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INTRODUCTION: Integral tests with bundles of Zircaloy₋4 fuel cladding coated with 10 μm Cr, 20 μm Cr, and 26 μm Cr/CrN were carried out under simulating design extension conditions (DEC) using an induction heating furnace at the CRIEPI's DEGREE facility. The bundles were heated to 1350 °C or 1500 °C in a steam-Ar mixed gas atmosphere and then quenched in Ar gas. In addition to on-line measurements of cladding surface temperatures and fuel rod internal pressure (RIP), post-test analyses were performed to understand the ballooning/burst behaviour and the degradation behaviour of the coating layer itself and those at the coating/substrate interface.
OVERVIEW
Lack of knowledge regarding the bundle degradation behaviour of Cr coated Zr alloy cladding under simulating DEC has been identified as a key issue for the validation and improvement of severe accident analysis codes. If the Cr coating layer on the outer surface of the Zr alloy cladding fails to function as a protective barrier at high temperatures and the Zr metal substrate oxidizes, the heat of chemical reaction associated with the Zr-water reaction may be rapidly generated. This accelerated temperature runaway compared to conventional uncoated Zr alloy cladding may lead to early core damage under the adiabatic conditions expected in the reactor pressure vessel (RPV) during accident progression [1]. Further investigations using bundle tests under different accident scenarios are necessary to address this challenge. The paper presents experimental results on behaviour of bundles with Cr and Cr/CrN coated Zr alloy cladding under simulating DEC at the DEGREE facility in the framework of the IAEA coordinated research project on “Testing and Simulation for Advanced Technology and Accident Tolerant Fuels (ATF-TS) – CRP- T12032”.
Experimental
Dimension of the Zircaloy-4 cladding tube used in this study was 10.75 mm in diameter, 0.725 mm in wall thickness, and 235 mm in length, which were provided by Karlsruhe Institute of Technology (KIT). Their outer surface were coated with 10 μm Cr provided by KIT, 20 μm Cr and double-layer 26 μm Cr/CrN PVD coatings provided by Czech Technical University. The RIP in the six bundle tests were set to 6.0 MPa, 0.1 MPa, or a mixture of 6.0 MPa and 0.1 MPa, as shown in TABLE 1. The 3×3 test bundles were conditioned at approximately 500°C in a steam-Ar mixture and then heated to the desired temperature at a heating rate of approximately 3–5°C/s. Hydrogen gas generated by the Zr-water reaction and helium gas released from the burst opening were detected using a mass spectrometer. After cooling to room temperature, the appearance of each test rod was observed, and its diameter profile was measured. Furthermore, the distribution of hydrogen absorbed in the cladding was investigated. The observation of the cross-sectional microstructure of the cladding was also performed, to examine the redistribution of elements such as Cr and Zr, as well as elements derived from the water vapor, such as O and H.


TABLE 1.	Zircaloy-4 bundle test grid performed under simulating design extension conditions at the DEGREE facility
	Item
	Test ID

	
	B1
	B2
	B3
	B5
	B6
	B7

	Coating materials and its thickness
	Uncoated
	10 µm Cr
	20 µm Cr
	20 µm Cr
	16 µm Cr/
10 µm CrN
	20 µm Cr

	Max. temperature
	1350 ˚C
	1500 ˚C

	RIP
	6.0 MPa
	0.1 MPa
	6.0 MPa
	Two rods with 6.0 MPa and the rest 0.1 MPa


Results and discussion
Bundle geometry and temperature distribution
For three tests of B5, B6, and B7, two test rods pressurized to 6.0 MPa were placed at the same symmetrical positions in the 3×3 bundle, and seven test rods with 0.1 MPa were placed at the remaining positions. After cooling to room temperature, all test bundles maintained their coolable geometry without significant degradation or deformation. In all bundle tests above the Cr-Zr eutectic temperature (approximately 1320 ˚C), the cladding surface turned green, indicating the formation of oxidized Cr2O3 layer. At the high temperature level, a crocodile-skin texture was observed on the outer surface of the test rods, indicating the formation of a Cr-Zr eutectic melt. 
Temperature was measured using thermocouples attached on the cladding surface and it was revealed that temperature distribution was nearly symmetrical both in radial and vertical directions and temperature gradient was relatively high compared to the adiabatic conditions expected within the RPV during an accident.
Degradation behaviour of coating layer and Zr alloy substrate
For the Cr-coated Zircaloy-4 cladding (B5 and B7), the pressurized rods exhibited similar burst temperatures and burst opening sizes to those observed in the single-rod tests [2]. Optical microscopy images of cross sections revealed a number of vertical cracks in the coating layer and microstructural changes, including the formation of ZrO2 blisters on the substrate surface. In the region of high circumferential strain, the metallic Cr layer inside the Cr2O3 outer layer disappeared after the test, indicating that Cr diffused toward the substrate, forming a brittle Laves phase Zr(Cr,Fe)2 at the α-Zr(O)/prior β-Zr interface. The Laves phase coexisted with traces of the Cr-Zr eutectic melt to form the Cr diffusion zone. At 1500°C, the B7 test experienced accelerated oxidation of the Zr substrate, and the discrete ZrO2 blisters formed in B5 became connected both circumferentially and vertically. On the other hand, in regions with low circumferential strain and in unpressurized rods, a metallic Cr layer remained inside the Cr2O3 outer layer, and no Laves phase formed at the α-Zr(O)/prior β-Zr interface. These observations are consistent with the single-rod tests performed in the same test series [2].
For the Cr/CrN-coated Zircaloy-4 cladding, circumferential strain was suppressed compared to the Cr-coated cladding. FIG. 1 shows a cross-section of the outermost surface at the high-temperature zone of the central rod of B6. Backscattered electron (BSE) and elemental mapping images revealed a four-layer structure of Cr2O3/Cr/CrN/Cr. The thickness of the initial inner CrN layer decreased from 10 µm to 4 µm. Instead, it is assumed that a nitrogen-dissolved Cr2(O,N)3 layer formed on the outer side, and oxygen and nitrogen-stabilized α-Zr(N,O) formed on the inner side. Unlike the Cr-coated Zircaloy-4 (B5) under the same test conditions, no Cr diffusion into the Zr substrate was observed. The formation of these nitrogen-containing solid solution layers appears to suppress the inward diffusion of Cr and oxygen and the outward diffusion of Zr. Similar microstructures were also observed at 18 mm above the observation point in FIG. 1 and were also observed in double- and multi-layer Cr/CrN-coated Zircaloy-4 cladding in single-rod tests under the same conditions [2]. These observations suggest that the Cr/CrN coating may suppress circumferential strain, reduce the oxidation rate of the Zr alloy substrate, and delay the formation of a liquid phase associated with the Cr-Zr eutectic reaction.
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[bookmark: _Hlk205278544]FIG. 1 Cross section of outermost surface layer of the central test rod in the Cr/CrN coated Zry-4 cladding heated to 1350˚C at burst level (B6).
Conclusion 
In the framework of the ATF-TS project led by the IAEA, series of 3x3 bundle tests with use of Cr and Cr/CrN coated Zircaloy-4 cladding were carried out in a steam-Ar mixed atmosphere under simulating DEC using the CRIEPI’s DEGREE facility. The interdiffusion layer structure formed at the coating-substrate interface were precisely characterized. It was suggested that the Cr/CrN coating could suppress the circumferential strain, reduce the oxidation rate of the Zr alloy substrate, and delay the formation of the liquid phase.
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