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Abstract

:

Liquid metal fast reactors were considered to be the most promising solution to meet the enormous energy demand in the future. However, corrosion phenomenon caused by the liquid metal, especially in high-temperature lead-bismuth coolant, has greatly hindered the commercialization of the advanced Generation-IV nuclear system. This review discussed current research on the corrosion resistance of structural materials (such as EP823, T91, ODS, and authentic steels) in high-temperature liquid metal served as reactor coolants. The current corrosion resistance evaluation has proved that even for the excellent performance of EP823, the structural material selected in pressurized water reactor is not the ideal material for operation in the high-temperature lead-bismuth eutectic (LBE). Furthermore, the latest coating technologies that are expected to be applied to cladding materials for coolant system were extensively discussed, including Al-containing coatings, ceramic coatings, oxide coatings, amorphous coatings and high-entropy alloy coatings. The detailed comparison summarized the corrosion morphology and corrosion products of various coatings in LBE. This review not only provided a systematic understanding of the corrosion phenomena, but also demonstrated that coating technology is an effective method to solve the corrosion issues of the advanced next-generation reactors.
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1. Introduction


Nuclear energy has been a crucial energy source for social development [1,2]. Since Fermi built the first reactor, nuclear reactors have provided electricity for humans for nearly eighty years. In addition, nuclear energy has been used to drive submarines, aircraft carriers, etc., and in the future may also provide sufficient energy for space stations [3]. However, some serious nuclear accidents in Fukushima, Three-Miles Island, and the Chernobyl have aroused great attention to nuclear safety [4], which greatly hindered the further application of nuclear energy.



In order to develop safer and more efficient nuclear energy, based on over 50 years of experiences on the operation of nuclear power plants, the Generation-IV International Forum (GIF) proposed six advanced nuclear systems in 2002, including very-high-temperature-reactor (VHTR), sodium-cooled fast reactor (SFR), supercritical water-cooled reactor (SWCR), gas fast reactor (GFR), molten salt reactor (MSR), and lead-cooled fast reactor (LFR) [5,6,7,8]. Among them, LFR makes full use of the excellent heat-carrying capacity of liquid metal and can operate under constant pressure for a long time. Lead-bismuth eutectic (LBE) is considered as heat transfer medium for the LFR system and the accelerator-driven system (ADS) due to its low melting point (125 °C) and high boiling point (1670 °C) [9,10,11]. Therefore, LBE is a promising coolant with high thermal conductivity that not only enhance power density but also provide a strategy to ensure reactor safety.



The corrosion behavior of structure materials in LBE mainly includes oxidation, dissolution and erosion process, which is different from other advanced reactors [12]. Both experimental and theoretical results have demonstrated that the current structural materials will be destroyed by corrosion in the LBE environment with high-temperature and high neutron flux [13,14,15,16]. Thus, the compatibility between the cladding materials and LBE is considered as the main limiting factor for the commercialization of the LFR systems [17,18,19,20]. Although a large number of corrosion experiments have been conducted on structural materials and the protective coatings, the feasibility of the cladding materials or coated materials used in the LBE-LFR is still unclear. In this review, we discussed the corrosion behavior of the cladding materials and their coatings in the LBE from the perspective of microstructure, temperature and flowing rate of the LBE. Additionally, the latest coating technologies that are expected to be applied to the cladding materials in LBE were also discussed.




