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Abstract 

This paper provides the recent progress in SiC/SiC development towards early utilisation for LWRs 
based on NITE method. After the March 11 Disaster in East-Japan, ensuring safe technology for LWR 
became a top priority R&D in nuclear energy policy of Japan. Along this line, replacement of Zircaloy 
claddings with SiC/SiC based fuel cladding is becoming one of the most attractive options and a 
MEXT fund based project, SCARLET*, and a METI fund based project have been launched as 5-year 
termed projects at Muroran Institute of Technology. These projects care for NITE process for making 
long SiC/SiC fuel pins and connecting technology integration. The SCARLET project also includes 
coolant compatibility and irradiation effect evaluations as LWR and LMFBR materials. The outline 
and the present status of the SCARLET project will be briefly introduced in the present paper.  

Introduction 

After the March 11 Disaster in East-Japan ensuring safe technology for the light water 
reactor (LWR) became a top priority R&D in nuclear energy policy of Japan. The Ministry 
of Education, Culture, Sports, Science and Technology (MEXT) in Japan is funding for the 
researches, and a MEXT fund based project named “SCARLET” has been launched at 
Muroran Institute of Technology. The replacement of Zircaloy claddings with SiC/SiC 
based fuel cladding is one of the most attractive options to establish the nuclear safety. 
The “SCARLET” project aims to prepare basic technologies for the mass production of the 
SiC/SiC claddings.  

SiC for nuclear applications have been researched since the 1960s, and its attractive 
property of SiC were represented until the early 2000s. The dimensional and 
microstructural stabilities of SiC under the neutron irradiation were an issue for a long 
time. Early research indicated a trend of swelling of SiC against the irradiation 
temperature [1,2]. The swelling of SiC decreases with temperature between 200°C and 
1 000°C. The phenomenon is caused by the accumulation of point defect damage by the 
fast neutron. SiC has many polytypes and its character strongly depends on the processes, 
the trend of swelling of SiC at high temperature has been uncertain until the 2000s. 
Heavy ion and high temperature neutron irradiation experiments represented dose and 
temperature dependences of point-defect induced swelling [3], and the void swelling 
behaviours [4]. These researches showed that SiC has reasonable dimensional and 
microstructural stabilities against the fast neutron irradiation. 

Because of SiC is a ceramics, SiC fibre reinforced SiC matrix (SiC/SiC) composites are 
planned to be used for the structure of nuclear components. SiC/SiC composites have 
higher toughness than the monolithic SiC, and show quasi-elongation which is necessary 
as a structural material. The development of SiC fibres has also a long history [5,6]. The 
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early SiC fibres which had amorphous structure were used for the fabrication of SiC/SiC 
composites, and the composites were irradiated in fission reactors [7]. After the 
experiments, the SiC fibres shrunk and the flexural strength of the SiC/SiC composite was 
significantly reduced. The prospects of SiC/SiC composites were doubted, but it was 
finally revealed that the fibre shrinkage by the crystallisation of amorphous phase caused 
the strength reduction after neutron irradiation. The use of stoichiometric and highly 
crystallised SiC fibres such as Tyranno-SA and Hi-Nicalon Type-S solved this problem [8]. 
The SiC/SiC composites reinforced using the crystallised SiC fibres are able to keep the 
strength after the neutron irradiation [9].  

The important natures of SiC as nuclear materials are stoichiometric and crystallised 
structure. The condition is also applied to the SiC matrix of composites. A chemical vapour 
infiltration (CVI) method is able to form an excellent stoichiometric SiC matrix [10]. Polymer 
impregnation and pyrolysis (PIP) and reaction sintering (RS) methods are not good to form 
the stoichiometric SiC matrix [11,12]. The RS method is able to form a dense matrix, but the 
CVI and PIP methods cannot form it. To establish SiC/SiC industries, many Japanese 
government funded programmes have been carried out. A nano-powder infiltration and 
transient eutectic phase (NITE) method is an excellent fruit of them [13]. The NITE method 
is an applied liquid phase sintering, and it is able to form dense and stoichiometric SiC 
matrix. The other important character of the NITE method is that the flexibility of size and 
shape of components. Its shorter process time is also important because of the lower cost 
of products. Based on the accumulation of research of SiC/SiC composites and the NITE 
method, the SCARLET project was launched in 2012. The present paper introduces the 
outline of the project and new technologies for SiC/SiC cladding fabrication.  

What is “SCARLET” Project? 

MEXT programme on “Innovative Nuclear Research and Development” approved 
11 projects in 2012 among the title “Basic Technology Development for Nuclear Safety 
Innovation”. Three of them are related to materials, and two projects were for ceramic 
composite developments. The “SCARLET” at Muroran Institute of Technology focuses on 
the research of basic fabrication process technology of SiC/SiC fuel claddings for both light 
water and molten sodium cooled reactors. The objective in 5 fiscal years of the “SCARLET” 
is to establish a solid basis of SiC/SiC cladding/assembly production. Because the objective 
of the project is to make-a way to the early realisation of the SiC/SiC fuel pin assembly into 
nuclear power reactor, “SCARLET” includes the following feasibility studies: 

a) proof of the reality of SiC/SiC fuel cladding as a replacement of zircalloy fuel in a 
short term; 

b) feasibility demonstration of SiC/SiC fuel cladding sodium cooled fast breeder 
reactor and gas cooled fast reactor. 

