A part of blankets will be
assembled as a test blanket module (TBM). In BA program, as mentioned in section 1.1,
compatibility at environment were acknowledged as a prime problem of satisfy for TBM. In
future reactors, two components are particularly important; the tritium-breeding blankets (TBB)
and divertor. The TBB takes a role in extraction the fusion energy. And it has to produce tritium
for a self-sufficient operation. The divertor purifies the plasma by locally creating a magnetic
configuration to evacuate the a-particles and impurities and also extracts fusion energy. A

summary of structural materials for fusion blanket and divertor is given in Table 1.1 [7].

Table 1.1 Main candidate materials for plasma facing and breeding blanket components [7].
Function First wall Breeding blanket Divertor
W-base alloy, W-base alloy, W-coated SiC/SiC

W-coated ODS steel,
flowing liquid metal: Li

flowing liquid metal: Li, Ga, Sn, Sn—Li,
eutectic Pb—Li

Plasma facing material

Neutron multiplier

material Be, Belle, Belzv, Pb

Li, eutectic Pb—Li,
Li-base ceramic material

Tritium breeding
material

(Li20, LisSiOs, LisSiOs,
+2.5 wt.%SiOy, Li,TiOs,
LizZrO3, LIAlOz)

Structural & functional
material

RAFM steel, ODS steel,
Vanadium alloy, SiC/SiC

RAFM steel, ODS steel,
Vanadium alloy, SiC/SiC

ODS steel, W-base alloy, SiC/SiC

Coolant

Water, helium,
eutectic Pb-Li, Li

Water, helium, eutectic Pb—Li

1.3. Components of nuclear fusion reactor



1.3.1. Blanket system

The blanket is the component which will be located between the fusion plasma
and vacuum vessel and provides the main thermal and nuclear shielding to the vessel and other
components. This component may correspond to the reactor core of the fission plant where
neutron energy is converted into the heat which is removed by coolants. The blanket also works
as tritium producer and thermal generator in the fusion reactor. To realize these goals, many
different concepts were proposed. All of the DEMO concepts could be classified with regard to
the breeding materials into two categories [8-12]: solid ceramic and liquid breeders with the
options of self-cooled or separately cooled versions. These concepts also depend on development
of structure materials and the design parameters, such as thermal exchange ratio, neutron flux

and Tritium Breeding Ratio (TBR). The main functions of blanket are:
1) The generation and transport of heat
2) The tritium breeding (recycle of tritium)
3) The neutron shielding

Major fraction of fusion energy is transported by neutrons which energy is
converted to the heat by reactions with the structural material and coolant of the blanket. Thus,
the design of the blanket is a quite complex task because thermal, structural, and neutronics
analyses are required. In addition, because of serious damages given by the fast neutron
radiation, a periodic replacement is unavoidable. Hence, the maintenance scheme should be in
consideration for the components design [13]. Aspects of present blanket designs are
summarized in Table 1.2. A good reference for the review of many blanket designs and
technologies can be seen in [14]. Examples of major blanket designs are summarized in the

following sections.

Table 1.2 Summary of present blanket designs.

Name Water cooled solid breeder [15] Flibe [16] HCLL [13] DCLL[17] HCPB][13]
Coolants Water Flibe He He, Pb-Li He

Breeding materials LisSiO4/LisSiO4 Flibe Pb-Li Pb-Li LisSiO4/Li,TiO3
Neutron multiplier Be/Be,Ti Flibe Pb-Li Pb-Li Be

Radiation shield Water B4C Pb-Li Pb-Li




Outlet temperature 325C 550C 500C 500C 500C

Structure F82H JLF-1 EUROFER RAFM EUROFER
(Fe-9Cr- (9%CrWVTa) (9%CrWVTa)
2W)

1.3.1.1. Solid breeder and water cooled design

Water is commonly used as the coolant for many applications because of its low
cost and well-known physical properties. Slim-CS, the DEMO design by JAERI, employs water
cooling for the blanket and divertor. Technical concerns of the water cooling are its low energy
conversion efficiency (~30%) and tritium absorption as HTO. In addition, the presence of water
in the blanket decreases the tritium breeding ratio, thus large amounts of neutron multipliers such

as beryllium is required as shown in Figure 1.2.

Mixture of LizSiO4 and Be;,Ti pebbles

Casing for Be plate

Be plate

FW (F82H)

Li4SiO4 pebbles

Figure 1.2 Slim-CS blanket contains Be plate and Be;,Ti pebbles for the neutron
multiplication [18].

1.3.1.2. Flibe blanket design

Flibe is a molten salt material where both Li (breeder) and Be (multiplier) are
connected with Fluorine for example as (LiF),(BeF,). Flibe shows low electrical conductivity
which is preferred for small MHD pressure drop; however its low thermal conductivity about 1
W/m/K at 500°C is not preferred. Although Flibe has a small chemical reactivity with air and
water compared with other candidates, its high melting point of 4592C and low tritium inventory

make the use of this material challenging.
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1.3.1.3. Lithium—lead breeder and coolant design

Lithium—lead (Pb—Li) works as breeder, coolant, neutron multiplier and shield.
Despite of its demerit the of strong MHD pressure drop, many advantages make it attractive to
researchers. Pb-Li has good heat transfer properties, high temperature capability for high energy
conversion efficiencies, low chemical reactivity and smooth tritium extraction property. In
addition, its low pressure (~2 MPa) eases the requirement to the structure design. Two designs

using Pb—L.i coolant from references are introduced in the following sections.
(1)  He cooled lead lithium blanket (HCLL) [13]

One disadvantage of liquid metal coolant is the pressure drop caused by the MHD
force. When the coolant flows perpendicular to the magnetic field, electric current is generated
by the electromagnetic induction. These relations follows Fleming’s right hand rule. Then
generated current and the existing magnetic field cause the Lorentz force to the coolant to the
direction against the flow. This force causes the MHD pressure drop, which results large
pumping power or unallowable condition to flow. Several means are known to ease this effect.
Surrounding coolants by insulator is one of these means and installed to the DCLL blanket
design. HCLL design, in contrast, takes more conservative way to reduce the MHD pressure
drop. Pb-Li in the blanket merely flows, so they don’t work as coolant. Instead, pressurized
helium in the structural steel works as coolant. This design is being proposed for the ITER TBM

by EU nations.
(2)  Dual coolant lead lithium blanket (DCLL) [17]

Dual coolant lead—lithium (DCLL) blanket is proposed by United States for the
ITER-TBM and also DEMO. In order to reduce the strong MHD pressure drop of Pb—Li flow, a
SiC flow channel insert (FCI) is assumed. Temperature of Pb—Li is maintained between 350—

700°C in order to keep its steel structure under 550<C.
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Table 1.3

High temperature blanket designs and key parameters [19].

ARIES-AT TAURO A-SSTR-2 A-HCPB W/Li/He EVOLVE VILi/He VILi FFHR-2 A-DC ARIES-ST FDS-II FDS-111

Fusion power 1.7 3 4 45 3.5 3.5 1.9 243 1 34 2.9 2.5 2.6

(Gw)

FW heat flux 0.26(ave) 0.5(ave) 1.0(ave) 0.6(peak) 2(peak) 2(peak) 0.3 0.1 0.1 0.45(ave) 0.46(ave) 0.54(ave) 0.8(ave)

(MW/m?)

Neutron wall 3.2(ave) 2(ave) 6(ave) 2.76(ave)  7(peak) 10(peak) 2.9(ave) 2.5(ave) 1.7 2.27(ave)  4.1(ave) 2.72(ave)  4(ave)

loading (MW/m?)

Structure material ~ SiC/SiC composites W-alloy V-alloy RFAM

Maximum allowed 1000 1000 1100 1000 1400 1400 700 700 700 550 550 550 550

temperature

FW material, Kth 20 15 15 15 85 85 35 27 35 33 33 33 33

(W/mk) (at 1400K)  (at 1400K) (at 700K)

Fuel form L L S S L L L L L L L L L

Tritium breeder Pb-Li Pb-Li Li,TiOz(Be) LisSiO4(Be) Li Li Li Li Flibe(Be)  Pb-Li Pb-Li Pb-Li Pb-Li

(neutron

multiplier)

Coolant Pb-Li Pb-Li He He He Li He Li Flibe He/Pb-Li He/Pb-Li He/Pb-Li He/PbLi

Coolant Tin 654 650 600 350 800 ~800 400 250 450 480 550 480 400
(Pb-Li) (Pb-Li) (Pb-Li) (Pb-Li)

Coolant Toy 1100 850 900 700 1100 1200 650 650 700 700 700 700 1000
(Pb-Li) (Pb-Li) (Pb-Li) (Pb-Li)

12



Table 1.4 Advantage and disadvantage of structure material for high temperature blanket designs.

Advantage Disadvantage
SiC/siC Good temperature properties Required behavior and performance at high temperature and under irradiation, the
composites fabrication and joining technology, etc.
V-alloy Advantage of the excellent compatibility between V-alloy and lithium Not suitable for the high temperature requirement due to relatively low outlet
Capability to accommodate high heat fluxes, low decay heat, low activation temperature
We-alloy Avoids the compatibility issue between helium impurities and V-alloy Due to the generation of 108m RE from nuclear interaction with base elements in the W-

alloy, the goal of class-C waste disposal at the end of reactor life cannot be satisfied

RAFM It is considered to be the primary structural material candidate for future fusion power The higher exit temperature cannot be available because higher temperature can lead to
reactors due to superior swelling resistance and excellent thermal and mechanical higher thermal gradient and thermal stress across the FCls, or lead to higher temperature
properties, but the upper engineering temperature limit is relatively low only about of the structural material beyond the engineering limit for RAFM.
550°C.

The “multilayer flow channel inserts (MFCI)” with thermal insulating and electricity insulating and good chemical compatibility with Pb—Li are considered to be inserted in the coolant flow channels.
Low temperature Pb-L.i flows into the channel, then meanders through the multilayer flow channel inserts.
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Table 1.5 Conclusions on attractiveness based on today’s knowledge [14].

TSP DAP AAP Comment

Ceramic breeder concepts High High Medium-low Little extrapolation of technology required, promising near term characteristics, potential for

(steel structures) advanced power plants is limited unless significant progress with alternative multipliers and
compatibilities is made

Ceramic breeder concepts Low Very low High In principle a very advanced, attractive concept with good efficiency, but it remains to be seen if

(SiC/SiC structures) SiC-composites can be developed and qualified as structural material (FW!).

