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Abstract

:

Elemental Cr/C/Al multilayers (stoichiometric ratio: 2:1:1) with and without a Cr overlayer have been synthesized on Zircaloy-4 substrates by magnetron sputtering. The effects of annealing temperatures (400 and 550 °C) on phase/microstructure formation, mechanical properties, and oxidation/corrosion performance have been comparatively studied. Annealing of the multilayers at 400 °C led to the formation of nanocrystalline composite consisting of intermetallic and binary carbide phases. Single-phase Cr2AlC was obtained after 550 °C annealing, but with microcracking of the coatings. Both annealed coatings displayed similar mechanical properties, high-temperature oxidation, and hydrothermal corrosion mechanisms. The composite coatings annealed at 400 °C significantly enhance the high-temperature oxidation resistance (α-Al2O3 scale growth) and hydrothermal corrosion (Cr2O3 passivation layer formation) of a Zircaloy-4 substrate without coating microcracking and delamination. Nanocomposite CrCAl-based coatings are promising candidates for coated ATF applications with acceptable processing temperatures and excellent oxidation/corrosion resistances for a zirconium alloy substrate.
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1. Introduction


The loss of reactor core cooling at the Fukushima Daiichi Nuclear Power Plant in 2011 eventually led to hydrogen denotation, core meltdown, and release of radioactive contamination, revealing the weaknesses of current zirconium alloy fuel cladding under design extension conditions with severe exothermic oxidation and mechanical degradation [1,2]. Innovative accident-tolerant fuels (ATF) cladding for light water reactors (LWRs), to replace existing zirconium-based alloy cladding, are being intensively pursued worldwide [3,4]. The novel ATF claddings mainly comprise three solutions: coated zirconium alloys, FeCrAl alloys, and SiCf/SiC composites. Deposition of robust, anti-oxidation coatings on the outer surface of zirconium-based alloy fuel claddings represents one short-term ATF strategy [5,6]. This strategy offers the advantages of maintaining the favorable neutronic and irradiation properties of the zirconium alloy cladding underneath, and the fact that the technological and licensing processes can be easily adopted.



A variety of materials have been evaluated and qualified as coatings on Zr-based alloys in terms of high-temperature oxidation and hydrothermal corrosion for coated ATF applications. Pure Cr and Cr-based coatings represent the most attractive and promising concepts since the Cr2O3 scale shows good thermodynamic stability and a low growth rate under both oxidation and hydrothermal corrosion conditions [7,8,9,10]. Deposition of pure Cr metallic coatings on full-length cladding tubes by physical vapor deposition (PVD) has proven feasible. Lead fuel rods (LFR) with Cr-coated cladding tubes have been inserted and irradiated in commercial reactors, and the preliminary results promise excellent corrosion and irradiation performances from pure Cr coatings [11,12]. However, some limitations still exist for pure metallic Cr coatings, for instance the eutectic reaction between Cr and Zr at ~1330 °C and the potential formation of volatile species at temperatures above 1200 °C [13,14]. It is well known that an alumina scale can provide better high-temperature oxidation resistance than a chromium oxide scale because of the lower growth kinetics and negligible volatilization rate [15]. Compared to pure Cr, Cr–Al compounds could provide better oxidation resistance through the growth of an alumina-rich or pure alumina scale [16,17]. In addition, the incorporation of carbon into the metallic coating system could mitigate the harmful eutectic reaction between coating and substrate, considering the refractory nature of transition metal carbides [18]. Therefore, materials in the ternary Cr–C–Al system offer promising potential to overcome the aforementioned drawbacks of pure metallic Cr coatings for ATF applications.



One particular material in the Cr–C–Al system that has recently attracted great attention for coated ATF applications is the Cr2AlC MAX phase. MAX phases (Mn+1AXn phases, a combination of early transition metal (M), A-group element (A), and C or N (X), n typical 1–3) are a family of nanolaminated ternary compounds [19,20]. These materials have a specific hexagonal crystal structure with different Mn+1Xn layers interleaved with pure A-element monolayers. The M–X bonding has a strong covalent nature, while the M–A bonding is more of the metallic type and weaker. The unique layered structure and bonding characteristics give these ternary compounds a combination of metallic and ceramic properties. In general, MAX phases are lightweight, relatively soft, readily machinable, and electrically and thermally conductive, and show higher fracture toughness and damage tolerance compared to most ceramics [21]. Several Al-containing MAX phase carbides (for instance, Ti2AlC, Cr2AlC, and Ti3AlC2) can form a dense protective alumina scale during high-temperature oxidation, which makes them promising candidates for application in harsh environments [22]. Cr2AlC MAX phase thin films/coatings on zirconium-based alloy have been successfully synthesized by various PVD techniques recently, and their selected properties, for instance high-temperature oxidation, hydrothermal corrosion, and irradiation behavior, have been occasionally studied [23,24,25,26,27]. It has been reported that Cr2AlC coatings have excellent oxidation and corrosion resistance, as well as good mechanical and radiation stability. However, some challenges still exist for ATF applications, particularly the relatively high processing temperatures [28,29] and frequently reported coating microcracking due to the large thermal expansion coefficient mismatch between the coating and the substrate [24,30].