Actual activities of the “SCARLET” project are: 

1) to establish large scale production basis of SiC/SiC fuel cladding by NITE method; 
2) to integrate technologies of making SiC/SiC fuel pins having 1 metre length and 

assembly of fuel pins; 
3) to evaluate properties of SiC/SiC claddings including environmental tolerance 

evaluation under LWRs and liquid metal cooled fast breeder reactor (LMFBR). 

The project is managed by OASIS at Muroran Institute of Technology. The term of the 
project is 5 fiscal years from 2012 to 2016. Figure 1 shows the tasks and schedule of the 
“SCARLET” Project. The structure consists of 4 main tasks which were provided to the TFs 
as follows. 

Task 1: SiC/SiC fuel cladding production technology 

Task 1 is performed at OASIS in Muroran Institute of Technology. The original NITE 
method is able to make a good composite, but there were many issues as a mass 
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productive technique. Because the original NITE method was a hand-made technique, 
the quality control and rapid/mass production of SiC/SiC products were impossible. 
OASIS in Muroran Institute of Technology has developed new “Intermediate SiC materials” 
to solve them. The intermediate SiC materials such as SiC green sheets and SiC/SiC 
prepreg sheets make the fabrication of composites easier than before [14]. SiC/SiC 
preforms are fabricated by these intermediate SiC materials, and sintered in high 
temperature pressurised environments. For the mass production of SiC/SiC claddings, 
more special techniques need to be invented. A pre-composite ribbon (PCR) is a kind of a 
prepreg sheet but having a long and narrow shape as same as a “ribbon”. The other 
techniques are filament winding and hot roller press forming (HRPF) methods. The 
outline of recent NITE process is shown in Figure 2. These new techniques are actually 
developed, especialy for the making of cladding preforms. The SiC fibres and raw 
materials of SiC matrix are densely wired and tube-shape formed. After the fabrication 
and densification process, the SiC/SiC preforms are sintered by a hot isostatic pressing 
(HIP) method. OASIS is in charge of the development of intermediate SiC processing, 
applying the new technologies for the production of the SiC/SiC claddings and supply 
materials to other tasks. 

Figure 1: Tasks and schedule of SCARLET Project 

 

Task 2: Assembly technology 

Task 2 is for assembly technique developments of SiC/SiC fuel pin. The responsible 
organisation of the task is Hokkaido University. The main goal of the task is to develop the 
end-plug joint technology. This task includes complex objectives. The highest priority 
subject is to establish basis of end-plug technologies for long NITE SiC/SiC claddings. 
Another subject is to assemble mock-up fuel pins as specimens for the neutron irradiation 
experiments in fission reactors. In this task, basic technology of acoustic emission 
investigation for NITE SiC/SiC fuel pin assemblies is also developed by Osaka University. 
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Figure 2: Outline of NITE process in SCARLET project 

 

Task 3: Environmental effect evaluation 

Task 3 will be performed by two universities, Tohoku University and Osaka University. 
Tohoku University is in charge of neutron irradiation experiments. The “SCARLET” 
project is planning to use two fission reactors, Halden reactor in Norway and BR2 in 
Belgium. In Halden reactor, NITE SiC/SiC tubes without nuclear fuels will be irradiated in 
a PWR condition. The detail of the experiment will be described later on. Coupon shape 
NITE SiC/SiC and joint specimens will be irradiated at BR2 to characterise the irradiation 
effects on materials. The condition will be 290°C in a helium gas environment. The 
fluence and dose on SiC in BR2 are estimated to be about 1×1024 n/m2 and 0.1 dpa, 
respectively. Task 3 includes coolant and cladding compatibility investigations. The 
coolant in this task is mainly molten sodium, and this task inspects the capability of NITE 
SiC/SiC as claddings in LMFBR. The experiments are performed at Osaka University. 

Task 4: Engineering and safety design 

Task 4 consists of three subjects: applicability investigation of SiC/SiC as cladding for 
safety design, stability characterisation in pressurised high temperature water as same as 
the PWR conditions, LOCA simulation test. JAEA is in charge of task 4. 

Project schedule 

The term of the project is 5 fiscal years as shown in Figure 1. The project started in 
November 2012. The former two years were used for the accumulation of basic 
technologies and the preparation of neutron irradiation experiments. The latter three 
years will be dedicated to the fabrication of long SiC/SiC tube as a mock-up of cladding. 
The neutron irradiation experiments at Halden reactor and BR2 are provided in the latter 
term. The project will be finished in March 2017. 

New technologies in “SCARLET” project 

The “SCARLET” project develops new technologies to fabricate NITE SiC/SiC claddings. 
SiC green sheets and SiC/SiC prepreg sheets simplify handling, fabrication, and stabilise 
the quality of SiC/SiC composites. In the “SACRLET” project, the shape of the products is 
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limited to be long tubes. Because the green sheets and the prepreg sheets are not for 
tubes only, special methods and intermediate SiC materials are developed aiming to 
fabricate tubes with a simple and stable procedure. 

