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Direct experimental evidence of the reduction of Cr,Os by Zr at high temperature

OKejian Wei'!, Lijuan Cui', Bo Li!, Zongda Yang', Sho Kano!, Hiroak Abe!
1 The Univ. of Tokyo

1. Introduction

The excellent steam oxidation resistance of Cr coatings is ascribed to the formation of a compact Cr,O3 layer. A
thickening-thinning transformation phenomenon of the Cr,O3 layer are widely observed for Cr-coated Zr alloys
under high temperature steam condition [1-3]. Han [1] firstly proposed the reduction of Cr,O3 by Zr when the Cr
coating was completely oxidized into Cr,O3; and directly contacted with Zr substrate. As a result, the Cr2O3 is
transformed into the metallic Cr and ZrO; as shown in the following equation:

2 Cr03+ 3 Zr—3 ZrO, + 4 Cr (1)

This reaction is responsible for the shrinkage of Cr,O3 layer under high temperature steam condition. However,
the mechanism of the Cr,O3 reduction has not reach an agreement and requires more experimental works. In this
paper, a thin Cr,03 layer directly bonded with Zry4 alloy under high temperature vacuum conditions for the first
time. Through revealing the micro-structure of the bonding interface, this study confirms the reduction of Cr,03
by Zr, which is expected to clarify the failure mechanism of Cr-coated Zr alloys under high temperature.

2. Results

(b) Cr,0; layer

Cr enriching layer

Contacting zone

Non contact
zone

| Cr,0,

Cr/Zr interface
%300

Fig. 4. (a) Cross-sectional micro-structure of the bonding interface between the Zry4 and Cr203 layer formed on Cr after annealing at

900 °C in vacuum for 3h concluding the non-contact zone (c) and the contacting zone (d); (b) the EDS mapping results of (d);

3. Conclusion
The Cr-enriching layer adjacent to the Zry4 is the direct experimental evidence of the reduction of Cr203 by Zr,
and the Cr203 is transformed into the metallic Cr and ZrO2. And most of ZrO2 is transformed into a-Zr (O)

under high temperature.
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1. Introduction

Chromium (Cr) coating on Zirconium-based alloy (Zry) 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. At the Cr/Zry interface, the formation of the brittle Zr (Fe, Cr), Laves phase could
potentially compromise the structural integrity and expose Zircaloy to high-temperature steam, thus
retarding the integrity under severe accident conditions. The research aims to: (1) Explain the Cr/Zry4
interface’s effect on mechanical behaviors on Cr/Zry4 bilayer materials, and (2) Evaluate the mechanical
behavior of Cr-coated Zircaloy under hoop stress.

2. Methodology

Cr-Zry bilayer plates were fabricated using a diffusion bonding technique at different temperatures
(1073K and 1273K) with Cr and Zry-4 plates. Then, small tensile specimens (SS-J3) were prepared through
an electrical discharge machining process. Tensile tests were conducted at room temperature (RT) and 573K,
up to fracture or predetermined strain levels. Cross-sectional fractography was conducted using a Scanning
Electron Microscope (SEM). The deformation and fracture patterns in the Cr-Zry4 bilayer during RT-tensile
loading were simulated employing the extended Finite Element Method (XFEM) and the Cohesive Zone
Model (CZM) in ABAQUS software.

Zircaloy-4 specimens in the shape of rings, sourced from cold-worked and stress-relieved (CWSR)
Zircaloy-4 cladding tubes, along with cylindrical pellets made of Cu and stainless steel 316L for conducting
the A-EDC (advanced expansion-due-to compression) tests were prepared. The tests were carried out at
temperatures of 573 K, 673 K, and 773 K. In addition, A-EDC tests at room temperature were also
conducted on hydrogen-charged Zircaloy-4 rings, with hydrogen concentrations set at 100 ppm, 400 ppm,
and 800 ppm. Furthermore, the A-EDC testing process was specifically applied to Cr-coated Zircaloy-4,
with a particular focus on comparing the surface states, where one subset of the Zircaloy-4 samples was
polished, while another subset was left in the original state.