In this study, magnetron-sputtered Cr/C/Al elemental multilayers (with or without a Cr overlayer) of a chemical composition corresponding to Cr2AlC stoichiometry have been deposited on Zircaloy-4 substrates. Different thermal annealing conditions have been explored to examine the effects of annealing parameters on their phase/microstructure formation, mechanical properties, and oxidation/corrosion performance. The results show that annealing of the multilayered films below the crystallization onset temperature of Cr2AlC MAX phase and at typical stress-relief annealing (SRA) temperature (~400 °C [31,32]) of Zircaloy cladding tubes can avoid coating microcracking and microstructure/mechanical property modification of the substrate. The findings herein provide important guidance for optimizing the deposition/processing conditions and associated microstructure and properties of CrCAl-based coatings on zirconium alloy cladding for ATF applications.




2. Materials and Methods


Commercial Zircaloy-4 plates (10 mm × 10 mm or 10 mm × 15 mm, thickness ~0.6 mm) were used as substrates for coating deposition in this study. The chemical composition of the Zircaloy-4 substrate is Sn ~1.4, Fe ~0.22, Cr ~0.10, O ~1000 ppm, Zr bal (wt.%). The plates were polished using SiC sandpaper with a finished surface roughness (Ra) of ~50 nm. The as-deposited coatings comprise two different designs, i.e., a CrCAl coating and a Cr-top-coated Cr/CrCAl coating. The CrCAl layer consists of periodical, elemental Cr/C/Al multilayered stacks in both designs, which are schematically depicted in Figure 1. The thicknesses of each individual elemental layer were calculated based on the stoichiometric ratio (i.e., 2:1:1) of Cr2AlC MAX phase: ~7 nm for Cr, 2 nm for C (graphite), and 4 nm for Al. In the first design, multilayered stacks were repeated until the thickness reached ~6 µm. In the second design, the thickness of the multilayered stacks was decreased to ~4.5 µm. Afterwards, an unalloyed, ~1.5-µm-thick Cr layer was deposited on top. The Cr overlayer is intended to avoid possible rapid hydrothermal dissolution of Al during reactor normal operations and potentially enhances coating mechanical properties. Both designs apply a thin Cr interlayer (500 nm), initially on the Zircaloy-4 substrate, to improve the coating adherence. The final thickness was around 6.5 μm for both coating designs. The coatings were deposited using laboratory PVD equipment (Leybold Z 550 coater, Cologne, Germany) from three element targets, i.e., chromium, graphite, and aluminum. The vacuum chamber was evacuated to a pressure of approximately 1 × 10−4 Pa before deposition. The substrates were plasma-etched with a RF (radio frequency) power of 500 W and 0.5 Pa Ar for 15 min. During deposition, the Ar working pressure was maintained at 0.5 Pa and the power was 200 W for all three targets, with RF for Cr and Al and DC (direct current) for C. The Zircaloy-4 substrates were grounded and not heated during deposition. The Cr bonding layer and overlayer were deposited by only switching on the power of the Cr target. The Cr/C/Al multilayered stacks were realized by steering the sample holder and shutter movement. The thickness of each elemental layer was controlled by defining the sample holding times at each individual target position based on individual deposition rates. More detailed descriptions on coating deposition can be found in previous publications [33,34].



After deposition, the as-deposited coatings were thermally annealed at two different temperatures, i.e., 400 and 550 °C, for 4 h at atmospheric pressure in argon using the furnace of a thermal analyzer (NETZSCH STA-449 F3 Jupiter, Selb, Germany). The selection of these two annealing temperatures was based on two considerations: (1) acceptable processing temperature for Zircaloy substrate and (2) phase transition of the coating materials. The annealing temperature of 400 °C represents a typical stress-relief annealing (SRA) temperature during the fabrication of Zircaloy cladding tubes, which will not affect the microstructure and mechanical properties of the substrate [31]. Our previous studies have confirmed that crystallization of Cr2AlC from the multilayered stacks is at ~480 °C [33]; annealing at the two different temperatures will thus result in different phase formation. Annealing at 400 °C will lead to the formation of binary compounds. The higher annealing temperature of 550 °C can promote Cr2AlC MAX phase formation via a solid-state diffusion reaction from the Cr/C/Al multilayered stacks. The phase and microstructure formation, mechanical properties, and oxidation/hydrothermal corrosion resistance of the coatings, after annealing at the two different temperatures, were investigated to compare their performance and select the suitable annealing conditions for further optimizing the coatings.