Pre-composite ribbons 

Normal SiC prepreg sheets need to be cut to be narrow for the winding around tubes. This 
is not efficient, and cut and paste procedures of SiC prepreg sheets are time consuming. 
Thus, a new intermediate SiC material named pre-composite ribbon (PCR) is being 
developed. The PCR is a wire-like intermediate material of SiC fibres and nano-powders. 
For the making of PCR, the SiC fibres are spread and dipped in the SiC nano-powder slurry, 
and hardened flat and dried. The PCR is very convenient for the mechanised winding of SiC 
fibres with appropriate orientation on a cladding. The PCR is able to wind the SiC fibres 
with SiC nano-powders at the same time resulting in forming a preform of a cladding tube 
efficiently. The outline of PCR production, a schematic image of automatic PCR winding 
and well-arranged SiC fibres on SiC/SiC preforms are shown in Figure 3.  

Figure 3: PCR and filament winding in SCARLET Project 

 

Intermediate densification process 

Because NITE is an applied liquid sintering, the last step of the process is sintering at 
elevated temperature. The volume of a SiC/SiC preform is reduced during the sintering 
resulting in the disorder of SiC fibre orientation on the products. For the suppression of 
the fibre disorder, densification processes for SiC/SiC preforms are very important. 
During the PCR winding on a SiC/SiC preform, the densification process needs to apply to 
the SiC/SiC preform repeatedly. The densification process suppresses macro pores 
between fibre bundles, and pushes SiC nano-powders in the SiC bundles. The process 
reduces the volume change during the sintering process, and results in the suppression 
of SiC fibre disorder. The densification process is brought about using a warm isostatic 
pressing (WIP) and a newly developed technique named as hot-roller press forming 
(HRPF). The WIP is to press the preforms by hydraulic pressure. Because the WIP is 
performed in a pressure chamber, the removal of pores is progressed efficiently, but its 
operation is relatively complex. The HRPF is a simpler mechanical method which uses 
three cylindrical rollers. The cylindrical three rollers press a SiC/SiC preform, and shape 
the SiC fibres along the circumference. During the fabrication of SiC/SiC cladding preform, 
the PCR winding and the HRPF are alternately performed. The SiC/SiC preforms are 
densified using not only the HRPF but the WIP. The schematic image of HRPF concept, 
images before and after the HRPF treatment are shown in Figure 4.  
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Figure 4: HRPF method in SCARLET Project 

 

Neutron irradiation experiment plan in “SCARLET” Project 

The “SCARLET” project is planning to use fission reactors, both BR2 and Halden reactor. The 
irradiation of coupon shape materials will be performed at BR2 to investigate irradiation 
effects for NITE SiC/SiC composite. Additionally, joint specimens aiming to screen the end-
cap technique also need to be irradiated because of few irradiation effect data. The 
irradiation condition will be 290°C in helium gas environment. This environment is 
convenient to distinguish the irradiation effects because the material modification in 
reactor coolants includes both irradiation and pressurised water effects. The fluence and 
dose on SiC in BR2 are estimated to be about 1×1024 n/m2 and 0.1 dpa. At Halden reactor, the 
irradiation plan is mainly for NITE SiC/SiC tube and mock-up fuel pin without nuclear fuels. 
Figure 5 shows a schematic image of a rig and rods for the irradiation experiment in Halden 
reactor. The neutron irradiation will be performed in a rig with PWR environment. 6 rods 
will be settled in the rig. 3 rods will be the SiC/SiC specimen rods and the other will be 
zircalloy cladding rods with UO2 fuel. Each SiC/SiC specimen rod consists of 5 SiC/SiC tube 
segments without fuels sealed by the end-plugs. The rig will be set in the PWR loop of 
Halden reactor and the irradiation is planned to be performed in two Halden reactor cycles 
of 80‐100 full power days. The irradiation environment will be at 290°C in 15.5 MPa 
pressurised water. The fluense and dose for SiC/SiC are roughly estimated to be 3.4-4.3×1024 
n/m2 and 0.3-0.4 dpa, respectively.  

Figure 5: Neutron irradation plan at Halden Reactor 
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Conclusion 

Aiming to replace Zircaloy fuel claddings with SiC/SiC based materials is an option, MEXT, 
in Japan, is funding a 5-year termed project, SCARLET, launched at Muroran Institute of 
Technology. This project includes 1 m length SiC/SiC cladding mock-up fabrication, 
developments of assembly techniques of fuel pins and characterisation including 
material properties, compatibility with coolants, and neutron irradiation effects in fission 
reactors. The “SCARLET” project is in progress and based on the new process techniques 
such as SiC green sheet and SiC prepreg sheet. Additional new technologies for cladding 
fabrication such as PCR and HRPF are invented and applied for the process. The neutron 
irradiation experiments are planned using Halden reactor and BR2. The “SCARLET” aims 
to establish a solid basis of SiC/SiC cladding/assembly production in 5-year activity.  
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