Hermeticity to high pressure Hemay not be achievable. Be and tritium control issues need to be
addressed

Dual coolant concept Medium High High Good compromise between required development and performance, with potential for both, an

(steel structures) (high for HCLL) attractive DEMO and advanced power plant

Self-cooled Pb—Li Low Very low Very high In principle a very advanced, attractive concept with exceptional high efficiency, but it remains

(SiC/SiC structures) to be seen if SiC-composites can be developed and qualified as structural material (FW?!)

Flibe Medium Medium Medium-low Performance limited (poor heat transfer characteristics), requires structural material allowing
high operation temperature, difficult chemistry necessary to ensure compatibility with structural
material

Helium Very low Very low Very high Exotic concept for very advanced power plants with neutron wall load > 6 MW/m?, questionable

if tungsten alloys can be qualified as structural material
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1.4. Candidate materials of components for nuclear reactor
1.4.1. Structural and/or functional materials of fusion reactor

The challenge is to develop structural materials which maintain high performance
during prolonged exposure to high thermal and radiation flux. In addition to their structural
properties, they may need chemical compatibility with coolants and be relatively easy to
manufacture. The thermo-mechanical properties must not be degraded significantly due to
damage and activation by 14 MeV neutrons. Heat conductivity should be maintained as well as
low swelling and void formation, despite high levels of helium and hydrogen production. Weld-
ability after irradiation should also be considered in order to allow re-welding after the
maintenance operation. They should also have low levels of nuclear self-heating after irradiation
and low activation to ease both maintenance and recycling of material. In the sixties and seventies
the high temperature advantage of refractory alloys (based on molybdenum, tungsten, and
vanadium) gave impetus to their development for fusion applications. Their major drawback was
their embrittlement after irradiation. Therefore, in the late seventies attention shifted to low
activation alloys and the development of vanadium-alloys was emphasized. Research work was
started on reduced activation austenitic steels where elements with high neutron induced
activation (like nickel) were replaced by elements (such as manganese) with similar overall
properties, but low activation. These steels fell into disfavor due to their poor phase stability and
the complexity of fabrication. In the early nineties the study of low activation ferritic-martensitic
steels started. The track record of conventional chromium steels exposed to high neutron fluxes in
fast breeder reactors encouraged the investigation of ferritic/martensitic steels including oxide
dispersion strengthened ferritic/martensitic steels. The present decade has seen attention broaden
to high temperature SiC/SiC composites. Some attention has been devoted recently to titanium

and chromium alloys but these are still at an early stage of development.

1.4.2. The requirement for structure materials

The structural materials of first wall and blanket in DT tokamak reactor suffer

from:

1) High surface heat flux causes mechanical and electromagnetic loading and

alternating thermal stresses;
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2) High energy (14.1 MeV) fusion neutrons produce displaced atoms and helium,

hydrogen, and solid transmutation products, leading to changes in bulk properties.

The blanket systems are large systems with combined thermal, hydraulic and
mechanical loading, irradiation, compatibility etc. The requirements for fusion structural materials

are:

1) The material could withstand high neutron wall loads under temperatures and
coolant pressure conditions necessary to drive efficient thermodynamic cycles in a
blanket;

2) The lifetime of structural material must be long enough to minimize the necessary

replacements of near-plasma components;

3) The material should be of low activation in order to achieve the ultimate

environmental attractiveness of fusion power.

1.4.3. Candidate structural materials for blanket
1.4.3.1. Reduced activation ferritic/martensitic (RAFM) steels

These alloys have the most advanced technological and industrial development due
to the experience acquired in fossil and nuclear energy technology. They show reasonably good
thermo-physical and mechanical properties, adequate resistance to radiation-induced swelling and
helium embrittlement, and good compatibility with major cooling and breeder materials.
Moreover, industrial batches have already been produced such as the F82H-mod. in Japan and the
EUROFER 97 in Europe, and further studies towards super-clean steels are in progress.
Development is required in several critical areas. Material with further reduced activation is
needed, their radiation-induced hardening and embrittlement in a fusion relevant environment
needs to be better understood. To enlarge their range of application to higher temperature,
possible improvements using the technique of oxide dispersion strengthening is under

investigation.
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1.4.3.2. Vanadium-based alloys

Vanadium-based alloys have moderate high temperature strength, adequate
ductility above room temperature, and low long-term induced radioactivity. They show good
resistance to high heat loads and allow high operational temperatures. The maximum operating
temperature is limited by thermal creep while the low temperature limit is determined by
irradiation hardening. A major drawback is the high solubility of interstitial elements like oxygen,
nitrogen and carbon having the potential to lead to unacceptable embrittlement. Therefore

measures have to be taken to control and prevent their pick-up during manufacture and operation.

1.4.3.3. Fibre-reinforced composite materials based on silicon carbides

These materials have been conceived and developed mainly for aerospace
applications and fossil power generation plants due to their potential for high temperature
operation and high corrosion resistance which allows thermodynamic efficiency to be maximized.
In addition for use in fusion, they exhibit very low short and medium term induced radioactivity
and afterheat. The key issues to be addressed include the irradiation performance, the scaling up
of fabrication techniques for large components, the lack of suitable techniques for joining parts
since welding is not possible, the effect of matrix porosity and micro-cracking on coolant

hermetic sealing capacity, the need for standardization and (at present) the high cost.
(1)  The NITE-SiC/SiC composites

The matrix cracking stress of fibrous ceramic composites is determined by the
matrix porosity (through fracture energy and effective modulus effects) and fiber—matrix
interfacial strength, in an ideal condition, when elastic moduli for the fiber and matrix are similar.
In fact the tensile proportional limit stress of SiC/SiC composites tends to negatively correlate
with the matrix porosity. Porosity reduction is also essential for maximizing the composite’s
thermal conductivity for given inherent thermal conductivity of the constituents. ‘Strong’ fiber—
matrix interfaces, in contrast to conventional ‘weak’ interfaces for fibrous ceramic composites,
are beneficial not only to the matrix cracking strength but to the toughness, the lifetime and the
creep resistance. The NITE-SiC/SiC composite was developed for the reduced porosity, advanced

matrix quality control and strong fiber—matrix interface [22].
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The NITE process incorporates an appropriate coating to the fiber surfaces for the
fiber protection and the interphase deposition, infiltration of nano-phase SiC powder-based mixed
slurry to the coated fiber preform, and a pressure sintering of the matrix at a temperature slightly
above melting point of the transient eutectic phase. The optimized combination of the fiber
coating condition, the matrix slurry condition and the sintering condition results in the quality
matrices (with small porosity, appropriate SiC grain sizes, acceptable amount of oxide remnants
in desired phases) and an acceptable amount of fiber damage. A detailed description of the basic

process is found elsewhere [23].

The microstructures, fast fracture strength properties at ambient temperature, and
some thermo-physical properties have been studied. Representative properties of the lab-grade
NITE-SiC#/SiC composites are presented in Table 1.6, apparently meeting most property values
suggested by international reviewers for design analysis of SiC/SiC-based power plants for the
long term. The thermal conductivity of NITE-SiC/SiC composites shown in Table 1.6 is for an
unirradiated condition and should undergo a significant reduction after neutron irradiation
depending on temperature. The magnitude of primary thermal resistance of NITE-SiC/SiC, which
comes from grain boundaries and impurities, will probably be comparable with the anticipated
thermal resistance added by neutron irradiation in most fusion conditions. Therefore, improving
the unirradiated thermal conductivity should significantly improve the irradiated thermal

conductivity.

Table 1.6 Representative properties of NITE-SiC/SiC as compared with those suggested for
analysis of SiC/SiC-based power plants for the long term [22].

Key SiC/SiC properties Suggested value NITE (lab grade)
Density ~3000 kg/m® 2800-3000 kg/m?
Porosity ~5% 3-6%
Young’s modulus 200-300 GPa 190-220 GPa
Thermal expansion coefficient 4x10°K? 3.3-4.7 x 10° K* (20-1000°C)
Thermal conductivity through thickness ~20 W/m K 17-29 W/im K (20°C)
15-20 W/m K (1000°C) ¥
Maximum allowable combined stress ~190 MPa ~150 MPa ?
Cost < $400/kg ~$5000/kg

Y Unirradiated.  ? 2/3 of tensile proportional limit stress.  ® Rough estimate for a 10 kg batch of cross-plied composite.
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Table 1.7 Proposed ITER test module.

TBM Country Structure materials Breeder Multiplier Coolant

HCSB US, EU, Japan, F82H or EUROFER LisSiOq4 or Li,TiO3 Be or Bey,Ti He
China, Korea, RF (pebbles)

WCSB Japan F82H Li,TiO3 or others Be or Bey,Ti H.0

(pebbles)

DFLL China CLAM Pb-17Li - He

HCLL EU EUROFER Pb-17Li - He

DCLL us F82H Pb-17Li - He

HCML Korea EUROFER Li - He

SCLi RF V-ACr-4Ti Li Be -
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2. Fundamentals of compatibility studies of advanced material
with liquid Pb—Li for HT blanket system

2.1. The biomass-fusion hybrid concept

Hydrogen is considered as the most potential energy carrier in the near future and
can be produced from nuclear energy by several means. Biomass is one of the sustainable energy
resources. Human beings are having been relying on biomass resources, in particular, woody
biomass. Wood can be used as structural materials or fuels as it is. Some other biomass resources,
for example, algae, cones, and raw garbage are expected as potential energy source in near future.
In a view of CO, emission, these resources are regarded as “Carbon neutral” because CO, gas
emitted from these fuels are originally absorbed by the biomass from the atmosphere. Although
these biomass resources are valuable as it is, economical values of these resources can be higher if
processed in a correct fashion. As mentioned in the previous section, hydrogen fuels or synthetic
oils can be produced by the gasification of these biomass resources. Typical gasification reaction

of cellulose is described as [19];
(CsH1,05)n + H,O — 6nH, + 6nCO —816n kJ (Cellulose) (1.2)

In addition, if the produced hydrogen and carbon monoxide processed farther to

produce more hydrogen fuels or synthetic oils as;
CO + H,0 — H, + CO, + 32 kJ (Shift reaction) (1.3)
2H, + CO — -CH,—+ H,0 + 160 kJ (Fischer-Tropsch reaction) (1.4)
Created oil can be used for the fuels of automobiles and airplanes.