3. Results

The results revealed that the interface of Cr/Zircaloy, when combined at a temperature of 1073 K,
exhibited enhanced strength in comparison to those combined at 1273 K, which can be attributed to the
reduced formation of intermetallic compounds and interfacial defects after the fabrication process at 1073
K. The hoop stress-strain curves were obtained through the A-EDC testing from room temperature up to
773K in Zircaloy-4. The results showed a clear pattern: as the temperature increased, Zircaloy-4's ductility
improved, though its strength diminished. At the same time, hydrogen has a negative impact on its ductility
while improving its strength, due to the hydride rim formation and the subsequent microcrack linkage at
high strain level. In Cr-coated Zircaloy-4 rings, it was observed that the formation and development of the
cracks almost perpendicular to the tensile direction, developed consistently, suggesting a unidirectional
tensile stress state along the hoop direction. Also observed was an increase in the adhesive strength of the
Cr coating on polished Zircaloy-4 evidenced by reduced buckling and peeling-offs.
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As a dangerous result of the 2011 Fukushima Daiichi Nuclear Accident, the H, explosions are
caused by the high-temperature Zr oxidation in steam. This event persuaded the development of accident-
tolerant fuels (ATF) worldwide. Worldwide, ATF projects currently focus on applying a Cr-based metal
coating to protect the Zr alloy tubing. However, concerning Cr properties like brittleness, materials
modifications may be necessary to improve good performance in fabrication and reactor operations. Alloying
of Cr is a viable option, and desirable alloying elements are expected to maintain corrosion resistance along
with sufficient mechanical properties, acceptable irradiation resistance, and sufficient protection at high
temperatures. The objectives of this work are to synthesize Cr-based alloys and to investigate the kinetics in
autoclave corrosion conditions.

Cr-based binary alloys with Fe, Al, and Sn were first prepared using vacuum arc melting, followed
by annealing and sample preparation. The specimens were exposed to static autoclave corrosion in distilled
water at 360°C and 17.8 MPa up to 56 days. The corrosion weight gains were determined fitted to the
oxidation law. It was observed that Cr-0.5Sn and Cr-2Al have similar kinetic corrosion performance
compared to pure Cr, while Cr-2Fe and Cr-7Fe showed similar kinetic corrosion performance but slightly
higher corrosion rates. Microscopic observations also indicate the uniform corrosion. Exceptions are Cr-
3Sn and Cr-9.5A1 which exhibited Sn separation resulting in surface void formation, and grain redistribution
of Al, respectively. TEM and GIXRD analyses show formation of oxide layers such as Cr,O3, Fe3Oa, Fe O3,
SnO, SnO3, and Al>O3 in the specimens. Compared with Zr alloys, significant improvement in corrosion
behavior was observed in Cr binary alloys.
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Microstructure and evolution of Cr/Zry4 interfaces for accident
tolerant fuels
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1. Introduction

In recent years, the development of Accident Tolerant Fuel (ATF) cladding materials to improve the
cladding performance in beyond-design-basis scenarios has become a global concern. Among the ATF
concepts investigated, the surface coating of Zirconium-based cladding is considered one of the most
promising near-term candidates. This is because coatings can provide good corrosion resistance by
forming a protective layer that prevents the underlying Zirconium alloy from being exposed to the
corrosive environment. Another important aspect is the economic benefits of ATF coating concepts
since they do not require significant changes to the design and manufacture of existing reactor cores.
As the microstructures of the Chromium (Cr)-coated Zry4 interface can directly affect the performance,
it is worthy of in-depth study. The purpose of this study is to investigate the formation process of the
Zr(Fe, Cr); at the Cr/Zry4 interface at a wide range of temperatures.

.2. Methodology

The inter-diffusion experiments involved the interaction between plate-shaped Zry4 and pure-Cr,
conducted in two distinct temperature regions corresponding to the a phase of Zr (700, 750, and 800 °C)
and the P phase (1000 and 1050 °C).

Subsequently, the bonded Cr/Zry4 interface underwent comprehensive analysis utilizing advanced
techniques. The morphology, chemical composition, and microstructures of the interface were
investigated through SEM-EDS (Scanning Electron Microscopy - Energy-Dispersive X-ray
Spectroscopy), EBSD (Electron Backscatter Diffraction), and TEM (Transmission Electron
Microscopy). This multi-faceted approach allowed for a detailed examination of the inter-diffusion
process at the molecular and structural levels.

