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Abstract: Zirconium alloys are important materials for nuclear fuel claddings. When a loss of coolant accident (LOCA) occurs, the
zirconium alloy cladding will be oxidized by the high-temperature (>1 000 °C) steam, generating hydrogen and releasing significant
heat. If the emergency action is not taken promptly, a hydrogen explosion or nuclear leakage will occur. The deposition of coatings
with high temperature steam oxidation resistance, such as M, ;AX, phase, FeCrAl, and Cr coatings, on the cladding surfaces is an

effective mechanism for delaying the hydrogen explosion and nuclear leakage of a LOCA. Of all the coatings, the Cr coating is
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considered the most promising for practical application because of its good oxidation resistance in high-temperature steam and
excellent corrosion resistance in subcritical water. However, the oxidation products of Cr coatings are unstable, and the Cr-Zr eutectic
reaction will occur at the interface during the process of high-temperature oxidation, which limits the performance of the Cr coatings.
In this paper, a Mo / Al / Cr composite coating is deposited on the surface of a Zr-4 alloy by the magnetron sputtering method. The
outer Cr layer is designed to resist the corrosion of the subcritical water under normal conditions. The Al layer is proposed to improve
the upper limit of the oxidation resistance of the composite coating during accident conditions because aluminum oxide is more stable
than chromium oxide at high temperatures. The Mo layer is designed to inhibit the diffusion between the Al layer and the Zr-4
substrate. Cr coatings and Al / Cr coatings are also prepared on the surfaces of the Zr-4 alloys as reference samples. The surface and
cross-sectional morphologies of the coatings are characterized by scanning electron microscopy; the phase structures of the coatings
are analyzed by X-ray diffraction; the mechanical properties of the coatings are evaluated by the method of nano-indentation; and the
high temperature steam oxidation resistance of the coatings is evaluated using a tube furnace connected to a steam generator. The
results show that the Cr, Al/Cr, and Mo / Al/ Cr coatings deposited on the Zr-4 alloys have good adhesion to the Zr-4 substrates,
which exhibit clear interfaces and pure phase structures. Because the preparation process for the outer Cr layer is the same, the surface
hardness and modulus of the Cr, Al/Cr and Mo/ Al/ Cr coatings are similar and higher than those of the Zr-4 alloy. After the
high-temperature steam oxidation, the Cr, Al / Cr and Mo / Al/ Cr coatings display surfaces with cracks, which may result from the
difference in the thermal coefficients of expansion of the Cr,0; and residual Cr layers. The cracks provide pathways for the oxidizing
medium, which induces the oxidation of the substrate or the inner layer of the composite coatings. The Al layer in the Al/Cr and
Mo / Al/ Cr composite coatings melts, resulting in the destruction of the coating structure; thus, it is unable to form a continuous
dense alumina film. For the Al/ Cr coating, when the Cr and Al layers fail, the oxygen will diffuse to the Zr-4 substrate, forming
zirconium oxide. For the Mo / Al/ Cr coating, even though the Cr layer fractures and the Al layer melts at high temperatures, the
residual Mo layer can effectively restrict the diffusion of the Al and O elements into the Zr-4 substrate. This paper explores the
feasibility of using the Al layer as an oxidation resistant layer and the Mo layer as a diffusion barrier layer. We have demonstrated that
the layers with a low melting point, such as the Al layer, are not suitable for the composite coatings applied for high-temperature
conditions and that the Mo layer is an effective diffusion barrier at a temperature of 1000 ‘C. The results of this paper provide
reference and data support for the material design of nuclear cladding coatings.
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Table1 Deposition parameters of Mo / Al/ Cr composite coatings

Parameter Mo coating Al coating Cr coating
Power type DC DC IF plus
Deposition power / W 180 200 140
Bias voltage / V 50 50 50
Deposition time / min 60 60 300
Deposition pressure / Pa 0.7 0.7 0.7
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Fig. 1 Cross-section morphologies and element distributions of different coatings
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after steam oxidations at 1000°C for 20min
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