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Irradiation behavior of alumina scales formed on FeCrAl ODS alloys and the effect of pre-
oxidation temperatures
*Hao Yu', Sosuke Kondo', Yasuyuki Ogino', Minha Park' and Ryuta Kasada'
"Tohoku Univ.

Abstract

Alumina-forming FeCrAl ferritic oxide dispersion strengthened (ODS) alloys are considered to be promising materials
for nuclear systems. Present work aims to investigate the irradiation behavior of the alumina scales formed on FeCrAl
ODS alloys at various pre-oxidation temperatures. Influence of microstructure control through adjusting the pre-oxidation
temperatures on the irradiation resistance will be discussed.

Keywords: FeCrAl ODS, Alumina, Irradiation, Pre-oxidation

1. Introduction

The most appealing aspect of the FeCrAl ODS alloys is the ability to spontaneously form a dense a-alumina
scale upon exposure to high temperatures, which can protect the alloys from extremely high temperature steam in
accidental nuclear environments. Improving the radiation resistance of the alumina scale is essential for nuclear
applications. Since the microstructure of the alumina scales is closely related to the temperature [1], in order to understand
the role of microstructural control on the improvement of the irradiation resistance of the alumina scales, the irradiation

behavior of alumina scales formed at different temperatures has been investigated.

2. Experimental

The alumina scales formed on different pre-oxidation temperatures were characterized by SEM, EPMA and
XRD. The pre-oxidized FeCrAl ferritic ODS alloys were irradiated using a 6.4 MeV Fe** ion beam to 2 dpa at 500 °C in
DuET, Kyoto University. Effect of the irradiation on the microstructure of the alumina scales was elucidated with the aid
of STEM and 3D-AP characterization techniques. Evolution of the mechanical performance of the alumina scales before
and after the irradiation was investigated by means of ultra-small testing technologies (USTT).
3. Result

Fine Y-Zr oxide particles were found in the formed alumina scale, which were originally existed in the alloy
substrate and subsequently incorporated into the alumina layer with the inward growth of the alumina. As the pre-
oxidation temperature increases, the Y-Zr oxide particles within the alumina layer show a tendency to diffuse from the
metal substrate to the gas interface of the scale. The irradiation-induced segregation of Y/Zr along the alumina grain

boundaries (G.B.) was confirmed, resulting in a reduction of alumina grain boundary cohesion.

4. Conclusion
Microstructural control by adjusting the pre-oxidation temperature contributes to the microstructural stability
of alumina scales during irradiation, especially the distribution of the Y-Zr oxide particles, which provides the possibility

to improve the irradiation resistance of the alumina scales.

References
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1. HR-BH

BREF IS TYEDE—EMBEL T BEMERDBEREME T TS MAICY VIR T MBI ERE LT
W/F82H #MEBEMMEFEIN., BB/ CEBIEC DOV THRINTLS UL REFRHFED
W/F82H DHMFFHEICET MBI Z<RV KM ETIE KPBREMICH T SHREFELEZRN,
W/F82H KU ENSDHREDBHFLREAZHEICKIFITHEEDHEZHONCTEIEZBMELTE,
2. EBAE

KB EEETIERURE 3X3X3mm D W/F82H [CH UL Tt FRMNZERUZ BIEARIIE Y H—XE
BNUT /AT 0T —030%&Tol. BV h—RESHERIL, FE 980mN. fRIFHHRE 15 el /1Y
TUT—3VIE BE 30mN. 27TV THFAX Tum U7, MHlEBERR  @BTIXETFRERANELLEHR
(EBSD)E. EFO—T~X1007F 514 —(EPMA) XU WB-STEM ZH\\ 7z, At FEESHE BR2 KU
HFIR ZF\\/z, BR2 Tl&. BEHEE 100~150 KU 290 C& L. mARBHFHEZE 1.27X10%[/m2]& Uz,
HFIR Tl&. BHERE 600°CE L. mABHEZE 21.5X10%4[/m2]& Uiz,
3. BRBER

KEHMICHITDIEVA—RBESROT /AT 07—I3aEREIVW/F82H (X9 T R T UMElE. Rl
fHi%. F82H #BI%(CMNZ T, F82H ##1L#Bisi(Under-Clad Hardened : UCH %815) 0 4 fEEDMERICH
[FToNDIENER TN EMPA BAffERLY UCH f8IE F82H MBI BEELEFR SN o7z,
EBSD #&R& Y UCH f8iEd F82H sRigi &k WIAIERREFEIIN Z<. BV EAZEH T ENRKRI N, Tz,
BEARRZD W/F82H REMBIHICEFBRMNER I NN DM ¥V T R T UBEIEBOERRIRIC [FBRNE
UaEAICHY . AEREEY VT AT DHFEELVEEMERICH S EHRINT,