2. Candidate Cladding Materials for LBE-LFR


Ferritic/martensitic (F/M) steel, austenitic steels, and oxide dispersion-strengthened (ODS) alloys are considered to be promising candidate materials for these advanced nuclear systems [21,22,23,24,25]. Due to its high thermal conductivities, lower expansion coefficients, F/M steels, such as T91, HT-9, 1.4718, EP823, HCM12A, etc., can be considered for the generation IV nuclear reactors [26,27,28,29]. Figure 1 shows corrosion morphology and element distributions of the typical F/M steels corroded in the high-temperature LBE. For the T91 steels (Figure 1a,b), after 8039 h corrosion in 450 °C LBE with flow rate 2 m/s and 1.1 × 10−6 wt.%, duplex oxide layer (outer layer of iron oxide (Fe3O4) and the inner layer of Fe-Cr spinel ([Fe,Cr]3O4)) with a thickness of 9.83 (±0.65) µm was clearly observed, and its thickness was considered to be not acceptable for long life-time reactor [30]. Such duplex oxide layer was also found in the HT-9 stainless steel after corrosion of 3000 h in 550 °C LBE with flow rate 2 m/s and 10−6 wt.% oxygen concentration. The outer layer is also Fe3O4, but the inner layer was composed of spinel [Fe,Cr]3O4 and high Cr enriched areas (see Figure 1c,d) [31]. This type of oxide layer was believed to be essential for protecting steels from LBE corrosion. Al and Si are considered to be alloying elements that improve the corrosion resistance of structural materials. Recently, it was reported that 9Cr-3Si (1.4718) steel alloyed with Si was very stable (12,546 h) in LBE with an oxygen concentration of 10−6 wt.% at 450 °C [32], as shown in Figure 1e,f. This is because when exposed to LBE, oxides rich in Cr and Si are formed on the surface of the steels, which significantly improves the corrosion resistance. When exposed to LBE with a temperature of 470 °C, a dissolved oxygen of 10−6 wt.%, and a flow rate of 2 m/s, 12Cr-2Si (EP-823) steel had a thinner oxide layer compared to T91 [33]. It was reported that Si was enriched in the dual phase oxide layer composed of spinel Fe and Cr mixed oxide. However, the EP823 did not show significantly better corrosion resistance than the steel without Si but higher Cr (e.g., 1.4970 steel containing 15 wt.% Cr), under similar conditions (460 °C, oxygen concentration of 10−6 wt.%, flowing rate of 2 m/s for 333 h, as shown in Figure 1g. The third generation 12Cr ferritic steels with tempered martensitic HCM12A (12Cr–2W–0.4Mo–1Cu–V, Nb) are also investigated for its possible application in high-temperature LBE [34]. From the cross-sectional image, typical duplex oxide structure was observed in Figure 1h with an outer layer of Fe oxide (Fe3O4, magnetite) about 6 µm thickness, and each layer are ferrochrome spinel structure. The EDS results showed that LBE penetrated into the outer layer of Fe3O4, while no LBE element was detected in the spinel layer (Figure 1g).



The inner oxide layer with Cr enrichment is the final protective oxide layer. Oxidation is driven by the outward diffusion of Fe cations through the oxide layer from the diffusion zone of the bulk, while oxygen elements diffuse inward through the oxide layer into the diffusion zone. The iron oxide/spinel layer interface is continuously migrating inward. Based on this physical model and the known diffusion behavior of the elements, it is possible to predict the concentrations of Fe, Cr, and O in each layer. One would expect the oxygen content to be greatest in the oxide layer, falling to zero in volume after passing through the diffusion zone. Cr should be virtually absent in the outer layers, maximum in the spinel layer, and then return to the bulk alloy concentration. Finally, Fe should be prevalent in the outer layers, but suppressed in the spinel layer and diffusion zone before rising back to its alloy concentration (Figure 2).




3. Surface Coatings of Cladding Materials for LBE-LFR


Surface coating technology is one of the most common methods to improve the corrosion resistance of materials that can be directly used in the next generation nuclear system [36], such as pack-cementation [37,38,39], physical vapor deposition (PVD) [40,41,42], pulsed laser deposition/cladding [43,44,45], plasma electrolytic oxidation [46,47,48], cathodic arc ion plating [49,50], etc. Compared with surface alloying, surface coating technology can introduce high-entropy alloys and ceramics with high heat resistance and corrosion resistance, and has the potential to greatly improve the corrosion resistance of steels. Surface coating technology needs to pay attention to two points: one is that the bonding force between the coating and the substrate should be strong enough to ensure that the coating will not easily fall off; the second is that the formation temperature of the coating should not be too high to avoid the structure coarsening and performance deterioration of the steel substrate.