The phase constitution of both as-deposited and annealed coatings were identified by X-ray diffraction (XRD, Seifert PAD II diffractometer, Richard Seifert & Co., Ahrensburg, Germany) with θ–2θ scans using CuKα radiation (λ = 1.54 Å) at 40 kV and 30 mA. The surface and cross-sectional microstructure of selected samples were examined by scanning electron microscopy (SEM, PhilipsXL30S, Eindhoven, Netherlands). Microindentation and scratch tests were performed to evaluate the mechanical properties and adherence of the annealed coatings. The microindentation tests were carried out using a CSM Micro Kombi Tester (Anton Paar, Graz, Austria) with a Vickers diamond tip. The indentation depth was adjusted to be lower than 1/8 of the total film thickness to avoid substrate effect. The indentations were repeated 12 times and the results were analyzed according to the method introduced by Oliver and Pharr [35,36]. The scratch tests were done using a CSM Micro Kombi Tester with a diamond Rockwell tip of 200 μm diameter and a normal load range of 0 to 30 N at a velocity of 10 mm/min. Five scratch tests were implemented on each sample. The failure type and average critical loads of failure were evaluated by inspecting the optical/SEM micrographs of the scratches.



High-temperature oxidation tests and quench tests in steam were performed using a NETZSCH thermal balance with a water vapor furnace and a horizontal alumina furnace (BOX) [13], respectively. In the case of tests in thermal balance, the samples were heated to the predefined temperature at a heating rate of 20 K/min in argon. Steam was subsequently injected directly into the reaction tube from the top produced by a steam generator (steam flow 2 g/h). In the quench tests, the coated samples were oxidized in steam at 1000 °C for 30 min. Then the samples were quickly pulled out and quenched in water (room temperature, ~25 °C). The quenched samples were re-oxidized in steam at 1000 °C for 1 h using the thermal balance to check their protection after quenching. The hydrothermal corrosion behavior of the uncoated and two coated Zircaloy-4 (400 °C-annealed) samples were studied by autoclave tests. The tests were done using a static autoclave with 1000 ppm B and 2 ppm Li at ~330 °C and 18 MPa for 30 days (pressurized water reactor conditions, static autoclave, SCK·CEN, Mol, Belgium). After the oxidation and hydrothermal corrosion tests, the oxide scale growth, morphology, and microstructure of the samples were examined by XRD and SEM.




3. Results


3.1. Microstructure and Phase Formation


Figure 2 displays the surface morphology of the coated Zircaloy-4 in the as-deposited state, and after annealing at 400 and 550 °C for 4 h in argon, respectively. Both the as-deposited and 400 °C-annealed coatings revealed a smooth surface topography without recognizable microcracking and macroscale defects. However, after annealing at 550 °C, both coatings showed microcracking on the surface, as shown in Figure 2c,f. The cracking of the coatings was consistent with our previous study on identical coatings after annealing at 550 °C for only 10 min [30]. All coatings showed good adherence without delamination or spallation. The cross-sectional images of the coatings shown in Figure 1c,d display their dense microstructure. The Cr bonding layer/overlayer and the elemental Cr/C/Al multilayered stacks can be straightforwardly distinguished by their different contrast.