This process is quite attractive for many countries where no major mines of fossil
fuels are available. Any country can produce oil in their lands through these processes. However,
the gasification of biomass requests large amounts of heat. Plus, high temperature heat (> 900<C)
is required in order to achieve high gasification efficiency. Here, the nuclear fusion plant can
work as the high temperature heat source. Liquid metal coolants considered for the blanket and
divertor cooling can be heated to > 900<C. For the high temperature structure or insulator panels,
SiC/SiC composites withstand high temperature operation. Thus, the fusion nuclear heat can be

obtained at the high temperature and applied to the gasification process.
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If other hydrogen energy related technologies, such as transport and storage, are
developed, this fusion-biomass hybrid plant can work as the hydrogen production plant.
Hydrogen fuels produced from this plant can be used for the fuel cells, hydrogen gas turbines, or
other combined power generation systems. The strong advantage of this concept over the normal
fusion power plant is the application to the load following operations. Since the fusion power is
not easily controlled to follow the requirements, the use of normal fusion power plant is limited to
the base-load operation where many other options with higher energy efficiencies are available.
However, fuels produced from the fusion biomass hybrid plant can be used for the load follow

operations where higher cost than the base load operations are acceptable.

2.2. R&D needs for the HT blanket systems

The high temperature blanket is desirable for hydrogen production, but some R&D
needs should be specified, such as tritium permeation and chemical compatibility under high
temperature and under irradiation, and coating technology to avoid inter-contamination issues

between hydrogen production system and fusion reactor system [19].

SiC/SiC composites have been developed for aerospace applications and fossil
power generation plants because of their high temperature strength, strength to weight ratio and
high corrosion resistance. The application of SiC/SiC composites as materials for blanket
structural and/or functional component can significantly increase the upper operation temperature
with the advantage of high thermodynamic efficiency. The structural and/or functional materials
made of SiC/SiC composites, such as cooling panel and FCls should be considered in the He and
Pb—Li coolant channels besides in the heat exchangers to reduce tritium permeation into hydrogen
production system, and vice versa, to reduce hydrogen permeation into blanket coolant system.

The compatibility of SiC/SiC composites is a concern for the high temperature Pb—L.i blankets.
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Figure 2.2 Simplified Pb—Li/SiC blanket module flow scheme.

The compatibility evaluation technologies need to be studied and developed in this
thesis. It is needed to have good compatibility with fundamental material and high temperature
Pb—Li, to achieve low T-permeation rate and to provide self-healing function on defects that
might occur in normal operation or accidental conditions. Figure 2.2 shows simplified Pb—Li/SiC
blanket module flow scheme. This concept blanket system is operated as high temperature.
Technology development is more required for intermediate heat exchanger due to large area and
thin wall for efficient heat transfer from the primary coolant Pb—Li to the secondary system. The

chemical compatibility of Pb—Li and SiC/SiC at high temperature is an area in need of R&D for
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high temperature Pb—Li blanket. The compatibility problem is more serious under the high
temperature and high flowing velocity of Pb-Li. Only limited data on the compatibility of
SiC/SiC with Pb—L.i are available.

2.3. Problem of compatibility analysis

The classification of techniques for compatibility evaluation can be classified as
shown in Table 2.1. In consideration of technique characteristics of compatibility evaluation with
liquid metal, evaluation techniques are contributed to be limited to these three methods, static pot,

thermal convection loop, forced convection loop and electrochemical cell.

The compatibility of materials in lithium—lead with flowing condition is different
mechanism from static condition, and the corrosion quantity is thereby big and different. These
reasons include what erosion/corrosion are easy to produce for the corrosion of the elution type
being easy to occur than liquid metal lithium which | described in [24, 25], specific gravity of

lead lithium that, besides, nearly 20 times is bigger than lithium.

Table 2.1 Classification of techniques for compatibility evaluation.

Name Objective & characteristic Parameter control

Flowing Temperature gradient Electrochemistry

Static pot - saturated condition X X O
- surface corrosion trend
- easy handling, compact
- possible of changed pot

Thermal convection loop - unsaturated condition corrosion A O A
- easy handling, complicate
- mass transport evaluation

Forced convection loop - difficult handling, complicate @) O AN
- unsaturated condition corrosion
- erosion-corrosion
- flow-accelerated corrosion
- mass transport evaluation

Electrochemical cell - electrochemical corrosion X x O
- corrosion potential measurement

2.4. Research status of compatibility of advanced materials with liquid
metal Pb—Li
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Liquid lithium-lead alloy is regarded as an attractive breeding material because of
is high tritium breeding rate, high thermal conductivity and so on. Pb-Li intending for here is 83%
of molar fractions of the Pb, composition of 17% of molar fractions of the Li, and the melting

point is lowest 2359C among lithium-lead alloys, as shown Table 2.2.

Table 2.2 The properties of liquid metal breeder.

Candidate Li Pb-Li Flibe (2LiF-BeF,)
Density (g/cm?®) 0.48 9.0 2.0

Heat conductivity ratio (W/m/K) 42 14 1

Melting point (K) 453 508 732

Thermal capability (J/g/K) 0.50 0.17 2.3

Resistance (Q2 cm) 2.9x10°° 1.3x10* 0.65

Reaction with water Strong reaction Reaction No reaction

Tritium recycle Difficult Easy Difficult (TF), Easy (HT)
Tritium inventory High Low Easy (HT), Difficult (TF)
MHD concern High (self-cooled) Normal Low

Several studies have been conducted to evaluate the influence of material and
system parameters on the corrosion behavior of austenitic, ferritic steels, and SiC ceramics in
liquid metal Pb—Li environment. The principal mechanisms of corrosion of materials in a liquid
metal environment are dissolution, inter-granular penetration, interstitial-element transfer, and

mass transfer due to thermal and concentration gradients.

About compatibility on materials in liquid metal Pb—Li, it has been already
reported a lot in the 1980s. A lot of data of the corrosion of the austenite steel are written in the
review article at that time by Dr. Coen, because 316 types of austenite steel became the first wall
candidate materials [26]. However, the corrosion of the ferrite steel begins to be checked from
this time. In Oak Ridge National Laboratory, U.S.A., they researched corrosion of the ferrite steel
(mainly HT-9 of 12Cr) using both natural convection loop and forced convection loop. They
carried out a corrosion experiment under conditions of comparative low temperature to 538<C,
and the Chopra doctors clarified temperature in the low temperature and influence of the velocity
using a forced convection loop of Pb-Li of 2 liters [27-29]. In addition, in Europe, results of
research are given at this time. Tas doctors installed a thermal convection loop of 316 types of

austenite steel (LELI) to ferrite steel (1.4914 steel: Fe—10.6Cr) and carried out an examination of
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long duration test as many as 5455 hours [30]. In France Tulip thermal convection loop (product
made in ferrite, Pb-Li inventory: 1 liter approximately) examination of around 3000 hours is
implemented [31] In these studies, it is checked the material transportation other than the
corrosion of the specimen, and, in loops with the difference of temperature, that the deposition of
low-temperature precipitation and the dissolution corrosion of high-temperature precipitation
occurs at the same time has been revealed. By a study of the 1980s, lithium lead and the tendency
of the corrosion reaction of steel materials became clear mainly. When the 1990s begins, the
influence such as impurities of lithium lead is discussed [32], also experiments [33] and
discussion [34] about the impact against corrosion of the magnetic field that indispensable to
blanket has also been reported as paper further, but since the influence of purity maintenance of
Pb—Li to corrosion is large, the effect of the magnetic field (1.4T perpendicular to a flow) is not
clarified. In recent study, there are report on ferrite steel was immersed in high temperature
conditions of 7002C or more as a background dual cool type of He and Pb-Li, and also the co-
existence of the corrosion-resistant coating [35]. In addition, result about the flow acceleration
corrosion of the ferrite steel which is examined by a loop named PICOLO from the German
Karlsruhe Institute is reported [36, 37]. Moreover, in China, a thermal convection loop named
Dragon and forced convection loops are produced, and the result of the corrosion examination has

begun to be reported [38].
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Figure 2.3 The solubility of metallic elements in liquid metal Pb—17Li [39].

2.4.1. Compatibility of RAFM with Pb—Li
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Studies were carried out on compatibility of RAFM steels with flowing Pb—Li. The
past data are summarized in Table 2.3 [36, 40-42]. At 480<C, the evaluated corrosion rate of
RAFM steels is less than 100 um/yr in Pb—Li, although the test periods changed from 4500—
12000 h. It indicates that the weight loss of RAFM increases linearly with the exposure time. It
should be noticed the corrosion rate significantly increases with increasing the test temperature:
700 um/yr at 550°C [41]. As for the flow rate effect, high flow rates resulted in a high corrosion

rate, indicating that the flow rate needs to be suppressed to reduce the corrosion rate.

It was reported that it took time for Pb—Li alloy to wet whole surface of specimen
during exposure. The wetting issue could result in an apparent low corrosion rate at the first stage
of experiment because the corrosion might only occur in the section where the steels contacted
with Pb-Li. The period of wetting depends on the temperature [40] and surface condition of
specimen, such as original oxide layer [43]. Figure 2.4(a) and (b) shows the metallographic
observations of EUROFER 97 after typical corrosive Pb—L.i attack for different exposure time. As
shown in Figure 2.4(a), the surface of sample was all covered with the Pb—L.i alloy after exposure
for 1500 h. In Figure 2.4(b), the SEM micrographs obtained on the cross-section of the 3000 h
tested samples are reported. As presented in the figures, a layer about 1 um thick seems to detach
from the surface of the steel. At the interface between the layer and the bulk material, voids could
be observed, and the EDX analysis indicated that the layer was Cr depleted. The experiment in

other system also proves that the dissolution of Cr and Fe from RAFM in Pb-Li is the major

mechanism.

Figure 2.4 Cross-section of EUROFER 97 after exposure in Pb—Li [42].
The corrosion of different RAFM in Pb—-Li was compared by Konys [41]. A

summary of the maximal corrosion attack result from MANET I, OPTIFER Iva, F82H-mod.,
EUROFER 97 and SiC ceramics was given in Figure 2.4. The lines for each alloy type were
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inserted by optical fitting to illustrate the time dependency. According to figure, the corrosion line
of EUROFER 97 is 10-20% lower than other RAFM steels. This cannot be explained by the
chemical dissolution of alloy elements, because these alloys have very similar alloy composition.
Probably the minor alloy elements, such as Ti and N, or low impurity level in steel are
responsible for the difference. It is also influenced by initial oxide layer on the surface of

specimens. It was reported that the initial oxide layer delayed the onset of corrosion [43].
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Table 2.3 Corrosion rate of advanced materials in the Pb—Li.
Material Material of Method, Flow regime/ Temperature, Flow rate Exposure time Estimated corrosion depth Ref.
crucible & pipe B field Timax (C) (mi/s) (h) (um/yr)
Martensitic steel Ferritic steel Static 440-500 500 [44]
(26%Cr)
Austenitic materials [45]
Fe-12Cr-1MoVW Flowing (laminar) 500 24 [46]
HT-9, Fe-9CR Flowing (laminar) 482 20 [47]
1.4914 Flowing (turbulent) 550 370 [48]
Flowing (turbulent) 475 40 [49]
1.4914 Flowing (laminar) 450 30 [31]
EUROFER 97 Flowing (laminar) 480 0.3 12000 90 [40]
Flowing (laminar) 550 0.3 1000 700 [41]
Flowing (laminar) 480 0.01 4500 40 [42]
EUROFER Flowing (laminar) 550 237-530 [50]
Flowing (laminar)/ 1.7 T 550 550-900 [50]
EUROFER Flowing (turbulent) 480 90 [37]
OPTIFER lva, F82H-mod. Flowing (turbulent) 550 400 [37]
OPTIFER, MANET 1, F82H-mod. Flowing (laminar) 480 0.3 6000 100 [36]
Flowing (turbulent) 480 100 [36]
JLF-1 {Re number} F2-9Cr Flowing 600 {18512} 250 [51]
JLF-1 Static 600 - 500, 750, 3000 [25]
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2.5. Objectives of this research

As described above, SiC and SiC/SiC materials are promising candidate for structural
and/or functional materials of high temperature Pb-Li blanket system, because of excellent elevated
temperature strength, corrosion resistance, electrical insulation and irradiation resistance in nuclear
environments. In order to carry out research reproduced the flowing condition at high temperature,
and to acquire the engineering database and scientific understanding required for the basic design of
high temperature Pb—Li blanket system, the compatibility problems on advanced SiC materials with

flowing of high temperature Pb—L.i blanket system were investigated and evaluated.