3.1. Al-Containing Coatings


Alumina has high heat resistance, high density, and the formation Gibbs energy is very low, the introduction of an Al2O3 layer on the steel surface can significantly improve the corrosion resistance in LBE [51]. Generally, the alumina layer can be introduced via alloying [52] or surface alloying combined with subsequent pre-oxidation treatment or directly immersed in LBE containing oxygen. For steels, overall aluminum alloying may result in a decrease in material strength [23,53], while surface aluminizing can improve surface corrosion resistance without affecting the strength of the base steel. The surface aluminizing can be achieved by thermal diffusion (e.g., pack cementation [54], hot-dip aluminizing [55]) or rapid surface heating/rapid cooling processes (e.g., laser [56], electron beam [57], and micro-arc oxidation [58], etc.). Kurata et al. [55] reported that Pb and Bi elements did not penetrate into the surface aluminized steels after 3000 h corrosion in LBE at 550 °C, which was mainly due to the surface Al oxides and Al-containing intermetallic compounds served as barrier roles. Moreover, Fe4Al13 and Fe2Al5 identified before corrosion disappeared after the corrosion test, while the intermetallic compounds FeAl were observed before and after the corrosion test [59,60,61,62]. Such results indicated that the alloying layer containing FeAl had excellent corrosion resistance. Due to the high solubility of Al in LBE, the corrosion behavior was mainly controlled by the dissolution process if there was no oxygen source to form the protective layer of Al2O3.



In all application areas of coatings, such as cutting tools, thermal barrier coatings, and lubricant coatings, interface bonding with high enough strength is potentially the basis of realizing its various functions. Many studies have been trying to improve the stability of bonding strength at the interface of two different materials, including surface structure, texture and process optimization. However, it is difficult to control the interface bonding strength for a wide range of commercial applications. The latest reported pulsed electron beam technology (GESA—Gepulste Elektronen Strahl Anlage) may solve this issue. The kinetic energy of electrons is in the range of 50 to 150 keV, and the energy density is 20 to 50 J/cm2 on the material surface. The microsecond pulse duration is long enough to melt the surface layer up to 50 µm, and the cooling rate is abnormally fast due to the high thermal conductivity of substrate [63]. This technology is considered to be one of the most effective methods to improve the interface bonding strength and corrosion resistance of the cladding materials. Al foil with the thickness of 18 µm was placed on the steels and followed by GESA treatment to prepare Al-containing coatings, as shown in Figure 3a,b [64]. Furthermore, the quality of alloying layer can be improved by Al coatings fabricated by magnetron sputtering [65]. Figure 3c–e present the cross section of ODS, T91, and E911 steel after 2000 h of LBE corrosion at 550 °C with oxygen concentration of 10−6 wt.%. Before the corrosion test, all steel specimen is all only treated with GESA to modify surface properties. However, the effect of GESA greatly boost oxide rate comparing with no GESA treatment. The thickness of oxide layer (550 °C, 2000 h, 1 × 10−6 wt.%, flowing LBE) is 14–15 µm for ODS, 19–20 µm for E911, and 8–22 µm for T91, respectively. This acceleration in oxide process is mainly due to that the smaller grain size induced by GESA, and large amounts of grain boundaries provides channel for the transporting of cations, including Fe+, Cr+, Ni+, O-. The oxide layer of EP911 shows typically duplex layer structure that consist of porous magnetite layer (Fe3O4) and Fe-Cr-O spinel with cracks extended to substrate (Figure 3i). The oxide layer of ODS shows a different structure that is dense without crack (Figure 3c). But, corrosion test in flowing lead at 550 °C, oxide layer of ferritic-martensitic Optifer IVc and EM10 shows no difference when applied GESA treatment [66]. It is possible that oxide growing and oxide structure are largely determined by the alloying element of structural steel and exposure environment. Figure 3g shows cross-sectional image of ODS that treated by Al containing alloying of GESA technology after exposure to flowing LBE of 2000 h, and protective oxide layer Al2O3 was formed on its surface.



The function of oxide layer is to prevent alloy element from the bulk to the LBE and vice versa. On the other hand, how to evaluate the thickness of oxide layer is important for long time operating in reactor that not only change heat transfer efficiency of cladding, but also influence mechanical properties of structural materials.