PREFRAFROES EHRT D& 2 TOMREETRFICIBE LTSN Tz, =T WB-STEM
KYUIVT AT UBEER O REBKICITRARBHREASINTVNDENERINIZH. BHEICKLDELE
RRFICERIEDEZI D TVD I EMNREB I N, BHICKDEHIEDERE. KABEIC K> TEASINIZINIHE
£\ [FEEEANBRICL > TRIMLIECE TH D EmBanizl,
SEX@ER [11Fujii K, et al. J Inst og Nucl Saf Syst. 2011;18:198-210.
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Microstructural Evolution and Interface Stability of Cr/Mo-Coated Zirconium Alloys Near
the Mo-Zr Eutectoid Temperature
*Bo Li!, Jingjie Shen?, Zongda Yang' Sho Kano® and Hiroaki Abe!
! UTokyo, 2 NIFS,* QST

Abstract

This study is concerned with the interfacial evolutionary behavior of the Cr/Mo-coated Zr alloy, an accident-tolerant fuel
cladding tube. The interfacial microstructure of Cr/Mo-coated Zr alloy and the mechanism of its formation were
investigated at three temperatures: 700, 750, and 800 °C.

Keywords: ATF, Interface, Microstructure

1. Introduction

Zirconium (Zr)-based alloys have been employed as nuclear fuel cladding materials due to their low thermal
neutron capture cross-section and oxidation resistance. The 2011 Fukushima Daiichi accident exposed the rapid oxidation
and failure of Zr alloys at high temperatures, leading to hydrogen explosions. To enhance the accident tolerance of
cladding tubes, particularly under LOCA conditions, Cr coatings on Zr cladding have emerged as a promising solution
due to their robust corrosion resistance. However, the Cr/Zr interface's stability is challenged by interdiffusion, forming
brittle ZrCr2 compounds and potential Cr-Zr eutectic reactions above 1330°C. Various barrier layers, including
Molybdenum (Mo), have been explored to mitigate these issues. Mo is particularly promising due to its thermal properties
and higher eutectic temperature with Zr. Prior studies have focused on high-temperature performance, but the behavior
around the Mo-Zr eutectoid temperature (~750°C) remains less understood. This study investigates the microstructural
evolution of Cr/Mo-coated Zr alloys in the 700-800°C range, focusing on the interface before and after the eutectoid

reaction, aiming to enhance the safety margin of these cladding tubes.

2. Experimental process and results

Cr/Mo-coated Zr alloys were fabricated using pulsed laser deposition (PLD). The samples were annealed at
three different temperatures: 700 °C, 750 °C, and 800 °C, each for 4 hours in a high vacuum environment. After annealing,
the samples were cooled to room temperature within the furnace. Subsequently, specimens subjected to different heat
treatments were prepared using a focused ion beam (FIB) and examined with a transmission electron microscope (TEM)
equipped with an energy-dispersive spectrometer (EDS). This allowed us to analyze the microstructure and compositional
distribution at the Cr/Mo-coated Zr alloy interfaces under various heat treatment conditions.

The results indicate that Mo serves as an effective diffusion barrier below 750 °C, preventing the formation of
intermetallic compounds in the interfacial region. However, once the temperature reaches 750 °C, which is above the Mo-
Zr eutectoid reaction temperature, significant reactions between Mo and Zr occur. This leads to the formation of four

distinct phases in the interfacial region, including a large intermetallic compound, Zr(Mo, Cr, Fe),.

3. Conclusion

This study examined the microstructural evolution and composition distribution at Cr/Mo-coated Zr alloy
interfaces near the Mo-Zr eutectoid temperature (700-800 °C). 730 °C, Mo effectively acts as a diffusion barrier,
preventing intermetallic compound formation. However, above this temperature, Mo loses its barrier function, leading to
the development of four distinct interfacial zones: B-Zr, large Zr(Mo,Cr,Fe), intermetallic compounds, o-Zr, and the

original Mo layer with fine Zr(Mo,Cr,Fe),, severely impacting interface performance.