Chapter 1 and 2 here, the backgrounds were overviewed on R&D of advanced nuclear
systems and advanced SiC ceramic materials. The influence of the different experimental parameters,
such as a flowing condition, an exposure time and a geometric condition, on the corrosion behavior
was investigated. In Chapter 3, compatibility evaluation technology which reproduced the flowing
condition at high temperature i.e. rotating disk system has been introduced and improved. In Chapter
4, the compatibility of advanced SiC ceramic materials exposed to liquid Pb—Li at high temperature
has been investigated by the rotating disk system with flowing condition. The formation mechanism
on surface of SiC materials in high temperature Pb—Li blanket system was evaluated. And that’s rule
factor is clarified by microstructural analysis. Based on the results in previous chapters, Chaper 5
deals with assessment of feasibility for the functional applications of advanced SiC ceramic materials
to blanket system, such as cooling panel and FCI with electrical conductivity and insulation.

Summary and conclusion will be finalized in Chapter 6.
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3. Development of technique on compatibility evaluation for high
temperature

3.1. Introduction

Liquid lithium-lead blankets have attracted attention in design concepts such as the
Helium-Cooled Lithium Lead (HCLL) in EU, the Dual Coolant Lithium Lead (DCLL) in US, and the
Dual-Functional Lithium Lead (DFLL) in China because of the promising advantages for future
fusion power reactors [52-56]. The DCLL blanket has a low activation ferritic steel structural
material, and a SiC flow channel insert [38, 57-59]. The authors proposed using cooling panels made
of SiC/SiC composites to actively control the heat flux to achieve Pb—Li temperatures exceeding
900<C. This concept drastically improved the total energy efficiency and also enables other attractive
applications such as hydrogen production [60]. For the feasibility of this concept, the compatibility of
SiC with liquid Pb—L.i at 900<C is important [35, 61-63].

There are some issues with the compatibility of liquid Pb—Li with other system
materials, particularly related to flow rates. Many components of the materials in contact with the
liquid have some limited solubility. For static conditions [62], dissolution of that material is expected
to stop when the solubility limit in the liquid is reached. However, for flowing conditions when the
solute density in the liquid is lower than solubility, the continuing corrosion occurs. This corrosion
rate is influenced by the relative velocity of the flowing liquid at the surface of the material. In order
to measure the corrosion or erosion by liquid metals during flow conditions, a simple apparatus was
developed. The rotating disk (RD) system can expose samples with the wider range of parameters
such as relative flow velocity, temperature and chemical environment compared with static corrosion
test. We used the RD system to evaluate the corrosion behavior as a function of contact velocity
between SUS316 steel and Pb—Li at 5009C for 500 h, and observed the change of the surface of the
specimens. Then, the test by using RD system made of molybdenum carried out to evaluate the
compatibility behavior on NITE (Nano-Infiltration Transient-Eutectic-Phase) SiC/SiC composites
[23] in Pb—Li at 900<C for 1000 h.

It was reported that the dissolution of an oxide layer formed on the materials surface in
water was accelerated at a flowing condition, and the phenomenon was called as flow-accelerated
corrosion (FAC). It was known that the corrosion mechanism in the liquid breeders is the dissolution
of the matrix elements in the fluids [64, 65]. Also in the liquid metals and molten salts, the FAC

phenomena for the dissolution of the steel surface can be caused by the promotion of the diffusion in
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the corrosion process. An erosion of a corroded surface by the shear stress of the flow called an
erosion—corrosion [66] is also an important phenomenon for the liquid breeders. However, the

information in liquid metals and molten salts are limited so far.

Therefore, there are some issues with the compatibility of liquid Pb—Li with other
system materials, particularly related to flow rates. Many components of the materials in contact with
the liquid have some limited solubility. For static conditions [62], dissolution of that material is
expected to stop when the solubility limit in the liquid is reached. However, for flowing conditions
when the solute density in the liquid is lower than solubility, the continuing corrosion occurs. This
corrosion rate is influenced by the relative velocity of the flowing liquid metal at the surface of the

material.

In the present study, two types of simple assembles, Rotating Disk (RD) systems, were
developed and estimated to measure the phenomenon of compatibility by liquid metals even at high
temperature during flowing conditions. The compatibility of SUS316 and NITE-SiC/SiC composites
in the liquid breeders with a flowing condition by these rotating disk systems was investigated by
means of corrosion tests by two types of RD systems. The influence of the different experimental
parameters, such as a flowing condition, an exposure time, a geometric condition and a chemical

environment, on the formation behavior on compatibility was investigated for HT blanket model.

3.2. NITE-SiC/SiC composite in forced convection loop

Figure 3.2 shows result by using forced convection loop (Figure 3.1) at Kyoto
university. The experiment by using this loop can provide various data with the reciprocity than static
pot and thermal convection loop. However, it is a large complex form with various devices for
operating. And the change of container materials is severe. Safety is important for experiments
prolonged at high temperature. The Fe and Cr eluted from the region except the examination
department attach on the surface of the specimen of the testing part. For reproduced flowing condition

at high temperature, the quantitative evaluation method that high in integrity is required.
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Figure 3.2 EPMA evaluation of the surface on NITE-SiC/SiC composite in forced convection

loop at 700C for 2 weeks (about 336 h).

3.3. Rotating disk systems with flowing condition at high temperature

The tests in a Pb—L.i test were performed using crucibles made of pure alumina (before
improvement) and pure molybdenum (after improvement), respectively, with specimen holders made
of the same material as the crucible. Except for the Mo, the crucible and holder materials could also
corrode and may influence the corrosion of the specimens. The Pb-Li flow in the pot is induced by a

rotating disk specimen. There was no baffle plate to decrease the rotating flow, and the pot was
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referred to as the RD system [67, 68]. The rotating Pb—Li flow included only small upward and
downward flow components produced by the rotating disk specimen, so the Pb—Li is well mixed with
near constant concentration of impurities throughout the liquid volume. The RD system (Figure 3.3)
was designed to investigate the effects of flow conditions on the corrosion without any temperature

gradient. Flow velocities higher than in the thermal convection loop can be reached in this system.

K type TC i Electric
motor

=l Support
bar*

Rotallting

/ —

I/ | 5 Specimen in liquid metal

/ pe (Shape of disk)
) =1
Liquid e Guide m%
Pb17LI "o T N .
L
Specimen
Crucible* Electric furnace

Figure 3.3 Schematic diagram of rotating disk system.

The rotating disk system was designed to investigate the effect of flow conditions on
the corrosion without temperature gradient. The flow velocity for the test is higher than the velocity in
the thermal convection loop. The pot was assembled in a glove box covered with 99.999% Ar. The
flow may influence the corrosion as the diffusion of the element dissolved from the specimen surface
is promoted, and the shear stress works on the specimen surface which can cause erosion/corrosion.

Table 3.1 shows comparison with classification of techniques for compatibility evaluation.

Table 3.1 Comparison with classification of techniques for compatibility evaluation.

Name Objective & characteristic Parameter control

Flowing Temperature gradient Electrochemistry

Static pot - saturated condition x X O
- surface corrosion trend
- easy handling, compact
- possible of changed pot

Thermal convection loop - unsaturated condition corrosion A O A
- easy handling, complicate
- mass transport evaluation

Forced convection pot - easy handling, compact O AN O
- unsaturated condition corrosion
- erosion-corrosion
- flow-accelerated corrosion
- mass transport evaluation
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Forced convection loop - difficult handling, complicate O O A
- unsaturated condition corrosion
- erosion-corrosion
- flow-accelerated corrosion
- mass transport evaluation

Electrochemical cell - electrochemical corrosion x X O
- corrosion potential measurement

3.4. Experimental procedure
3.4.1. Experimental apparatus

An apparatus to rotate disk materials in a liquid metal was used to measure the effect
of flow speed as a function of the radial position on the disk. This rotating apparatus, represented in
Figure 3.3 and Figure 3.4, consisting of the electric furnace, the crucible with panels, the support rod
with guide, thermocouple and electric motor, was placed in a glove box containing a high purity argon
gas, and the atmosphere was controlled at O, < 0.01 ppm and moisture < 0.1 ppm. Two types of
experimental devices were used to isolate the effects of flow on the compatibility. A disk sample was
mounted on the support rod and was immersed in the crucible containing liquid metal. The disk was
rotated and exposed to the flow with various relative speeds. The crucible contained about 1.5 kg of
Pb—Li and was heated to the temperature range (~900<C) by the electric furnace. The temperature was
measured and controlled with type K thermocouples contained in a central molybdenum tube. All
materials for the crucible, support rod, thermocouple protection tube, etc. that contacted liquid Pb—Li
were alumina and molybdenum which was expected and reported to be compatible with lithium-lead
alloy [61, 62, 69].

