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Cr-Fe and Cr-Al binary alloys and their high-temperature oxidation behavior for ATF
cladding applications

(EHTHMEREHEEER Cr-Fe 5L U Cr-Al ZtE® & ZDSRRE{LES)

John Andrew Kane Jovellana', Zongda Yang', Bo Li', Hiroaki Abe'
!The University of Tokyo, Japan

Hydrogen explosions in the 2011 Fukushima Daiichi nuclear accident were initiated by
the steam oxidation of zircaloy fuel cladding at high temperatures. This has driven the
advancement of accident-tolerant fuels (ATF) programs, which are currently investigating the
application of Cr-based coatings to protect the cladding tubes from steam oxidation. However,
pure Cr properties such as formation of brittle intermetallic interlayer with Zr, a high ductile-
to-brittle transition temperature (DBTT), and high solubility of nitrogen at elevated
temperatures still needs upgrades as a metal coating. Alloying of Cr is a possible technique,
where the appropriate alloying elements are anticipated to keep satisfactory oxidation
resistance at normal reactor conditions and elevated temperatures in accident scenarios, as well
as providing good mechanical properties and irradiation resistance. The objectives of this study
are to synthesize dilute Cr-based binary alloys with Fe and Al followed by the investigation of
the kinetics in high-temperature oxidation and oxide scale morphology.

Binary Cr alloys with Fe and Al were fabricated using vacuum arc melting, and the
compositions were identified from the phase diagrams to maintain a solid solution phase.
Oxidation behavior at high temperatures were investigated using thermogravimetric analysis
(TGA). The mass changes per unit surface area during the oxidation process were fitted to the
Tedmon kinetics to obtain kinetic rate constants. Surface oxides are characterized using XRD
for oxide phase identification and residual stress analysis, and SEM-EDS for morphology and
elemental distribution. Compared with existing Zr alloys, enhanced oxidation resistance is
expected in the Cr binary alloys.



Experimental kinetic study of interdiffusion behavior at the Cr/Zry4 interface
under elevated temperatures
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Introduction

Cr-coated Zr-based alloys are considered among the most promising near-term accident-tolerant fuel (ATF)
cladding materials in light-water reactors due to their excellent oxidation resistance at high temperatures.
The preparation of Cr coatings and their stability at the Cr-Zry interface under both normal operation and
accident conditions are closely linked with the inter-diffusion behaviour between Cr and Zry components
and the resultant microstructure. The purpose of this study is to provide a fundamental understanding of
the inter-diffusion behaviour and microstructural evolution at the Cr-Zry interface at both low (a-Zr) and
high temperatures (B-Zr).

Experimental procedure

Plate-shaped Zry and pure Cr specimens were employed for diffusion bonding experiments conducted at
1073 K (a-Zr) and 1273 K (B-Zr) with varying holding periods. Following bonding, the microstructure and
diffusion characteristics of the Cr-Zry interface region were examined using FESEM-EDS and TEM.

Results

Experimental results indicate that all Zry-Cr interfaces comprised three distinct regions, irrespective of
bonding conditions: 1) Cr diffusion into Zry, 2) the intermetallic compound Zr(Cr, Fe),, and 3) Zr diffusion
into Cr. For inter-diffusion under a-Zr phase conditions, the width of the Zr(Cr, Fe), region increased from
300 nm at 4 hours to 500 nm at 16 hours. Simultaneously, the Fe concentration in Zr(Cr, Fe), increased
from 8% to 15%. Under B-Zr phase conditions, the formation of Zr(Cr, Fe); was similarly confirmed.
Microcracks, propagating parallel to the interface on the Zry side, were observed alongside the formation
of intermetallic compounds. An in-depth discussion of the kinetics governing diffusion-induced
microstructure formation will also be presented.



Depth-Dependent Radiation Damage on
Nano-oxide Stability in 12Cr ODS Steel Irradiated with Fe?** Ions
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Oxide Dispersion Strengthened (ODS) steels, characterized by nano-sized oxide particles
dispersed throughout the steel matrix, are promising candidates for nuclear fusion reactor components
due to their enhanced radiation resistance. This study investigates the relationship between radiation
damage distribution and nano-oxide stability under 2.8 MeV Fe?*' ion irradiation, focusing on depth-
dependent damage variations measured in displacements per atom (dpa).

The experimental investigation utilized 12Cr-ODS steel specimens, prepared through cold-
rolling (90% reduction), followed by vacuum annealing at 1373 K for 3 hours. Specimens were
irradiated at 673 K to 2 dpa, with damage profiles ranging from 450 nm to 1500 nm depth.
Microstructural characterization employed Transmission Electron Microscopy (TEM) and Focused
Ion Beam (FIB) techniques, complemented by stereomicroscopy for 3D reconstruction of nano-oxide
distributions.