Figure 3 shows the XRD patterns of the as-deposited, 400 °C- and 550 °C-annealed coated Zircaloy-4. The diffraction peaks marked with Zr (JCPDS card 05-0665) all originate from the Zircaloy-4 substrate. The as-deposited coatings are composed of nanocrystalline metallic layers and amorphous carbon layers. In the case of CrCAl-coated Zircaloy-4, only one Cr(110) diffraction signal was detected for the Cr phase in the as-deposited state. In comparison, two diffraction peaks, Cr (110) and Cr (200), were seen for the Cr/CrCAl-coated Zircaloy-4. These observations indicate that the Cr nanolayers have a (110) preferred orientation in the multilayered CrCAl stacks, while the thick Cr overlayer grows with more randomly oriented grains. After annealing at 400 °C, only one broad diffraction hump with a relatively low intensity was recorded, centered roughly at 44°, apart from the Zr peaks for the CrCAl-coated samples. The results suggest that the elemental Cr/C/Al multilayered stacks transformed into a nanocrystalline composite consisting of binary carbide and intermetallic phases. Our previous investigations have proved that the crystallization onset temperature for Cr2AlC MAX phase during annealing such multilayered stacks is approximately 480 °C and binary compounds formed at intermediate annealing temperatures before the crystallization of specific MAX phase [33,37]. The results here are consistent with our previous findings. The possible phase constitutions after annealing at 400 °C are Cr7C3 (JCPDS card 34-1682) and Cr8Al5 (JCPDS card 29-0015) by comparing with standard JCPDS cards. However, their poor crystallinity, designated by only a few diffraction peaks, makes it difficult to recognize the specific steps of phase formation. More comprehensive microstructure and phase identifications using advanced methods, such as high-resolution transmission electron microscopy (HRTEM), are ongoing. Formation of a phase-pure and basal-plane textured Cr2AlC MAX phase from the elemental Cr/C/Al multilayered stacks was observed after annealing at 550 °C for the CrCAl-coated samples [33]. The Cr (110) signal originates from the Cr bonding layer beneath. In the case of the Cr/CrCAl coatings, similar phase formations were seen after annealing at the two different temperatures, except the existence of the Cr overlayer reduced the intensity of the diffraction signal from the CrCAl multilayered stacks. Since no cracks were observed for the 400 °C-annealed coatings, it can be concluded that the main reason for the microcracking of 550 °C-annealed coatings is the formation of Cr2AlC MAX phase, which has a considerably higher thermal expansion coefficient (11–13.3 × 10−6 K−1) compared to the Zircaloy-4 substrate (~6 × 10−6 K−1) [30].




3.2. Microindentation and Scratch Test


Table 1 shows the hardness and reduced Young’s modulus of the coatings after annealing at the two different temperatures measured by microindentation. The experimental and theoretical values of hardness and modulus of relevant bulk materials in this coating–substrate system are also included for comparison. The H/E* ratios, which represent a convenient empirical parameter to evaluate a coating’s toughness, were calculated and included. In general, coatings with H/E* > 0.1 are tough and more resistant to cracking, while coatings with H/E* ≤ 0.1 are brittle and less elastic [38]. The two coatings display very similar values of hardness and modulus after annealing at the same temperature, i.e., 400 and 550 °C. The hardness and modulus values increase slightly after 550 °C annealing. The hardness and Young’s modulus for Zirclaoy-4 substrate, bulk Cr, and Cr2AlC show comparable values except for the intermetallic compound Cr2Al. This can be anticipated since intermetallic compounds are generally brittle with a low fracture toughness. In comparison, the coatings display much higher values, i.e., ~13 GPa hardness and 200 GPa modulus, similar to Cr2Al. The much higher hardness value of Cr2AlC coating than bulk Cr2AlC can be attributed to its nanosized grains and growth defects. In addition, their H/E* ratios are very close, but obviously lower than 0.1. The above observations reveal their more stiff and brittle nature compared to the Zircaloy-4 substrate.



Figure 4 gives scanning electron micrographs of typical scratch tracks for the two types of coatings annealed at 400 and 550 °C. All coatings displayed brittle failure modes, with tensile cracking at low applied load and chipping/delamination at high load. This failure behavior represents a common failure mode for hard coatings on ductile substrates [39]. The critical failure load (Lc) was defined as the value at which coating chipping occurred and the uncovered substrate was regularly visible along the scratch track. The average critical failure loads based on five scratches were 15.2 and 22.5 N for CrCAl 25.2 and 27.3 N for Cr/CrCAl, annealed at 400 and 550 °C, respectively. Addition of a metallic Cr overlayer obviously enhances the coating’s resistance to cracking and spallation. In addition, the higher annealing temperature (550 °C here) also improves the coating adherence, with higher critical failure loads owing to enhanced interdiffusion. It is necessary to point out that all coatings showed good interfacial strength since chipping/delamination of the coatings was only seen at relatively higher loads.