Rotating disk system made of Alumina Rotating disk system made of Mo
(before improvement) (after improvement)
K type TC Electric K type TC Electric
coated B motor motor
Alumina — Support bar Mo
—[]*= coated —{l*= Support
Alumina bar

1z

/
liquid _ Llquid N Mljde
PoL17LI TSR Poyt7ll T T | ©
Specimen Specimen .
Alumina crucible Electric furnace Mo crucible Electric furnace

Figure 3.4 Two types of rotating disk systems in glove box (OMNI-LAB, VAC co.).
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3.4.1. Sample and operating condition

The materials used in this study was SiC/SiC composites produced by the NITE
process [22, 60] with SUS316 also included for reference. The composite contains the SiC fiber
(Tyranno-SA 3rd, Ube Ind.) coated with C (thickness of the carbon interface was 200-300 nm).
Density of the NITE-SiC/SiC was 3.01 g/cm®. The specimens were shaped to disks of 30 and 35 mm
diameter, 2 mm thickness. Before testing, the SUS316 specimen was cleaned in an alcohol-acetone
mixture and the surface was lightly polished with a grinding paper (2400 grade) in order to eliminate
the superficial oxide layer. However, in liquid metal, poor wetting of the stainless steel was observed
when immersed, which could be due to incomplete removal of the superficial oxide layer. After the
exposure in the Pb—Li, the specimens were immersed in an acetic acid—hydrogen peroxide—alcohol
mixture (1/3:1/3:1/3) at RT (259C) until the specimen weight reached a constant value by the removal
of adhered Pb—L.i from the surfaces of specimens [69]. The operating conditions of the apparatuses are
shown in Table 3.4. The rotation speed of the support rod was about 200 rpm. The equivalent flow
velocity is a function of radial position on the disk and ranged ~13.6 to 31.4 cm/s. The changes of
appearance and chemical composition of the surface were analyzed and examined by optical
microscopy, scanning electron microscopy installed in energy dispersive X-ray analysis, fluorescent

X-ray observation and electron probe X-ray microanalysis before and after the corrosion experiment.

Table 3.2 Chemical composition of the samples in weight percent (Fe in balance).
Material Element

C Si Mn Cr Ni P Mo w Ti
SUS316 0.019 0.78 14 17-18 12.08 0.037 2.04 - -
Table 3.3 Rotating disk systems.
RD system Crucible Support bar TC guide Specimen diameter
Alumina system Alumina Type 316 SS coated Coated alumina > 30 mm
(before improvement) alumina
Molybdenum system Pure molybdenum® Pure molybdenum Pure molybdenum > 50 mm
(after improvement)

1) 99.95%, Nilaco, co.

Table 3.4 Experimental conditions of corrosion test in liquid Pb—Li.
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Material SUS316 NITE-SiC/SiC composite

RD system Alumina Alumina Pure Mo Pure Mo
Temperature (C) 500 850 900 900
Exposure time (h) 500 1000 1000 1000
Diameter (mm) 30 30 30 35
Relative flow velocity (cm/s) 13.6-31.4 13.6-31.4 10.5-31.4 10.5-36.6

3.5. Result and discussion
3.5.1. SUS316 and NITE-SIC/SiC composite in RD system made of alumina

Rotating flow velocity on liquid metal was measured by visualization experiment of
acrylic container used water such as Figure 3.5. Because water and liquid Pb—Li have a similar
material property in dimensionless number, in order to evaluate the flow of the disk surface in RD
system, an imitation container is manufactured by ref. [70] , and the flow velocity is surveyed with the
laser sensing fluid visualization measuring device by the PIV (particle image velocimetry) technique.
Compatibility with an actual phenomenon was measured by the numerical fluid simulation and fluid
visualization experiment. The Figure 3.6 shows the down of about 10% on the rotating flow velocity

(value of flow velocity caused by diameter < about 10%).

PC

Camera

Acrylic container % Control part

Figure 3.5 The laser sensing fluid visualization measuring device [71].

38



[EY
[ 9]

o
E, A Numerical fluid simulation /
= 17 s
-G . 5 .".‘(\> o
Qo 7 -
2
> 0.5
o O [
- Measured value

0. :

0 10 20 30 40 50
Radial direction on sample [mm]

Figure 3.6 Radial direction on sample by the laser sensing fluid visualization measuring device
[70].

The experimental result used RD system made of alumina shows several problems by
coefficient of thermal expansion between type 316SS coated alumina and unknown oxidation reaction
(this reaction were later confirmed according to Li—O reactant in liquid Pb—Li (Chapter 4)). On the
other hand, the RD system made of molybdenum also showed no corrosion during this experiment
(Figure 3.7).

The chemical composition of Cr, Ni and Mn measured on the reference SUS316
sample as the function of the radial position is shown Figure 3.8. Cr steadily decreased from point 8
(relative velocity, 23 cm/s at 500<C), but Ni steeply decreased from point 6 (relative velocity, about
18 cm/s at 500°C) to point 8. The content of these elements then stayed constant up to the velocity
corresponding to about 31.4 cm/s at 5009C. Mn was not detected outside of point 8. In a preliminary
test of SUS316, it was possible to observe the effect of change of velocity in the rotating disk system.
We also saw that the quantity of corrosion product is large outside the disk, depending on the relative

flow velocity, and obtained the result that Cr and Ni corrode selectively (Ni > Cr > Mn).
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Figure 3.8

Figure 3.7 Several problems in RD system made of alumina.
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Figure 3.9 Photomicrographs of the surface on NITE-SiC/SiC composite after exposure to liquid
metal Pb—Li at 850<C after 1000 h.

3.5.2. NITE-SIC/SiC composite in RD system made of molybdenum

Figure 3.10 shows photomicrographs of NITE-SiC/SiC composite before test and after
the corrosion test at 9009C for 1000 h. The boundary of the matrix and fiber on the surface of the
exposed specimen was not clearly distinguished, because the surface adhered layer was not removed.
This adhered layer had many cracks (Figure 3.10(b), (c) and (h)). When viewed in cross section, the
thickness change of oxidation layer was observed as a function of contact velocity on the surface of
the sample. Average thickness at the point with relative velocity 15.7 cm/s (inside) was 27.5 um and
at the point with 34 cm/s (outside) was 45.9 um. Si, Al and O were detected by EDX analysis in the
surface layer after the test at 9002C for 1000 h (Figure 3.11). On the other hand, this layer did not
exist under the support bar unexposed to the liquid Pb—Li. This cracking is believed to be due to
differences in thermal expansion between the SiC/SiC composite and the adherent surface oxidation
layer during cooling from the 900<C test temperature to room temperature. In contrast, the sample
surface under the support bar did not show such any cracking, since there was no surface oxidation
layer. In addition, in the cross section (Figure 3.10(f) and (g)), a proportional correlation is shown

between the thickness of the oxidation layer and the relative velocity of the rotating specimen.

On cracked oxidation layer exposed in liquid Pb—Li, we can see the oxidation layer
(oxidation of Si, C and Al) under the immersed surface. The density of this oxidation layer seems low.
In the case where the SiC fiber was exposed to liquid Pb-Li, on the other hand, we can see that an

oxidation layer was formed and grew by the oxidation reaction of Si, C and Al from SiC fibers
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exposed to liquid Pb—Li. The fact that Al directly under the oxidation layer is decreased shows that
the movement of Al or the oxide may be related to the mechanism of layer formation. Al,O; is a
component of the sintering additive that is used for forming NITE-SiC/SiC composites and exists
mainly in the matrix. Oxygen in the atmosphere is extremely low. Because of this, the source of the
oxygen in the adhered layer is unknown. In other research by the authors, even when liquid metal Pb—
Li comes in contact with the atmosphere or with gases in a bubble, the oxygen potential of the liquid
Pb—Li hardly changes [72]. One possible explanation of the material change, it is that the oxygen

source is oxide compounds in Pb—Li formed from elements of the NITE-SiC composites.

For example, it is known that Li,O reacts to form compounds such as LiAlIO,, Li,SiOs,
Li,SiO,4 and etc. [73]. If the oxide exists in compounds in the liquid Pb—Li, chemical changes of SiC
composite may have occurred without an oxidation process. Actually, these compounds are easily
generated only during high temperature mixing of alumina (or silica) with Li,O. Therefore, excess
lithium in liquid Pb—Li may have an effect on the change of compound such as Al,O; and SiO,. This

chemical change on the SiC composites was observed in microstructures after about 1000 h.

Furthermore, in order to clarify the formation mechanism of the transubstantial layer
on the surface of NITE-SiC/SiC composites, the research which used monolithic CVD-SiC material

without sintering additives is required.
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Figure 3.10  Photomicrographs of NITE-SiC/SiC composite before and after the corrosion test at 900°C for 1000 h.
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Figure 3.11  EPMA evaluation of the cross-section on NITE-SiC/SiC composite after exposure to
liquid metal Pb—Li at 900<C after 1000 h.
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3.6. Short summary of chapter 3

In this chapter, two types of simple assembles, rotating disk (RD) systems, were

developed and estimated to measure the compatibility of advanced materials exposed to liquid metal

Pb—Li with flowing at high temperature. The obtained main results are summarized as follows:

1)

2)

3)

It was found that experiment by using RD system made of alumina has a significant
reaction with liquid metal Pb—Li at high temperature. This reaction phenomenon was

discussed in chapter 4.

The rotating disk system made of molybdenum shows soundness and applicability with
flowing at high temperature. And on the surface of SUS316 and NITE-SIiC/SiC
composites using the rotating disk system as preliminary experiment, the surface

chemical composition was changed as a function of the radial position.

In the experiment in flowing liquid Pb—Li at high temperature, control of oxygen and
moisture is important. Especially, in the result of NITE-SiC/SiC composites after the
test at 900°C for 1000 h, the transubstantial layer with crack was found on matrix and
fiber on the surface. This layer contained elements of Si, C, Al and O. This
phenomenon is assumed to be due to influence by the small amount of sintering

additive (Y,03, Al,Os), and discussed in chapter 4, concretely.
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4. Microstructure and corrosion behavior of SiC materials exposed
to liquid metal Pb—L.i flowing at 900<C

4.1. Introduction

Silicon carbide (SiC) and SiC/SiC composites have become widely used as promising
candidate for structural and functional materials of advanced nuclear systems due to their excellent
mechanical and thermal properties at high temperatures, low induced activity in the case of high purity
and resistance for irradiation, high chemical stability and high heat resistance. Liquid metals lead—
lithium (Pb—17Li) are used as a coolant and a tritium breeder for the blanket systems of fusion reactors.
SiC and SiC/SiC composites is considered as most structural and/or functional applications in contact
with these liquid materials. SiC ceramics are integrated as critical components in a system, which has
to be frequently contacted to selected breeder/coolant provide attractive options for high tritium

breeding ratio, high efficiency and simplicity of high temperature blanket system [25].