3. Results

By conducting compositional analysis and examining selected area electron diffraction patterns, it
was established that the Zr(Fe, Cr), intermetallic layer formed at the Cr/Zry4 interface across all
specimens with varying diffusion temperatures and holding times. Analysis of the Electron Backscatter
Diffraction (EBSD) results revealed that the Zr(Fe, Cr); layer is composed of polycrystals exhibiting
a columnar morphology that grows perpendicular to the Cr-Zry4 interface. The grain sizes were
predominantly distributed in the range of 0.5 to 1.5 pm, and the structure was identified as the C14
laves phase.

Based on the morphology and elemental distribution characteristics, it can be inferred that the
intermetallic layer's growth direction is from Cr towards the Zry4 side. The width of Zr(Fe, Cr), was
statistically measured, and the reaction index of Zr(Fe, Cr), was calculated to be 2, indicating that the
growth of Zr(Fe, Cr), follows a parabolic law.

Moreover, by obtaining diffusion coefficients of Cr in the intermetallic compound Zr(Fe, Cr), at
different temperatures, additional insights into the diffusion kinetics of Cr within the compound were
gained.
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The transition of protective coating to no-longer protective coating of Cr-coated Zry
cladding in high-temperature steam oxidation
oAfiga Mohamad', Yoshiyuki Nemoto?, Kenichiro Furumoto?, Yuji Okada?, Daiki Sato?

1 Japan Atomic Energy Agency 2 Mitsubishi Heavy Industries, LTD.

Cr-coated Zry cladding, FeCrAl and SiC are the well-known cladding candidates for the Accident Tolerant Fuel
(ATF) due to the promising oxidation resistance compared to the zirconium alloy (Zry) cladding [1]. In order to utilise
these candidates as new cladding materials for the Light Water Reactors (LWRs), a screening under normal operation
(NO) and accident conditions is necessary. For the Cr-coated materials, there are numerous reports on the integral
tests or small-scale tests to simulate the NO and accident conditions [2-5]. However, for the severe accident
phenomena, many questions remain about the oxidation behaviour of Cr-coated materials as they approach the Cr-Zr
eutectic temperature of 1332 °C. In this study, the oxidation tests of Cr-coated Zry cladding were carried out under
various oxidation conditions in order to understand the oxidation behaviour of Cr-coated at high temperatures, mainly
above the eutectic temperatures.

Cr-coated Zry cladding (MDA: Mitsubishi Developed Alloy) was used in the oxidation tests, with a thickness of
10 um of Cr coating on the outer surface of the Zry cladding (one-sided coating). Two-sided oxidation tests were
carried out in a steam atmosphere at 1100-1400 °C for 5, 30 and 60 minutes. During the test, the Ar flow was
introduced from the start of the test and then steam was injected only at the target conditions (e.g. 1100 °C for the 5
minutes) to better understand the effect of steam at specific oxidation conditions. After the test, the surface and cross-
section of the samples were characterized using optical microscopy and electron probe microanalysis (EPMA).

The results obtained showed that the Cr coating can protect the Zry substrate at 1200 °C/5min. On the other hand,
the Cr coating no longer protected the Zry cladding at 1200 °C/30 min. The onset of the non-protective coating was
caused by the Zr migrating outwards e toting o)

into the Cr metal layer and Protective > No Longer Protective. ———p

precipitating along the Cr grain | C0O;attheoutermostsuface

boundary (GB). Oxygen then Crmetl Dual-phase of; Cr-Zr Cr-Z10, Cr,05210,

GB to form ZrO». The formation of Z10, beneath the Cr-Zr interlayer

Figure 1 Major phenomena observed during the transition of "protective
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The details of the oxidation behavior % & 'O 1O IONECT Protective coating [6]

as reported in [6] will be discussed in the poster presentation.

References:

[1] Terrani et al., J. Nucl. Mater. 501 (2018)13-30. [5] Liu et al., Corros. Sci. 202 (2022) 109805.