In order to investigate corrosion resistance of Al-coating on the surface of T91, a thickness of 5–20 µm Al-coating were treated by GESA with accelerate voltage of 120 kV and energy density 20–50 J/cm2 on the specimen (Figure 4a) [57]. As shown in Figure 4b, the Al content decreased with increasing number of electron beam pulse, because of the evaporation surface atoms induced by high energy electron beam and the migration of Al atoms toward inner parts [57]. Figure 4c shows the feasibility of microsecond-pulsed intense electron beams (MIEB) technology used to protect fuel cladding tubes made of 1.4970 steel [57]. Figure 4d is a case of surface coating with Fe78Cr14Al8 [57]. After exposure to LBE for 5000 h at 600 °C, the tube also shows shiny surface without any corrosion phenomenon. Figure 4e is a case of T91 and 1.4970 tubes with FeCrAl coatings treated by MIEB [57]. After corrosion test (16547 h at 550 °C and a high oxygen concentration of 1–4 × 10−6 wt.%), the coating has severe corrosion due to the low Al content (less than 3 wt.%). Such observation directly proved that FeCrAl coatings with appropriate Al content between 3–10 wt.% shows excellent corrosion resistance for long time. Previous researches have verified that corrosion resistance is highly depend on the Al content of surface coatings, high Al content specimen have demonstrated that Al element will dissolute in to liquid metal coolant. In opposite case, oxide layer can not be formed with low Al content [67]. With high energy bombardment of electron beam, the atoms at interface are mixed thoroughly, and the interface boundary disappeared that are beneficial for the adhesion of the coatings. Besides, it can be concluded that Al2O3 are grown on the surface less than 1 µm from the EDX results (Figure 4g). Thus, it is the Al oxides protect the steel from the corrosion of high-temperature LBE. In this work, it should be noted that uniformity in coatings is a key factor to determine the corrosion resistance of alloying layer, especially it is difficult to apply on the tube specimen.



Weisenburger et al. [39] used low pressure plasma spray (LPPS) to prepare FeCrAlY coating on T91 steel tubes. Figure 5a shows the corrosion morphology of the coated sample after corrosion in LBE at 550 °C with flowing rate of 1–1.2 m/s and 10−6 wt.% oxygen. Although there are some dark parts on the surface that is similar with Al foil, the entire surface still shows shiny oxide layer after 2000 h compared with no coatings on specimen, indicating that protective layer is formed on the tubes. Figure 5b,c present the corrosion morphologies of T91 steel without surface modification, and the oxide layer is 18–25 µm in thickness at 480 °C and 25–45 µm at 550 °C. Figure 5d presents the corrosion morphology after corrosion in LBE for 2000 h at 600 °C. The FeCrAlY coatings shows very dense structure with a thin oxide layer, which is verified to be Al oxide layer (<1 µm) via EDX scanning. From the image of optical microscopy, the melting depth of GESA reach up to 30 µm, and Al is also found at the interface of melting region and steel substrate. However, the Al content lower than 4 wt.% at the dark region is not enough to from protective Al oxide layer at oxygen concentration of 10−6 wt.%.



Fetzer et al. [68] also investigated the corrosion resistance of FeCrAl and FeCrAlY coatings prepared by LPPS, especially the effect of element Y and Al content on the corrosive resistance of the coatings in a high-temperature Pb environment. They reported that the critical aluminum content is 8 wt.% for the formation of protective layer under the corrosion condition of 400–500 °C and an oxygen concentration of 10−6 wt.%, and as the temperature increases, the critical Al content will decrease. They also pointed out that a small amount of yttrium (<0.5 wt.%) in the coating facilitates the formation of the oxide layer, which can also improve the corrosion resistance. Thus, it was recommended to use the FeCrAlY coating instead of FeCrAl alloy to improve the high-temperature oxidation resistance of the bare steel.