As described in Section 2.1, Chapter 2, one of the critical issues for the biomass-fusion
hybrid concept is the compatibility evaluation of SiC and SiC/SiC composites with liquid metal Pb—L.i.
The compatibility of materials with Pb—Li has been studied on several advanced materials by static
condition or flowing condition with complicated convection system. In those studies, however,
investigation on mechanism and micro-chemical processes of the SiC materials in the liquid metals
Pb-17Li with flowing at high temperature are quite limited. Any data are not available for SiC and
SiC/SiC composites among the advanced materials yet. In the present work using a simple RD system
for high temperature with flowing condition, corrosion behavior of monolithic CVD SiC and NITE-
SiC/SiC composites have been investigated and compared in liquid metal Pb—17Li up to 1000 h at
900<C to clarify the effects of sintering additives (SiO,, Al,Os; and Y,05) and flowing contact velocity,
etc.. The formation mechanism of the transubstantial layer on monolithic CVD SiC and NITE-SiC/SiC
composites in high temperature with flowing will be proposed based on the analysis of the oxide scales

formed on the specimen surface.

4.2. Experimental procedure

4.2.1. Experimental conditions
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In the previous chapter, the schematic of the compatibility analysis system (RD system
made of Mo) are shown in Figure 3.4 in section 3.3, Chapter 3. It has been demonstrated that RD

system has the feasibility of compatibility test with flowing condition at high temperature.

The compatibility analysis was improved and performed by the RD system with
flowing condition. This RD system to rotate two disk samples in a liquid metal was used to measure
the effect of flow speed as a function of the radial position on the disk (diameter: 30 mm — 50 mm).
This system, consisting of the electric furnace, the crucible with panels, the support bar with guide,
thermocouple and electric motor, was placed under a high purity argon gas atmosphere in a glove box,
where humidity and oxygen impurity were continuously kept less than 0.01 ppm. Two disk samples
were mounted on the support rod and were immersed in the crucible containing liquid metal. The disks
were rotated and exposed to the flow with various relative speeds. The crucible contained about 1.5 kg
of Pb-Li and was heated to the temperature range (~ 900<C) by the electric furnace. The temperature
was measured and controlled with type K thermocouples contained in a central molybdenum tube. All
materials for the crucible, support rod, thermocouple protection tube, etc. that contacted liquid Pb—L.i
were molybdenum which was expected and reported to be compatible with lithium-lead alloy [61, 62,

69]. This apparatus also showed no corrosion during this experiment.

Argon gas (O,, moisture < 0.1 ppm) Flowing contact velocity (10.5~52.3 cm/s)
~ y

Mo TC
protection
tube

Electric Motor

Thermocouple \

Mo Support bar ~,

. Electric Furnace <
. N

Specimen~_| |

Mo Support
bar guide

Liquid LiPb \\\:‘
Mo Crucible=——T"" O50x2(t)mm Specimens fixed support bar

Figure 4.1 Schematic compatibility test assemble by improved RD system.

4.2.2. Sample and operating condition

Table 4.1 presents the operating conditions of corrosion tests by RD system. The
rotation speed of the support rod was about 200 rpm. The equivalent flow velocity is a function of

radial position on the disk and ranged ~10.5 to 52.3 cm/s.

Table 4.1 Opterating conditions of corrosion tests by RD system.
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Material Temperature (C) Duration (h) Diameter (mm) Relative flow velocity (cm/s)

NITE-SIC/SiC composites 900 100 50 10.5-52.3
300 50 10.5-52.3
500 50 10.5-52.3
1000 50 10.5-52.3
Monolithic CVD SiC 900 500 50 10.5-52.3
1000 50 10.5-52.3

The specimens used for the corrosion tests were SiC/SiC composites produced by the
NITE process [22, 60]. The composite contains the SiC fiber (Tyranno-SA 3rd, Ube Ind.) coated with
C (thickness of the carbon interface was 200-300 nm). Density of the NITE-SiC/SiC was 3.01 g/cm®.
The shape of the specimen was a circular plate. The size of the specimen used was 50 mm diameter
and 2 mm thickness. The size of the samples used these corrosion test was larger than that used
corrosion test in chapter 3. In order to eliminate the superficial oxide layer, the surfaces of specimen
were finely polished using diamond powder of 0.25 pm in a diameter before the tests. Then, the
specimens were cleaned in an alcohol-acetone mixture. The specimens tested in the Pb—Li were taken
out from the liquid Pb—L.i after the test. Then, the specimens were mainly cleaned with an acetic acid—
hydrogen peroxide—ethanol mixture (1/3:1/3:1/3) at RT (259C) until the specimen weight reached a
constant value by the removal of adhered Pb—Li from the specimen surface [69]. After the rinse of the

specimens in the ethanol, the cleaning of the specimen was finished in an acetone.

The morphologies of surface and cross section were characterized by optical
microscopy, scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS).
Composition profiles for the major elements before and after the compatibility tests were measured by
field emission scanning electron microscope (FE-SEM) installed in field emission electron probe micro
analyzer (FE-EPMA, JXA-8500FK, JEOL co., Japan). The phase constitution of the as-deposited

coatings was examined by X-ray diffraction (XRD), using Cu Ka radiation.

Further, for the lithium element analysis, depth profiles of surface after the
compatibility tests were measured by GD-OES (Glow discharge optical emission spectrometry,
HORIBA co., Japan, Figure 4.2). And composition profiles for bonding state of the elements including
the Li element after the compatibility tests were measured by SXES (Soft X-ray emission

spectroscopy, JEOL co., Japan, Figure 4.3). The SXES gives information of electronic structure of
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bonding electrons, and combined with microscopy should be a hopeful method to reveal physical

properties and chemical bonding states of identified small specimen areas of various compounds.

Figure 4.2 GD-OES (Glow discharge optical emission spectrometry, HORIBA co., Japan)

Figure 4.3 SXES (Soft X-ray emission spectroscopy, JEOL co., Japan)

4.3. Results and discussions
4.3.1. Compatibility analysis on monolithic CVD-SiC
4.3.1.1. Morphology on monolithic CVD-SiC

Cross-section morphology of monolithic CVD-SiC exposed at 9002C for 1000 h are
given in Figure 4.4. The microstructure was quite different from that of the specimen exposed to the
static Pb—17Li. Monolithic CVD-SiC material in static pot was considered as good for compatibility to
liquid metal Pb-Li [35], but not necessarily at a high temperature region of 900C level as shown

Figure 4.4(c). The thickness change of the transubstantial layer was observed as a function of contact
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velocity on the surface of monolithic CVD-SIiC. Average thickness at the point with relative velocity
50.2 cm/s (outside) was average 11.9 um (Figure 4.4(a)). On the other hand, this layer did not exist
inside disk (> 15 mm) as shown Figure 4.4(a) and (b). Si, O and Pb were detected by EDX analysis in
this layer. Also, the density of C is higher than a matrix part. It is proper to regard C detected in EDX

as abrasives of diamond buried in the transubstantial layer.

Resin part

Figure 4.4 EPMA evaluation of monolithic CVD-SiC after exposure to liquid metal Pb-Li at
900<C after 1000 h: (a) under the support bar unexposed to liquid Pb—Li, (b) 10 mm

away the center (about 31.4 cm/s), (c) 24 mm away from the center (about 50.2 cm/s).

Figure 4.5 shows depth profile by the GD-OES of monolithic CVD-SIiC after exposure
to liquid metal Pb—L.i at 900<C after 1000 h. The under part of Pb adhesion on the surface of monolithic
CVD-SIC is considered for the concentration of Li, O and Si to be high (Li > O > Pb), and to

correspond with formation of the Li—Si oxidation.
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Figure 4.5 Depth profile by GD-OES of monolithic CVD-SIiC after exposure to liquid metal Pb—
Li at 900<C after 1000 h (Electrode pulse: 25%, diameter: 4 mm).

Figure 4.6 shows the SXES evaluation of monolithic CVD-SiC after exposure to liquid
metal Pb—Li at 900°C after 1000 h. Satellite peaks of Si-O, which is considered from the comparison
with the peak value of the substrate of SiC, and corresponds to the formation of Si oxidation (such as
Si0,) in the transubstantial layer was observed. When compare the results of O-K (consistent with Li)
and Pb-N (contradictory with Li), a satellite peak of Li which is supposed to correspond the formation
of Li oxide was observed. Therefore, XRD pattern of monolithic CVD-SiC after 1000 h detected the

Li,SiO, in the transubstantial layer such as Figure 4.7.
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Figure 4.6

SXES evaluation of monolithic CVD-SIiC after exposure to liquid metal Pb—Li at 9002C after 1000 h.
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Figure 4.7 XRD result of the transubstantial layer on the surface of monolithic CVD-SiC exposed
at 900<C after 1000 h.

4.3.2. Compatibility analysis on NITE-SIC/SiC composites
4.3.2.1. Surface morphology on NITE-SiC/SiC composites

Figure 4.8 shows SEM surface image of NITE-SiC/SiC composite specimens before
and after the compatibility tests in Pb—Li at 900<C. In case of the tests up to 500 h, the boundary of the
matrix and fiber on the surface of the exposed specimen was not clearly distinguished, because the
surface adhered layer was not removed. This adhered layer had many cracks. When viewed in cross

section, the thickness change of layer was observed as a function of contact velocity on the surface of
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the sample. On the other hand, this layer did not exist under the support bar unexposed to the liquid
Pb-Li.
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Figure 4.8 Surface morphologies on the NITE-SiC/SiC composites before and after exposure to
liquid Pb—L.i at 9009C: change by a disk radial direction.

4.3.2.2. Cross-section morphology on NITE-SiC/SiC composites

Figure 4.9 and Figure 4.10 show the SEM cross-sectional image of the tested specimen
and the EDS analysis results up to 1000 h at 900<C. After exposures, height change of each specimen
was confirmed by diameter. The thickness change of this layer steadily increased from 5 mm diameter
(relative velocity, 10.47 cm/s) to 25 mm (relative velocity, 52.36 cm/s) of specimen. In case of 1000 h,
it was higher than that of 500 h. We also saw that the quantity of corrosion layer is large outside the
disk, depending on the relative flow velocity, and obtained the result that layer of Y corrode selectively
(Figure 4.9). At the interface between the adhered Pb-Li and the substrate, Y rich layer and was
detected, and the layer must be the Li-O-Y layer. Therefore, this layer did not observed on the
specimen after 1000 h test. In the result after 500 h, the element analysis of the oxide layer contains Al,
Y, O as well as Si and C (the main ceramic components). On the other hand, specimen surface after
exposure for 1000 h had shown no detectable Y element. Especially, The Y content in the oxide layer

was higher than that in the main matrix (in cross-section after 500 h). In the result after the test for
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1000 h, an oxide layer was found on matrix and fiber near the surface. This layer contained Si, Al and

C, and also seems to have a low density.
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Figure 4.9 Cross-section morphologies of NITE-SiC/SiC composites after exposure to liquid
metal Pb—L.i at 900<C: change by a disk radial direction.