3.3. Oxidation and Quench Test


Intensive high-temperature oxidation tests in steam were conducted to understand the oxidation mechanisms and failure behavior of the two types of coatings. The obtained results indicate that each type of coating revealed the same oxidation mechanism at high temperatures, irrespective of annealing temperatures. More specifically, a dense, single-layer Al2O3 formed on the CrCAl-coated samples during high-temperature oxidation. Oxidation of the Cr/CrCAl-coated ones resulted in the growth of a bilayer oxide scale with an outer Cr2O3 layer and an inner Al2O3 layer [30]. These phenomena can be explained by the fact that the CrCAl multilayered stacks can rapidly transform to the Cr2AlC MAX phase during the heating period starting from ~480 °C [33]. Oxidation of Cr2AlC proceeds with selective oxidation of Al, leading to the growth of an alumina scale.



Figure 5 and Figure 6 show the oxidation performance of 400 °C-annealed samples with a transient test from 300 to 1000 °C in steam and subsequent 10 min holding time at 1000 °C. As seen in Figure 5a, oxidation of both coated samples demonstrated one order of magnitude lower mass gain compared to the uncoated one. The mass gains were very similar for the two-coated samples, which proves their excellent oxidation resistance in steam. XRD analysis confirmed that the main phase within the CrCAl coating was now the Cr2AlC MAX phase, highlighted by its high intensity and narrow diffraction peaks. The findings here prove that the CrCAl multilayered stacks transform into the Cr2AlC MAX phase during the heating period, accompanied by grain growth and aggregation. The alumina and binary chromium carbide phases are reaction products owing to selective oxidation of Al. In the case of the Cr/CrCAl-coated samples, oxidation of the Cr overlayer resulted in the formation of the Cr2O3 phase, which represented the main phase detected by XRD. Due to the limited X-ray detection depth, the surface Cr2O3 layer and unoxidized Cr layer block the information inside the coating.



The different oxide scale configurations on the three samples can be easily seen from the SEM cross-sectional images in Figure 6. Oxidation of the uncoated Zircaloy-4 resulted in the formation of a relatively thick ZrO2 layer on top and an oxygen-stabilized Zr(O) layer beneath. The thicknesses of the ZrO2 and Zr(O) layer were ~23.5 and 25.7 μm, respectively. In comparison, a very thin and dense alumina layer (~0.3 μm thick) grew on the CrCAl-coated sample. Selective oxidation of Al from the coating causes the Cr2AlC to partially decompose into binary chromium carbides [40]. With respect to the Cr/CrCAl-coated sample, the Cr overlayer was not completely oxidized, a ~1.1 μm thick Cr2O3 layer formed on the surface. In addition, inward diffusion of oxidants, mainly through columnar grain boundaries of the Cr overlayer, led to the growth of a thin alumina layer at the Cr/CrCAl interface. Inward diffusion of Al from the coatings through the Cr bonding layer into the Zircaloy-4 substrate after oxidation was seen for both coatings by EDS measurement.



Quench tests after oxidation at 1000 °C for 30 min in steam were done to check the coating adherence during thermal shock conditions, the results are given in Figure 7. The two-coated samples displayed different surface colors due to different oxide scale formations on the surface (i.e., alumina and chromia, respectively). Both coatings survived without large area spallation or delamination after quenching, except for some localized coating spallation adjacent to the suspension hole. Microcracking of both coatings after quenching was seen on the surface by SEM (not shown here). The localized coating spallation near the suspension hole was most probably due to the intensive oxidation of the uncoated substrate and stress concentration. Overall, both coatings demonstrated high adherence at high temperatures and can tolerate harsh thermal shock conditions if no macroscale pre-defects exist.



The quenched samples were re-oxidized at 1000 °C for 1 h in steam to check their protective performance; one example of results of the CrCAl-coated sample is shown in Figure 8. The localized coating spallation and oxidation of the uncoated substrate around the suspension hole caused coating failure via macrocracking and delamination. Strong oxidation of the substrate in uncoated edges and coating failure areas was confirmed, and the failure areas gradually expanded to the center region of the samples. However, the failure areas were only within the range of ~2 mm around the suspension hole and the coating still displayed protective behavior in other regions. Similar to before, a thin and dense alumina scale grew on the surface, which protected the coating and substrate from oxidation. In addition, the quench-induced surface cracks were self-healed by alumina growth and there were no signs of oxidation of the Zircaloy-4 substrate in the regions where the coating was still protective. Overall, the local spallation of the coatings has a limited impact during high-temperature oxidation without catastrophic failure of the coating–substrate system.