[2] Okada et al., Proceedings of the TOPFUEL 2021, 2021. [6] Mohamad et al., Corros. Sci., 224 (2023)111540.
[3] Brachet et al., J. Nucl. Mater., 533 (2020) 152106.



No.16
A F v RGN BOKIFEREE © O JE BB S AT O B 7

OMfE B I BE—BRL BRI 522 amgk Al
1 AT BFSE B A
2 bk

Cra—7 4 v 7B E (Cr-Zry) IFERBRETICECTERZICI VAT 2 2 E B8 THII N3 25,
NRINTW LA TR, Cr-Zry OXFBFET O 72 0 O NEAER X, 2023 FHTE, #IMAIC
KELTEY, BoNd T — 2BV EICEKEa AP EKEZEL TS, 2ol b EANIC
BT XY I FE TR 7 ORI TR il s 2 e ThTnw b, ZAicxf L JAEA iF, 7'm
Fre—a (HIEKRFEY A4 78 b e v iEeR) i X 2EHEE. SiEKCX B, R I7VFH D v R
DEBIREIICE VT Cr-Zry OFHFHi 23 Al e & 72 2 %E (v b VSN THEAEHBEE  X1) of
FruiToTnbd, KARKTIE, YK EDOHIIRIL. METIRIC R TH 2 EX(LAAEIC X
2 KD Z O BRAIEREREIC B L THE 5 %,

Electrodes &
Electrochemical
measurement
systems

1 7o b s TR R E O



No.17
BWRMH 8X8 H—ELHIKARICEB T AMIEY T2 —va v

Oy 7 /NI g7 1 KK $h ' B - ik - R OBE L HH &
WEEN S S ER e

JAEA TiE, JFLikita— FoZRBORGZHMWE L, ~AF 74V v 2 RAT Ty b 74— L4
JAMPAN (JAEA Advanced Multi-Physics Analysis platform for Nuclear systems) | ¢, &itHE v 7 H L
72— F MVP & %% o st 2Bt 2 — 1 JUPITER %f5 & & & % C & ©, 7l 0 0 E %
R ENT OEBLZ HIE L T\ 2%, BWR ZXfR & L7z & & BRENENT = — NI BMER R < O iilE %
ST LhRkvoNDd, 22T, AT —HERADKHEFEREIC X o TR O N 2R & BIFHRE O
A oHZELEZ RRED 5. WEREEZ - COREEREIcoEzEE L, K1icxshs BWR 8
X8 STEP-II B —ARHR AR R O BRI 21T > 720 JEJ113 7.07 MPa, AL/ 549.15 K & L
7zo WIS CIZ FHERMASR 2R DK Tl 72
INTHY . FHESRS O Y77 =ML 10 outlet  cross-sectional area water rod fuel rod

K oK %ZHE 2.15 m/s THRA X272, OOOOOO@O
X 2ic, FEF o 7F v 20 (A C)CMD()C)C>CND

1 DRKEER) 12513 5 . BT 256 % e
R A FERGERDOMRREES) OhT R4 %
R A L 72 KIZFEENT 2 BRRHE 2> & 21
ZZTHLY KD 6 KA~ T 5, 2D
72, M2 iIRENB Xoic, EAKEN
IHD I ICENF A FEIEKT 2, £/,
250 4 RECKRA FEHAIZIZIE— T rrrrren é; | @O
EOMIE B T L BHERE NG, SR inlet * 1o o 223 mm
JAMPAN _E-G MVP/JUPITER 0 HA '

TR BT 2 TETH B, BT RS

OO0

% OO0
OO

O

O0000

O000O0

OO00000

130.4 mm

000000

3710 mm

O
000

=
o
o

Ot=0s t=4s
Ot=1s t=6s
Ot=2s QOt=8s

Void fraction
o ©
u ~J
o w

o
N
Ul

e
o
=)

0 500 1000 1500 2000 2500 3000 3500
Z [mm]