Key findings revealed a high density of dislocation loops (average 10 nm) in the peak damage
region. Three-dimensional reconstruction of nano-oxide distributions, achieved through
stereomicroscopy with a 6.3-degree tilting angle, enabled precise volumetric density calculations.
Notably, regions with high-dose gradients exhibited significant decreases in nano-oxide volumetric
fraction, indicating enhanced dissolution under irradiation conditions.

This study provides crucial insights into the mechanisms governing nano-oxide stability under
radiation conditions, particularly the correlation between damage gradients and particle dissolution.
These findings contribute to the fundamental understanding required for developing more radiation-
resistant ODS steels for fusion reactor applications.



Hoop Mechanical Behavior of Cr-coated Zircaloy as Accident Tolerant Fuel Cladding
Using Advanced Expansion Due to Compression (A-EDC) Test
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1. Introduction

Chromium (Cr) coating on Zirconium-based alloy is regarded as one of the promising and near-term solutions
for accident tolerant fuel (ATF) cladding material. These Cr-coated cladding tubes, when subjected to normal and
accidental conditions, are likely to experience axial and hoop directional tensile stresses coupled with the potential
degradation of cladding, leading to the emergence of cracks on their outer layers. To evaluate such scenarios, the
Advanced Expansion-Due-to Compression (A-EDC) test which can apply consistent uniaxial tensile stress state
along the hoop direction of the test cladding material, was expected to be utilized to evaluate of coating’s adhesion
strength, fracture strength, and temperature and hydrogen dependence.

This research qualitatively and quantitatively evaluates the mechanical behaviors of Cr-coated Zircaloy cladding
tubes under hoop tensile stress using the A-EDC test.

2. Methodology

Pulsed laser deposition (PLD) was used to apply Cr coatings on the outer surface of Zircaloy-4 rings. The
cross-sectional structure of the as-received coatings was examined using transmission electron microscopy (TEM),
with sample foils prepared via the focused ion beam (FIB) technique. A-EDC tests were conducted on the
as-deposited specimens, using cylindrical pellets of Cu and stainless steel 316L, at room temperature (RT) and high
temperature (573K~773K), respectively. Young’s modulus and nano-hardness were measured by nano-indentation
at various indent depths. Residual stress at RT was determined using the d-sin*(y) method by X-ray diffraction.

3. Results

The 350-nm Cr coating exhibited a bilayer structure including a 130-nm amorphous layer and a 220-nm
nanocrystalline layer. The Young’s modulus and residual stress are 227 GPa and -1.4 GPa, respectively. A-EDC
testing produced two crack types: transverse cracks perpendicular to the loading direction and 45° slanted cracks,
indicating effective substrate-coating strain transfer and strong interfacial adhesion. The crack evolution showed
three distinct stages: crack initiation, rapid propagation, and saturation, with slanted cracks developing after
transverse ones. At high temperatures above 573K, the initial cracking strain was significantly higher than at RT,
suggesting enhanced ductility indicative of a potential brittle-to-ductile transition. The nanocrystalline/amorphous
Cr coating might demonstrate superior strength at RT, and undergo a complete brittle-to-ductile transition above
773K as evidenced by an abrupt change in surface fracture pattern. Precise characterization of its transition
behavior requires additional investigation due to uncertainties in determining the exact DBTT range.



Synthesis of yttrium-titanium oxides and
their radiation behavior under iron ion irradiation
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Introduction

This study focuses on developing Oxide Dispersion-Strengthened (ODS) steels for the first wall of fusion
reactors. ODS steels, with a metal matrix and dispersed nano-sized Y-Ti-O oxide particles, exhibit exceptional
radiation resistance and high-temperature creep strength, making them ideal for reactor cores. Despite extensive
research on their radiation behavior, the nanoparticle behavior under radiation remains poorly understood due to
sample preparation challenges. To address this, the present study aims to synthesize bulk crystals of Y-Ti complex
oxides, which have been rarely reported, and investigate their behavior under irradiation through cross-sectional
transmission electron microscopy (TEM) observations. The findings will provide valuable insights into irradiation

effects and contribute to the development of fusion reactor materials.

Methodology

Y203(4N, 120nm) and TiO2(5N,100nm) powders were selected as raw materials with different molar ratio
in the range of Y203:TiO2=1:1~1:2. The mixture underwent a 48 hours wet ball milling process, followed by drying at
120°C for 24 hours. The dried mixture raw material were then molded under 40MPa for 30mins, dried in a vacuum,
and sintered at 1500°C for 75 hours. The samples with molar ratio of Y20z3: TiO2=1:1 sets have been annealed at
1350°C and 1250°C for 90 hours separately after sintering at 1500°C, according to the phase diagram of formation
condition for a-Y2TiOs and B-Y2TiOs. The detection methods are XRD, SEM&EDS, and TEM.