3.4. Autoclave Test


Protective coatings on zirconium alloy for ATF applications ought to have excellent hydrothermal corrosion resistance and endure long-term in-pile operating conditions. Microcracking was seen on 550 °C-annealed coatings and our previous short-term autoclave tests found premature failure of these coatings due to inward diffusion of water and hydrothermal corrosion of Zircaloy-4 substrate beneath the cracks [30]. Therefore, only samples annealed at 400 °C were exposed to a relatively long-term 30-day autoclave test to examine their hydrothermal corrosion resistance. The surface appearance and cross-sectional structure of these samples after the autoclave tests are shown in Figure 9. The mass changes after the autoclave tests for uncoated, CrCAl-coated and Cr/CrCAl-coated Zircaloy-4 were 0.3, 0.3, and −0.5 mg, respectively. The CrCAl coatings revealed excellent adherence without any delamination or spallation, as seen in Figure 9a. The identical mass gain of uncoated and CrCAl-coated Zircaloy-4 indicated the excellent hydrothermal corrosion resistance of the CrCAl composite coatings. Limited local spallation was found for the Cr/CrCAl coatings near the suspension area (Figure 9b), which caused a small negative mass change. SEM-EDS investigations indicated the growth of a thin Cr2O3 layer on the surface of both types of coatings, which guaranteed their excellent hydrothermal corrosion resistance. The coating thicknesses were barely changed with respect to the low growth kinetics of the Cr2O3 layer, as shown by the cross-sectional SEM images in Figure 9c,d. Thus, annealing the coatings at 400 °C instead of 550 °C represents a reasonable solution to avoid coating cracking and maintain the coating’s excellent oxidation and corrosion resistance.





4. Discussion


The CrCAl-based coatings represent an attractive concept for the application of coated ATF cladding, because they form passivation Cr2O3 scale under nominal conditions (hydrothermal corrosion) and a protective Al2O3 scale during accidental scenarios (high-temperature steam oxidation). The lower growth kinetics of Al2O3 scale compared to Cr2O3 scale during high-temperature oxidation in steam can allow thinner coatings with respect to a pure, metallic Cr coating. Even though there is not much thermodynamic information on such CrCAl-based coatings in contact with the Zircaloy substrate, a carbon-containing ternary system could potentially avoid or mitigate the formation of an unfavorable liquid phase (eutectic reaction) between the coating and substrate at relatively low temperatures.



Our initial research focused on the synthesis of Cr2AlC MAX phase coatings in this ternary system by thermal annealing of the Cr/C/Al multilayered stacks [30,33]. The Cr2AlC coatings show excellent hydrothermal corrosion and high-temperature oxidation resistances; however, the coatings undergo microcracking after 550 °C thermal annealing because of the large thermal expansion coefficient mismatch with the substrate. These microcracks can lead to premature failure of the coatings during nominal reactor conditions. In addition, the 550 °C annealing temperature is slightly higher than the typical stress-relief annealing (SRA) temperature (~400 °C) of Zircaloy cladding tubes. These issues could restrict the utilization of Cr2AlC MAX phase coatings, fabricated by thermal annealing of multilayered/amorphous precursors or directly deposited by PVD at specific temperatures, on Zircaloy-4 for ATF application. Our previous study using in situ high-temperature XRD confirmed that the Cr/C/Al multilayered stacks transform to nanocrystalline composite starting at 420 °C, followed by phase transition at 480 °C with crystallization of the Cr2AlC MAX phase [33]. The current study found that reducing the annealing temperature to 400 °C and avoiding the formation of Cr2AlC MAX phase would not cause cracking of these CrCAl-based coatings after annealing. The 400 °C annealing promotes the Cr/C/Al multilayered stacks’ transformation to nanocomposite coatings consisting of binary carbide and intermetallic phases. These phases have been frequently reported and are recognized as intermediate phases during the synthesis of the Cr2AlC MAX phase [41]. In addition, these binary compounds have been reported to have similar thermal expansion coefficients to the Zircaloy-4 substrate [42], which makes the 400 °C-annealed coatings crack-free. The 400 °C, 4 h annealing condition in argon provides a way to fabricate CrCAl-based coatings on the Zircaloy substrate with an acceptable processing temperature and high quality.



Microindentation and scratch tests found that all annealed coatings showed brittle failure modes at room temperature. It can be anticipated that even a pure metallic Cr coating will show brittle fracture behavior at room temperature during tensile tests [9,43], and the binary carbide/intermetallic and ternary MAX phase coatings are typically elastically stiffer than pure Cr [21]. The 400 °C (with nanocomposite formation) and 550 °C (with Cr2AlC MAX phase formation) annealed coatings revealed very similar hardness and modulus values. The different phase constitutions do not seem to contribute considerably to their mechanical properties, probably because of their nanocrystalline structure. However, by applying a Cr overlayer, the Cr/CrCAl coatings demonstrated higher resistance to chipping and spallation in scratch test compared to the CrCAl coatings. Multilayered coatings composed of alternating metallic and ceramic layers have been proven to possess enhanced mechanical properties due to interface toughening and hardening [44]. Even though all coatings showed good adherence, as evidenced by a scratch test, coating cracking and delamination/spallation can occur near the regions where the cladding undergoes ballooning and bursts during accidental conditions. The above quenching test found that failure of the coatings may be limited to local areas, and microcracks can be self-healed by selective oxidation of aluminum and the growth of an aluminum oxide scale. However, their mechanical properties and potential mechanically associated failure modes under both normal operations and accidental transient conditions have to be systematically studied.