The dissolution of a Li-Y—O layer formed on the specimen surface after 500 h exposure
was accelerated after 1000 h exposure. That there were a lot of crack layer on the specimen surface
after the immersion to the Pb—Li for 500-1000 h. The specimen surface after 500 h test revealed the
preferential layer of Y on the crack layer as the layer, which was observed after 1000 h exposure.
Figure presents that the Y on the specimen surface was slightly depleted by 500 h exposure of NITE-
SiC/SiC composites. This indicated the depletion of the Y from the SiC/SiC composites into the Pb—Li
was rapid more than that of Al in the short duration within 1000 h. XRD pattern of sample after 500 h
shows the layer contained Y element was confirmed Y,O; and Li,SiO,. (Figure 4.11). On the other
hand, we can’t see Y,0s and Li,SiOy in test after 1000 h. As duration goes by, the oxide layer was

found the SiO, near the surface. A known oxidation except SiO, was not identified for 1000 h.
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Figure4.10  EPMA evaluation of NITE-SIC/SiC composites after exposure to liquid metal Pb—Li at 900<C.
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Figure4.11  XRD result of the transubstantial layer on the surface of NITE-SiIC/SiC composites
exposed at 900<C.

4.3.3. Height change of the transubstantial layer by flow contact velocity

Figure 4.12 shows the cross-section of NITE-SIC/SiC composite for 1000 h at 900<C.
After exposures, height change of each specimen was confirmed by diameter. The thickness change of
this layer steadily increased from 5 mm diameter (relative velocity, 10.47 cm/s) to 25 mm (relative
velocity, 52.36 cm/s) of specimen. In case of test after 1000 h, it was higher than that of test after 500
h. We also saw that the quantity of the transubstantial layer is large outside the disk, depending on the

relative flow velocity and duration.
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Figure 413  Height change of reaction layer on cross-section: (a) Thickness change of the
transubstantial layer by disk radial direction, (b) height change of the transubstantial

layer by disk radial direction.

4.3.4. Measurement of the amount of oxygen in the Pb—L.i

The amount of oxygen in the liquid Pb-Li before test was measured by solid
electrolytic cell (Figure 4.14). Electromotive force was measured indicating that oxygen potential is
low (= theory equilibrium value of oxygen concentration in the liquid Pb-Li) in the liquid Pb-Li
before test. The electromotive force measurement of the oxide ionic conductor cell showed oxygen
0—47

with a pressure of 1
the liquid Pb—Li at 500C such as Figure 4.15. It was able to confirm that oxygen in the liquid Pb-Li

Pa (oxygen pressure close to equilibrium thermodynamics) was presented in

used for this experiment was more likely to exist as Pb-17Li-O, Li-O than Pb-O (Oxygen is

incorporated into the liquid Pb—Li, it forms oxidation immediately).
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Figure 4.14  the oxide ionic conductor cell for measurement of oxygen concentration in Pb—L.i.
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Figure 4.15  Comparison of the measured oxygen activity and balanced oxygen pressure.

4.3.5. Discussion and modeling on the transubstantial mechanism of SiC materials

Figure 4.18 shows schematic illustration of chemical reaction mechanism between
NITE-SiC/SiC composite and Li,O in the liquid Pb—Li with flowing condition at 900<C. The reaction
products such as Li-O-Si and Li—-O-Al might be formed on the surface in the liquid Pb—Li. These
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products were not stable on surface of substrate material and dissolved in the Pb—Li. There is no
changes experimental results after 300 h, but the transubstantial layer can be confirmed on the surface
from 500 h. The depletion of Al and Si on the specimen surface was caused in the liquid Pb—Li from
500 h. These points indicated Y could be easily depleted in the initial stage of the corrosion, though the
total corrosion loss was determined by the dissolution of Al at the present isothermal condition. One
possible idea for the preferential dissolution of Y is the higher formation energy for Y ,05 than that for
Al oxides. After the oxide is used for the reaction with Y, small quantity of oxide is available for the
reaction with Al on ceramic surface. And we can see to cohere on the transubstantial layer from one of
Y03 which there is in the grain boundary of the NITE-SIC/SiC composite (Stability: Y,03 > Li,SiO4
> LiAIO, > Li,SiO; > SiO,, Figure 4.16).

In general, the compatibility mechanism of materials can be explained by primary
transporters, which are composed of inward diffusing oxygen or outward diffusing metals. This could
significantly increase the solubility of many elements in the liquid Pb—L.i at high temperature, such as
SiO,, AlL,O; and Y,05 by the chemical equations. The possible chemical reactions on the surface of
NITE-SiC/SiC composites are:

SiO; + 2Li0n py-iy — LisSiO4 (4.1)
AlOsn nite-sicssicyt LizOin po-Liy — 2LIAIO, (4.2)
SiOxinnite-sicisic) + Li2Oin po-Liy — Li2SiO5 (4.3)

Therefore, it is considered that oxide reactants (such as Li,O) in liquid metal Pb—Li at
900<C, it is considered elements of sintering additives is in the tendency eluted to Pb—Li. These
reactions are related to low-density of the transubstantial layer on surface of NITE-SiC/SiC composite.
Also, it is regarded that the weakness of Al,O5; ceramic (in chapter 3) and sintering additives (SiO,,
Al,O; and Y,05) in the NITE-SIC/SiC composites were caused by the reaction of Li,O in the liquid
Pb-Li at 900<C.
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oxygen saturated Pb-17Li and with 473K cold trapped lithium (xo=3.2110°) [74].

Experiment results on monolithic CVD-SiC at 900<C up to 1000 h by the RD system, it
was found to form the transubstantial layer having a thickness of average 11.9 um in the outer surface
regime (relative contact velocity corresponds to about 35-52 cm/s). It is the oxidation containing Si and
Li was suggested the transubstantial layer. Oxygen concentration in the glove box of the high purity Ar
gas atmosphere is minimal, it is regarded that the transubstantial layer on surface was formed at the
reaction of SiO, which is natural layer and Li,O in the liquid Pb-Li (refer result of SXES including

SiO,). The possible chemical reaction on the surface of monolithic CVD-SIC is:
SiO, + 2Li20(in Pb-Li) — Li,SiO, (44)
The formation of Li,SiO, is suggested that NITE-SiC/SiC composite under same

conditions. The transubstantial layer seen thicker on the outside of the disk position, as the supply of
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Li,O is faster (outside of the disk sample), reaction with SiO, on surface is likely to occur by the
flowing of the liquid Pb—Li. However, it is regarded that thickness of the formed the transubstantial

layer was not increase from specific thickness.
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Figure 4.17  The formation energies of stable Li-Si-O phases based on unit reactant [73].
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Figure 4.18  Schematic illustration of chemical reaction mechanism of NITE-SiC/SiC composite in flowing Pb—Li at 900<C.
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4.4. Short summary of Chapter 4

Formation mechanism of the materials with and without sintering additive has been also

examined by their activation energy and diffusion coefficient. After exposure at 900<C with an < 0.01

ppm dissolved oxygen concentration for time periods up to 1000 h, transubstantial behavior of NITE-

SiC/SiC composites and monolithic CVD-SIiC materials has been investigated to make clear the

effects of temperature and sintering additive by RD system. the transubstantial mechanism of SiC

materials with and without sintering additive has been investigated. The results are summarized as

follows:

1)

2)

3)

It was difficult to detect Li by existing analysis equipment, however, detection of Li
was possible by using of GD and SXES. As a result of analysis on the surface of

specimen, the amount of the infiltration of Li, O and Pb was confirmed (Li > O > Pb).

In the case of monolithic CVD-SIiC after exposure 9009C-1000 h, the layer that has not
yet been reported to the static pot test for existing CVD-SIC was found, although there
was no significant weight change. It was conformed that the transubstantial layer was
formed at the edge of the specimen, which corresponded to contact velocity of 35-52

cm/s.

For the same condition of NITE-SIC/SiC composites, the transubstantial layer of
specimen surface is produced by the Li—O (such as Li,O) reaction between sintering
additives and liquid Pb-Li. It was revealed that there is a relationship between contact
speed and the thickness of the surface oxide layer. Furthermore, formation mechanism

was discussed by evaluating the dependence of duration time.
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5. Assessment of feasibility for the functional applications of SiC
materials to blanket systems

5.1. Introduction

The liquid lithium—lead (Pb—L.i) breeder blanket concept has been explored extensively
in the European Union and the United States as a design option of DEMO blankets for fusion power
reactors and test blanket modulus (TBMs) (HCLL—the helium cooled lithium-lead, DCLL—the dual
cooled lithium-lead) testing in the International Thermonuclear Experimental Reactor (ITER) due to

their potential attractiveness of economy, safety and relatively mature technology base [13, 48, 75-78].

The liquid Pb—L.i blanket system is one of promising blanket concepts for fusion reactor
[13, 75]. SiC and SiC/SiC composites are considered as one of the most promising high temperature
structural material candidates for fusion blanket and as promising functional materials for flow channel
insert (FCI) for Pb—Li blanket due to their excellent high temperature fracture, creep, corrosion and
thermal shock resistance, and safety advantages arising from their low induced radioactivity and
afterheat [48, 71]. In the TAURO, ARIES, DREAM and FDS-III blanket and power plant designs,
SiC/SiC composites were considered as structural materials or FCIs and under wide research in the
world [77-79]. Experiments on compatibility of SiC and SiC/SiC composites with liquid Pb—Li have
been carried out in Japan, America, Europe and China. SiC/SiC composites are intrinsically porous
material. Therefore an efficient densification or sealant is needed for blanket applications. The

possibility to use SiC or SiC/SiC composite materials is under investigation.

In chapter 3 and 4, the formation behavior of the SiC materials in flowing Pb—Li was
investigated in order to evaluate the system feasibility of the high temperature Pb—Li blanket for fusion
reactor. The transubstantial layer on surface of monolithic CVD-SiC and NITE-SiC/SiC composites
which contains Si, C, Al, Y and O was measured the electrical conductivity for electrical insulating
ceramic materials. The electrical insulating ceramic materials on liquid metals are a promising
technology for suppressing MHD pressure drop in the HT blanket systems. Advanced SiC materials
are thought to be one of the potential candidate ceramic materials because of their high electrical
resistivity and high compatibility with liquid metal Pb-Li. And compatibility problems are discussed

for HT blanket system of fusion reactor design.