The sintered Y2Ti2O7 were polished and subjected to 2.8MeV Fe?* irradiation at room temperature,
300°C, and 500°C up to 5dpa, followed by TEM observations prepared via the Focus lon Beam method to study

the damage profile, which was characterized using a graph depicting damage versus depth.

Results and Conclusions

Bulk Y:Ti:O: and Y.TiOs were successfully synthesized using high-purity TiO. and Y:Os powders,
achieving a high relative density of 0.92. X-ray diffraction confirmed the formation of pure Y:Ti.O: crystals and
high-purity a- and B-phase Y:TiOs for the first time. HRTEM analysis demonstrated the capability to evaluate

irradiation damage distribution at the atomic level within single crystal grains.

Irradiation experiments on Y:Ti:O: revealed depth-dependent structural changes. Near the surface, the
Y:Ti:O+ crystal structure became disordered and amorphized at high damage levels, while at the damage peak
(~1.2 ym depth), defect clusters formed densely within disordered regions without amorphization. The thickness of
the disordered regions increased with irradiation dose and temperature, whereas amorphization was prominent at

low temperatures but diminished with increasing temperature as disorder became dominant.
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Fission products chemistry in achieving reliable LWR source term prediction:
An outlook to Cs-Cr vapor species interaction
OVHF—n oy, Pl A FE SR, =ik AV
H A -1 T SE i P b

In our research group, we devoted fundamental study on fission products (FP) in Cesium (Cs) and iodine (I)
chemistry due to their high impact on the overall source term. In a severe accident, the retention or release of Cs and
I is largely affected by chemical interaction with materials in the reactor. The interaction phenomena taking place
from high- to low-temperature conditions were studied to understand their chemical behavior. We have succeeded in
elucidating some underlying phenomena (particularly Cs) and summarized them in an FP chemistry database
ECUME. In the upcoming version of the ECUME database, we aim at extending the application into Accident
Tolerant Fuel (ATF) cladding materials such as chromium (Cr)-coated Zircaloy. Upon ATF cladding's introduction to
the light water reactor, various chemical impacts on the source term can be expected, such as suppression of hydrogen
generation and changes in the vessel/containment atmosphere during severe accidents. In the case of Cr-coated
Zircaloy, the chromium may react with cesium in an oxidizing atmosphere to form the low-volatile Cs compound of
Cs2CrO4. This event could significantly influence the transport behavior of cesium and iodine. At the present
workshop, we will discuss the interaction phenomena among Cs and Cr vapor species under specific accident
progression scenarios within thermodynamic consideration. Experimental investigations are planned in the future to

confirm the findings reported in this preliminary work.
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Development of SiC core material for LWR

(OSatoru Kuboya!, Toshiki Nishimura' , Masaru Ukai!, Shoko Suyama',
Fumio sawa', Fumitomo Kawahara', Megumi Akimoto', Toshiaki Takada'

1 Toshiba Energy Systems & Solutions Corporation

Toshiba Energy Systems & Solutions Corporation (Toshiba ESS) has been developing core material of
Silicon Carbide (SiC) composite for a candidate of accident tolerant fuel (ATF) since 2012. Even though
SiC has several desired properties for ATF, it is necessary to develop fabrication and manufacturing
technologies. Our SiC/SiC composite core material are made by means of braiding SiC fibers and
CVD/CVI process. In addition to developing fabrication process of SiC/SiC composite, other
manufacturing technologies which are necessary to use the composite as ATF core materials also have to
be developed. From this point of view, Toshiba ESS has been developing SiC/SiC core material to apply
the material in LWR as accident-resistant material.

In this session, we present the thermal shock resistance of the SiC/SiC composite core materials. We
evaluated thermal shock resistance of the SiC/SiC cladding samples. In the test, the heated SiC composite
and monolithic (not composite material) tubes over 1200°C were rapidly cooled in the water (assuming
temperature drop in LOCA accident). While the monolithic sample break completely by rapid quench, the
SiC/SiC cladding sample maintained their shape without significant visible damage. It is said that toughness
of CMC material highly depends on its fabricating process, because the fabricating processes of SiC/SiC
cladding, such as making preform using brittle SiC fiber and following densification process (CVI) have
influence on mechanical properties of the material. Considering the fabricating processes carefully, our
SiC/SiC cladding sample showed thermal shock resistivity as shown in Fig.1. These principal results and

the current issues about our research and development shall be presented.

e Y ———

Initial sample(SiC/SiC)
Quenched sample
(No failure)

cladding
tube

(CMC)

Fig.1 Thermal shock resistance of the SiC/SiC cladding tube samples
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