High-temperature oxidation in steam proved that the coatings annealed at the two different temperatures revealed the same oxidation mechanism. It is foreseeable since oxidations were usually carried out at temperatures above 800 °C, while the crystallization onset temperature of the Cr2AlC MAX phase from the multilayered stacks is already at ~480 °C. The nanoscale multilayered design of the as-deposited coatings allows for the transition from the binary mesophases to the ternary Cr2AlC MAX phase within a few minutes at ~500 °C [33]. At temperatures below 500 °C, the coatings are barely oxidized, as seen from the transient tests in Figure 5. Thus, the two annealed coatings will have the same phase composition, i.e., Cr2AlC for the CrCAl layer, before the temperature reaches the values at which significant oxidation takes place. In the Cr2AlC MAX phase, the covalent–ionic Cr–C bonds are much stronger than the metallic Cr–Al bonds, which makes the Al atoms highly mobile [19,20]. Previous intensive studies of the high-temperature oxidation of Cr2AlC have confirmed that selective oxidation of Al occurred, leading to the formation of a protective alumina scale due to its unique bonding characteristics [22,24,29,40]. Oxidation-induced failure of both coatings at high temperatures is mainly due to outward diffusion and depletion of Al, which resulted in the formation of voids, oxidation of Cr and C, and subsequent coating cracking. Relatively long-term oxidation in steam found that both ~6.5-μm coatings could protect the substrate from oxidation for about 120 min at 1000 °C and 30 min at 1200 °C [45]. Increasing the thickness of the CrCAl layer will increase the Al reservoir within the coatings and provide a longer protection period. Previous transient tests up to 1400 °C in steam did not find any sign of eutectic reaction between the coating and substrate [30]. Outward diffusion of Al to form alumina scale essentially leads to binary chromium carbide in contact with the Zircaloy substrate at the interface, which we expect to increase the eutectic reaction temperature. Thermodynamic assessments of the CrCAl–Zr system with experimental and theoretical calculations are needed to better understand the interfacial behavior at high temperatures.



Autoclave tests simulating PWR normal operation conditions for 30 days found that the 400 °C-annealed, nanocomposite coatings demonstrated excellent hydrothermal corrosion resistance via passivation Cr2O3 scale formation. No coating spallation and preferential dissolution of Al were seen after the relatively long-term test. It is proposed that the relatively high Cr concentration (50 at.%) within the CrCAl coatings herein stimulates the formation of a passivation Cr2O3 scale under hydrothermal corrosion conditions, irrespective of annealing temperatures. The passivation Cr2O3 scale with low growth kinetics protects the coatings from fast hydrothermal corrosion or Al dissolution. The Al reservoir can be preserved to form alumina scale in case of accidents with high-temperature steam or air oxidation. However, it should be pointed out that the autoclave tests were done in static conditions without flowing coolant, cladding fretting, or neutron irradiation. The coating performance under in-pile conditions and the abovementioned harsher environments must be validated in the future.




5. Conclusions


CrCAl-based coatings with two different designs, i.e., a CrCAl coating and a Cr-top-coated Cr/CrCAl coating, have been deposited on a Zircaloy-4 substrate by magnetron sputtering for ATF application. The CrCAl layer consists of periodical, elemental Cr/C/Al multilayered stacks with a chemical composition identical to that of the Cr2AlC MAX phase in the as-deposited state. Different thermal annealing treatments have been done to examine the effect of annealing parameters on phase/microstructure formation, mechanical properties, high-temperature oxidation, and hydrothermal corrosion performance.



The elemental Cr/C/Al multilayered stacks transformed to nanocomposite coatings (composed of binary carbides and intermetallic phases) and a single Cr2AlC MAX phase coatings after annealing at 400 and 550 °C for 4 h. The 400 °C-annealed coatings were crack-free, while the 550 °C-annealed coatings exhibited microcracking, caused by the large thermal expansion coefficient mismatch between Cr2AlC and Zircaloy.