5.2. MHD pressure drop and flow channel inserts (FCIs)
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Using flow channel inserts (FCIs) made of SiC/SiC composites for electrical insulation
was proposed in [80]. In the present analysis, the US reference Dual Coolant Lithium Lead (DCLL)
blanket is considered [81]. Reduced activation ferritic steel is used as the structural material. Helium
cools the first wall and blanket structure, and the self-cooled breeder, Pb-Li, circulates for power
conversion and tritium breeding. A key element of the concept is the SiC/SiC FCI (Figure 5.2) used as
electric and thermal insulator. In the module the Pb—Li moves upward through the front channel, and
then downward through two return channels. The Pb—Li flow both in the gap between the FCI and the
wall and inside the FCI is driven by the same pressure head. There can be openings in one of the walls
of the FCI to equalize the pressure on both sides of the FCI: either pressure equalization holes (PEH) or
a pressure equalization slot (PES). The basic parameters are summarized in Table. We will refer to the
flow inside the FCI as “bulk flow”, and that in the gap as “gap flow”. The channel sizes are identified

with the internal FCI dimensions.

Due to safety and environmental reasons structural materials with the desired properties
to produce the components facing the plasma in the fusion reactors must have a low neutron activation
cross section, especially for the generation of long-lived isotopes. One of the materials incorporating
this quality is the SiC and SiC/SiC composites which have high potential for fusion reactors since they
can stand high working temperatures. The chemical compatibility with the breeder and neutron
multiplier materials at temperatures above 900°C is an important issue that must be addressed in order
to make possible the use of SiC and SiC/SiC composites in fusion technology. In previous studies, we
studied the chemical compatibility of SiC and SiC/SiC composites with liquid metal Pb—Li breeders at
900<C.

In the present study, we perform calculations in a parametric form. The electrical
conductivity of SiC/SiC varied from 5 to 500 (Qm) . Advice from material experts indicates that the
lower values are in fact achievable. A thin sealing layer of crystal SiC was assumed at all surfaces of

the FCI to prevent penetration of liquid metal [71].
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Figure 5.2 Typical poloidal blanket channel with FCI and helium cooling channels. Location of

some of the helium channels is different for the front and return channels [82].

5.3. Compatibility problems for blanket system design

As seen here, sintering additives such as SiO,, Y,03 and Al,Os, for forming the material

are affected in flowing liquid Pb—Li. However, it is to be able to say to all nuclear fusion materials, but

it is so that more material is used in a region close to the limit of characteristics, as a matter of course, it

has the relations that are close to a blanket system design.

In the nuclear fusion reactor concept that existed before, use of SiC materials is thought

about in the blanket which pointed to a high efficiency and high temperature in particular, it use may

67



vary. At least, the SiC used in the blanket, there is also a side to be considered as a structural material,
but a quite diverse function is also required, rather current structural material selection in the near
future is limited to low-activation ferrite/martensitic steel, the role as the functional materials become
important. Therefore, it may be misjudge the nature of the problem by applying the concept of
corrosion, such as represented by the thinning and weakening of the normal structural material. Even
material corrosion or denaturation of materials happens, it is able to withstand specifications unless
significantly impaired large deformation or shape and strength of the molded body, on the other hand,

a slight surface change may become fatal functionally.

This is same with aspect to aspect to radiation damage, environmental materials
compatibility of SiC become a problem; all the lost or interaction with substances in contact, the
degradation, the functions of various special features that are required as a blanket materials. In
addition, on the other hand, it is not necessary to make a change a problem if they are not impaired. In
particular, such as electrical conductivity and insulation capacity, thermal conductivity/thermal
insulation, hydrogen permeability become the main target, yet the characteristic of interest them,
because it must be evaluated by the change on the performance that is expected the reactor design,
there is a design dependent on the compatibility problems. Or there is a constraint to the performance
other than the direct target. For example, ceramic insulation was introduced in order to reduce the
MHD pressure drop in liquid metal blanket, there is no problem DC electric conductivity must change,
but the stability against resistive wall mode and one-turn resistance of plasma start-up response to the

fluctuation electromagnetic field is affected.

Currently, it is not also present fusion reactor design using Pb-Li/SiC blanket that the
details of the design up to this level. DCLL concept by the United States, DFLL concept by China, is
the design of up to 900<C level. And the system design with a tritium recovery system and heat
exchanger has not yet been carried out. The authors assume the thermal utilization of 900°C level using
a Pb-Li/SiC blanket, and tested as described above in order to try to configure the heat exchanger be
used SiC composites. Compatibility problems are always to influence the feasibility for the design

concept, the maturation of the design is also what is needed in order to judge it.

5.4. Compatibility problems by formation of the transubstantial layer

The wall loss rate on the transubstantial layer of NITE-SiC/SiC composite with flowing

condition of 20-25 cm/s is about 35 pm/yr. This value is not a problem for FCI to be used as
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functional materials during operation period (2 years, continuous operation at 900<C). It is demanded
from a design as an electrical insulation performance that keeps the conduction degree to lower than
range of 100-300 S/m. In particular, from the fact that the transubstantial layer on surface of NITE-
SiC/SiC composite is included Li oxidation compounds, such as SiO,, Li;SiO,, Li,SiOz and LiAIO;
(lower electric conductivity than that of monolithic CVD-SIC, Figure 5.3), it is regarded that the
impact of the formation of the transubstantial layer is small for operating at 900<C. It is expected that
electrical conductivity changes of specimen with flowing condition in the liquid Pb-Li by the
formation of the low-density transubstantial layer. However, as for the possible impacts, electrical
conductivity of the NITE-SIC/SiC composite could be increased by the formation of the low-density
transubstantial layer with micro-cracking that is infilirated by flowing liquid Pb-Li. As a
countermeasure, design by coating of CVD-SIiC on the surface of the NITE-SIC/SiC is required to

reduce the formation of the transubstantial layer.

And Figure 5.4 shows the time evolution of contact dose rate of fusion candidate
materials. The radiation levels of ceramic materials used as FCI material down orders of magnitude
10’~10® within several weeks after a shot-down of fusion reactor. Although especially the required
time of NITE-SIC/SiC composites by the influence of sintering additives is higher than that of
monolithic CVD-SIC, the time of contact dose rate of NITE-SiC/SiC composites is shorter than that
of RAFM F82H steel for blanket structural materials, the influence of sintering additives of NITE—
SiC/SiC composites to irradiation damage does not become a problem about irradiation damage in

design for fusion reactors.
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5.5. Short summary of Chapter 5

In this chapter, the formation behavior of the transubstantial layer on the NITESIC
materials surface in flowing Pb-Li was investigated and analyzed in order to evaluate the system
feasibility of the high temperature Pb—L.i blanket for fusion reactor. The transubstantial layer on surface
of monolithic CVD-SIiC and NITE-SIiC/SiC composites which contains sintering additives was
investigated the electrical conductivity for electrical insulating ceramic materials, in order to evaluate
the system feasibility of the high temperature Pb—Li blanket for fusion reactor. And the compatibility
problems for HT Pb-Li blanket system design were discussed. In particular, it is characteristic to note
the design of the impact of the transubstantial layer be used to reduce the MHD pressure loss by the
electrical insulation. Change in the electrical conductivity by Li composite oxidation has the potential

to affect the electromagnetic characteristics and MHD pressure loss.

1)  The change value of electric conductivity due to the formation rate and the shape of the
transubstantial layer at 900°C up to 1000 h, it is considered to form the oxidation with
low-electrical conductivity, is rather less than SiC material before the transubstantial

phenomenon. MHD pressure loss does not become a problem.

2)  On the order hand, the formation of electric conduction layer due to the liquid metal
PbLi infiltrates into the micro-cracking of the low-density transubstantial layer is a
major problem. It is possible to coat the monolithic CVD-SIiC material with low

content of SiO, is effective in order to prevent this problem.
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6. Conclusions and future works

6.1. Conclusions

Advanced SiC materials are expected to be promising as structural and/or functional
materials for high temperature blanket systems, because of their good performance in high temperature
strength, corrosion resistance and irradiation degradation. Until now, many efforts are underway to
understand the relationship among microstructural characteristics (e.g. sintering additives and oxide
reactants in Pb—Li) and formation mechanism on SiC materials exposed high temperature Pb—Li with
flowing condition. Since the main purpose of this study was to give an overview design and details in
the most important sections, studies based on scientific and engineering database were investigated. In
general, innovations come up from these interests, thus these topics are introduced here as future

works.

In this research, the compatibility evaluation technology of monolithic CVD-SiC and
NITE-SiC/SiC composites with flowing liquid metal, which developed as structural and/or functional
materials for next-generation fission and fusion blanket system, was introduced and improved. By
using rotating disk system with flowing condition, the main objective is to investigate the formation
mechanism of reaction layer between SiC material and liquid metal Pb—Li in the 900C which is
suggested temperature for fuel manufacturing as hydrogen and fuel. From the obtained results,
characteristic evaluation with flowing liquid metal Pb—Li at high temperature and feasibility was

investigated for design of HT blanket system.
The following conclusions can be obtained from this work.

1)  Development and improvement of technology compatibility evaluation technology for
materials with flowing liquid metal:
The rotating disk system which can quantitatively measure the various relative
parameter (contact velocity, temperature, etc.) and confirm the relationship about
compatibility is introduced and improved. By using this system, the method which can
reveal the reaction on the specimen surface exposed to flowing liquid metal at high
temperature was established in order to measure corrosion ratio with parameter of

contact velocity at isothermal.
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2)

3)

1

2)

Investigation of formation mechanism on advanced SiC materials exposed liquid metal
Pb-Li flowing:

Formation mechanism of reaction layer between SiC material and flowing liquid metal
Pb-Li at 900C was revealed by Li—O reactant in liquid metal Pb—Li (both monolithic
CVD-SIiC and NITE-SIC/SiC composite) and sintering additives (such as Y,0s, Al,Os)
in case of NITE-SiIC/SiC composite.

Assessment of feasibility for the functional applications of SiC materials to blanket
systems:

Attending to the restrictions characteristic (electrical conductivity and insulated
capability) of advanced SiC materials at operation in the liquid metal Pb—Li at high
temperature with flowing condition, evaluation on the compatibility problems expected

on a blanket design was performed.

Since this study revealed that the biomass-fusion hybrid concept can be high

temperature technology, compatibility research and electric conductivity, should be actively taken. In
addition to the attractiveness of this concept, author believes that this study is a very first example of
fusion reactor design study with considerations on the efficient application of fusion energy. It is the
greatest pleasure for author if this study encourage following researcher to work with this concept and

to consider other possible applications of fusion energy.

6.2. Future works

The RD system technology for compatibility evaluation with flowing condition at high

temperature have been successfully developed, In addition, some areas of study that can benefit from

further investigation for this work. Some of the potential researches are presented below.

Flow analysis of the rotating disk system with flowing condition

Compatibility tests of advanced SiC ceramic materials in liquid Pb-Li with magnetic

field.
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