2024 Atomic Energy Society of Japan -3003 -



3004 2024 Fall Meeting

High-Temperature Air Oxidation Behavior of Cr-based Binary Alloys

*John Andrew Kane Jovellana! and Hiroaki Abe’

"Department of Nuclear Engineering and Management, The University of Tokyo

ATF research currently focus on Cr-based coatings to protect Zr alloys. However, it is necessary to improve Cr properties
via alloying. In this study, Cr alloys with Fe and Al are prepared by arc melting. Weight gains after furnace oxidation are
compared, and morphology and oxides composition after air oxidation were analyzed. The oxidation resistance of the Cr-

Fe and Cr-Al alloys are considered to be satisfactory.
Keywords: ATF, chromium, oxidation

1. Introduction

As a severe consequence of Fukushima Daiichi nuclear accident, the hydrogen explosions are due to the high-
temperature Zr oxidation. Accident-tolerant fuel (ATF) projects currently focus on applying a Cr-based metal coating to
protect the Zr alloy tubing, but modifications such as alloying of Cr may be necessary to improve Cr performance.
2. Methodology

Cr-Fe and Cr-Al alloys were fabricated via vacuum arc melting followed by thermal annealing. High-
temperature oxidation behaviors in static air were studied in a furnace and measuring the weight gain. Characterization
of the morphology and identification of oxides formed were analyzed using SEM-EDS and GIXRD, respectively.
3. Results and Discussion

Surface delamination and spallation were observed in some specimens at 1200°C, while samples maintained
the oxide scales at 1100°C. The measured weight gains are also relatively small compared to Zr alloy oxidation and
comparable to pure Cr oxidation in the literature. Characterization of the oxides identified Cr,O3, Fe304, Fe;03, and Al,O3

in the specimens. GIXRD results of the samples after oxidation show the distribution of oxides as function of depth.

Fig 1. Cr-7Fe oxidized at 1200°C. Fig 2. Cr-2Al oxidized at 1200°C

4. Conclusion
The results of high-temperature air oxidation of Cr-Fe and Cr-Al show potential improvement to pure Cr by
possibly providing additional protection of the Cr,Oj; scale for the substrate, which can be future candidates as coating.

Further oxidation tests in other high-temperature atmospheres with steam are to be performed.
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Evaluation of the Hoop Tensile Behavior of Cr-coated Zircaloy-4 Fuel Cladding by
Advanced Expansion Due to Compression (A-EDC) Test
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'The University of Tokyo, ?National Institutes for Quantum Science and Technology,
3Sichuan University (China), *Chongging University (China)

Abstract

This research evaluates the mechanical behavior and strength of Cr-coated Zircaloy-4 cladding tubes under hoop tensile
stress. Cr coatings were applied to Zircaloy-4 rings using the pulsed laser deposition (PLD) method. Advanced expansion
due to compression (A-EDC) tests were conducted on the as-deposited specimens at room temperature (RT) and 573K.
To determine the coating’s strength accurately, mechanical properties including Young’s modulus and residual stress were
measured using nano-indentation and XRD methods. Analyzing the crack density-local strain relationship established a
quantification method for the coating's cracking behavior. The results demonstrated superior crack resistance for the thin
Cr coating with a nanocrystalline/amorphous structure.
Keywords: Accident Tolerant Fuels, Cr coating, Advanced Expansion due to Compression (A-EDC) Test, Hoop strength,
Crack propagation
1. Introduction

Chromium (Cr) coated zirconium-based alloy (Zry) is considered as the nearest candidate for accident-tolerant fuel
(ATF) cladding materials. These coatings are likely to face axial and hoop tensile stresses, temperature variations, and
other factors that can degrade the cladding and cause cracks to form on the outer layer. The Advanced Expansion-Due-to
Compression (A-EDC) test, which can assess the hoop tensile mechanical properties of cladding materials, is a potential
method for evaluating the hoop tensile behavior of coated cladding, particularly regarding the coating's adhesion and
fracture strength.

This research qualitatively and quantitatively evaluates the mechanical behaviors of Cr-coated Zircaloy-4 cladding
tubes under hoop tensile stress using the A-EDC test.
2. Experimental

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. Advanced Expansion-Due-to Compression (A-EDC) tests were
conducted on the as-deposited specimens, using cylindrical pellets of Cu and stainless steel 316L, at RT and 573K,
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 (XRD).
3. Results

The Cr coatings, 350 nm thick, have a bi-layer structure: a 130 nm amorphous layer and a 220 nm nano-crystalline
layer. Their Young’s modulus and residual stress are 227 GPa and -1.4 GPa, respectively. In A-EDC tests, transverse
surface cracks perpendicular to the tensile direction and slanted cracks at a 45° angle appeared, indicating strong adhesion
and strain transfer from the Zry-4 substrate. The crack density-strain relationship shows three stages: no cracking, rapid
crack increase, and saturation, with slanted cracks forming after transverse ones. At 573K, the first crack forms at a strain
0f 0.07, higher than at RT (0.03), suggesting increased ductility due to a brittle-to-ductile transition. This implies superior
fracture strength (~5.9 GPa) for the Cr coating with the nature of brittleness of Cr at RT, though determining its exact

behavior remains challenging due to the unclear DBTT window for the nano-crystalline/amorphous structure.
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[1] G. D. Samolyuk, et al. Journal of Nuclear Materials, 2015, 465 (83-88).
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