All coatings revealed a brittle nature, were stiffer than the Zircaloy-4 substrate, and displayed brittle failure modes in scratch tests. The Cr/CrCAl coatings showed enhanced resistance to chipping/delamination compared to the CrCAl coatings due to interface hardening and toughening.



Both 400 °C- and 550 °C-annealed coatings presented identical oxidation mechanisms and significantly improved high-temperature oxidation resistance with selective oxidation of Al in the CrCAl layer. The reason for this lies in the transformation of the CrCAl layer into the Cr2AlC MAX phase during the heating period at temperature of ~480 °C. Thermal shock tests revealed that the coatings have good adherence at high temperature before failure and microcracks can be self-healed by the growth of alumina. Long-term hydrothermal corrosion tests for 30 days found that the 400 °C-annealed coatings possess excellent corrosion resistance with a thin, passivation Cr2O3 scale formation.



The results obtained herein suggest that a moderate annealing temperature of 400 °C to induce nanocomposite formation of the Cr/C/Al multilayered stacks can prevent coating microcracking due to Cr2AlC MAX phase crystallization at higher annealing temperatures. The 400 °C annealing temperature represents the typical stress-relief annealing (SRA) temperature of zirconium alloy cladding tubes and is compatible with current industrial manufacturing processes. Multilayered designs consisting of alternating Cr and CrCAl layers offer more innovative coating designs with tailored/enhanced mechanical and corrosion properties for future development.
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Figure 1. Schematic illustrations and SEM cross-sectional images showing the two designs of coatings on Zircaloy-4 substrate. (a,c) CrCAl-coated, (b,d) Cr/CrCAl-coated [30]. Please note that the Cr bonding layer was omitted in the sample identifications. In the second design, the first Cr represents the surface Cr overlayer. 
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Figure 2. Surface appearance of as-deposited, 400 °C- and 550 °C-annealed coatings. (a–c) CrCAl-coated; (d–f) Cr/CrCAl-coated. 
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Figure 3. XRD patterns of as-deposited, 400 °C- and 550 °C-annealed coated Zircaloy-4. (a) CrCAl-coated and (b) Cr/CrCAl-coated. 
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Figure 4. Scanning electron micrographs of typical scratches on the different coated samples. (a) 400 °C- and (b) 550 °C-annealed CrCAl, (c) 400 °C- and (d) 550 °C-annealed Cr/CrCAl. The average critical failure loads for each sample are also marked in the images. 
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Figure 5. Oxidation behavior of 400 °C-annealed samples with transient test from 300 to 1000 °C with 10 min holding at 1000 °C in steam. (a) Mass gain during the test; (b) phase identification by XRD after test. 
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Figure 6. SEM-BSE cross-sectional images showing the oxide scale configurations after transient oxidation test from 300 to 1000 °C on uncoated and coated Zircaloy-4. (a) Uncoated; (b) CrCAl-coated; (c) Cr/CrCAl-coated; (d) EDS mapping results of CrCAl-coated sample. 
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Figure 7. Post-quench surface appearances and SEM images of the two-coated samples. (a) CrCAl-coated; (b) Cr/CrCAl-coated. 
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Figure 8. Surface appearances and cross-sectional SEM images of CrCAl-coated Zircaloy-4 oxidized at 1000 °C for 1 h after quenching. 
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Figure 9. Surface appearances and cross-sectional SEM images of 400 °C-annealed, coated Zircaloy-4 after autoclave test at ~330 °C and 18 MPa for 30 days. (a) CrCAl-coated surface; (b) Cr/CrCAl-coated surface; (c) CrCAl-coated cross section; (d) Cr/CrCAl-coated cross section. 
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Table 1. Hardness and reduced Young’s modulus of the coatings determined by microindentation.
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	ID.
	Hardness

(H, GPa)
	Young’s Modulus

(E*, GPa)
	H/E*





	CrCAl 400 °C 4 h
	11.3 ± 0.3
	179.4 ± 4.0
	0.063



	CrCAl 550 °C 4 h
	14.1 ± 0.5
	212.0 ± 8.1
	0.067



	Cr/CrCAl 400 °C 4 h
	12.2 ± 0.4
	189.2 ± 8.3
	0.064



	Cr/CrCAl 550 °C 4 h
	13.7 ± 0.3
	219.6 ± 10.3
	0.063



	Zr [34]
	2.8
	99.3
	-



	Cr [12]
	~2.7
	130
	-



	Cr2Al [16]
	13.6
	180.7
	-



	Cr2AlC [19]
	~5.2
	193
	-
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