2 HIEEIC BT 2 BEITH OB A KRy



No.18
~ANF T4V I AT Ty b7 4 — L JAMPAN DB%

O% M 1 ik ai— ' fhiey B L KK I NP Tt R BEE L HH 2!
1 AT BFSE B A

JAEA T<l¥, H7E, Python R—RAD~wLVF 7 47 A7 v b7 +—2 JAMPAN(JAEA Advanced
Multi-Physics Analysis platform for Nuclear systems) DFF ##» T3, K 112/Rx3 X 512, JAMPAN
Tt HDF5 JEX® JAMPAN 7 =% a v 772N L CENZTNDFIRa—-FEZHEALTwE, 2D X))
CEtR a2 — Vo FE2M 3T, fABRa—FERGICANEZ 5 2 L A[EETH 5, JAMPAN
DRYID BEEIZ. U 2 — F OSBRZ I T 2 72 © OEMEGFTHR TH 5, JAMPAN <TIX, T
WRDORAT = VRIS CAKNFEa - P2 ANBEZ 2 L2 EL TE Y, BIEIRSHES K
Syt ERENANT 2 — F JUPITER, =0T k€ 7 Vit = — F ACE-3D, =ik 7 F % v 412
— F NASCA O =2D#EEIHa - F2HWE LR TE S, it a— Ficownw o A v F
—EV T HALEEEI—F MVP OZIHIGL T2 25, lOKEHH a2 — FOXMIGdMET L Tns, %
7oy G113 ATF Db 2 ByE 2. RS 2 £ Wil = — F FEMAXI 72 & BGEHR - BukEHR SN o 5
Ha—FeodEiEd S%EML T FETH S, AFKRTIE, JAMPAN o EIC DWW TN T %,

s JEEERE e |

RETERADERED 2—IL R ERENGEIRED 11—

T AZIRDC

JAMPANT—4325(DC) |
(HDF5# =) HEHEDC

-

1 JAMPAN DK



No.19

Study on FP chemistry for improvement of LWR source term
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Our research focused on, but is not limited to, cesium (Cs) and iodine (I) chemistry due to their high
impact on the overall source term. The retention or release of both elements is largely affected by chemical
interaction with materials that are present in the reactor. To understand their chemistry during transport
in the event of a nuclear severe accident (SA), we studied the interaction phenomena taking place from
high- to low-temperature conditions. We have succeeded in elucidating these phenomena (particularly Cs)
and summarized them in a fission product (FP) chemistry database ECUME. This database not only could
deepen our understanding of the mechanism of Cs and I chemistry in an SA, but could also improve source
term analysis. Improvement in the reaction between Cs vapor and stainless steel was shown by the use of
the ECUME database in SA analysis code SAMPSON. Better reproducibility of Cs retention at high
temperatures of the large-scale experiment was obtained, in contrast to using the MELCOR Cs interaction
model (i.e. widely used model in SA code) that was worse in reproducing such phenomenon. Taking into
consideration of near-term implementation of Accident Tolerant Fuel (ATF) materials such as chromium
(Cr)-coated Zircaloy, further study on the interaction with FP would be important to ensure the material

impact on source term because the reaction between Cs and Cr can be thermodynamically expected.
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Development of SiC core material for LWR

(OSatoru Kuboya!, Toshiki Nishimura' , Masaru Ukai!, Shoko Suyama'

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 as LWR
accident-resistant material and succeeded in building manufacturing process of SiC/SiC composite which
meets the performance and function requirement for practical use in Light Water Reactors (LWR).

SiC/SiC composite to be applied to core material should meet the performance requirement, such as
mechanical strength, airtightness or corrosion resistance. In this session, we present the results of
fabricating and manufacturing SiC/SiC composite core materials. Since mechanical properties of the
composite depend on braiding process, pre-treatment of the SiC fibers and orientation of the fibers were
considered to meet the performance requirement. Airtightness which is required for the fuel cladding
tube was achieved by designing the end plug and developing joining and sealing processes between the
SiC tube and the plugs. In this process, both ends of the SiC composite tube were plugged with SiC end
plugs, and jointed and sealed by means of brazing keeping airtightness in Helium environment. In
addition, the inspection technologies which are appropriate to evaluate integrities of the SiC composite
materials and the brazed joints were explored. Corrosion resistance of SiC/SiC composite cladding tube
samples which are made with developed processes was evaluated in simulated environment of LWR.

These principal results of the various examinations and the current issues about our research and

development shall be presented.

4

Fig.1 SiC/SiC composite tubes with different braiding procedure
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