For high-temperature LBE coolants, the influence of shear stress on the protective coating should be considered to evaluate corrosion behavior. The influence of LBE flowing rate on cladding tubes at 550 °C is shown in Figure 6. From the comparison of the uncoated and coated tubes under different flow rates of about 1, 2, and 3 m/s, the uncoated tubes present typical oxide layer. However, oxide layer maintains its magnetite structure only under 1 m/s, and this magnetite were eroded with thicker thickness under 2 m/s. At 3 m/s of LBE, the magnetite structure completely disappeared after 2000 h. The coated tube again showed no obvious corrosion phenomenon (Figure 6d–f). To our best knowledge, many erosion models have been proposed for the flowing LBE, especially for evaluating the shear stress that imposed on the substrate, which can be expressed from the equation of Arrhenius as follows [70]:
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where the τ is the shear stress (MPa), T is the temperature of LBE (K), R is the gas constant 8.314 J/(mol·K), v is flowing rate of LBE (m/s). As reported in the reference [71], the Al2O3-TiO2 multiphase ceramic coatings was prepared by flame spraying and laser in-situ reaction technology with a thickness of 80~100 µm. The measured interface bonding strength of coatings exceeds 1500 MPa, and shear stress about 280 MPa which is far more than that induced by flowing LBE 47.35 MPa, which is calculated by above equations. Thus, the coating cannot be spalled by the flowing LBE. However, the oxide layer grown on the bare steel is lower than 10 MPa, which could be eroded by flowing LBE, especially for high shear stress 84.68 MPa in 3 m/s high flowing rate LBE.



In addition to Al, other strong and dense oxidation forming elements, such as Si [72] and Ti [73], have been introduced as coatings on the steel surface to improve the corrosion resistance in high-temperature LBE. Rivai and Takahashi [74] pointed out that tungsten (W) and molybdenum (Mo) exhibit high corrosion resistance to LBE at 700 °C for 1000 h (Figure 7a,b), while niobium (Nb) is not compatible with the LBE at 700 °C (Figure 7c). Mo and its alloys are susceptible to the formation of volatile MoO3 in oxidizing environments at temperatures >600 °C [75], which weakens the corrosion resistance cladding. Mo reacts with dissolved oxygen and Pb in liquid LBE to produce a multilayer film. Recently, Cairang et al. [76] reported that Mo can react with dissolved oxygen and Pb in liquid LBE (600 °C, oxygen-saturated) to produce a multilayer film consisting of MoO2, PbMoO4 and Pb2MoO5 from inner to outside (Figure 8). Therefore, it is necessary to control the oxygen concentration in the LBE for Mo or Mo alloy. Up to now, it has been noticed that W, Mo and other high melting point metals have acceptable corrosion resistance in high-temperature LBE. According to our literature survey results, the current research is still at the initial stage of the corrosion behavior of such metals themselves in LBE. The corrosion behavior of the typical cladding materials coated with high melting point metals in high temperature LBE is rarely reported.




3.2. Ceramic Coatings


Ceramic has high strength and good high-temperature stability. It is an ideal coating to protect steel from corrosion in various harsh environments. SiC and Ti3SiC2 exhibit high corrosion resistance to LBE at 700 °C for 1000 h, which means that they can be potential materials for high temperature LBE-cooled fast reactors [74]. TiAlN in which part of Ti atoms in face-centered-cubic (fcc) TiN replaced by Al atoms has good performance and been widely applied in cutting tool industry. The hardness and oxidation resistance of the coating can be modulated by atomic ratio of Ti and Al. With this method, the high-temperature oxidation resistance of the coating has been increased to 800 °C, which is only lower than that of Al2O3 ceramic coating [77,78,79,80]. Therefore, much efforts have been devoted to investigate compatibility of TiAlN coatings on structure materials.



TiAlN coatings for the increased operating temperature of next generation nuclear system are fabricated by high-power impulse magnetron sputtering (HiPIMS), which is newly developed coating technology with merits of high ion flux, high plasma density and stable deposition process [81,82]. F/M steel T91 was selected as the substrate that was heated to 400 °C during the deposition. The thickness of TiAlN is about 2.2 µm. The subsequent corrosion test (550 °C, 1200 h, 10−6 wt.%, stagnant Pb) is then performed on the TiAlN coatings. The surface morphology of bare steel T91 and TiAlN coatings before and after corrosion test is shown in Figure 9. Surface morphology of the uncoated T91exihibits scaly structure that extents to the inside of the steel. However, the coated T91 exhibits no damage phenomenon compared with the coatings before corrosion test. SEM and EDS result show that surface is rich in oxygen with acicular flakes structure (Figure 9d). This study indicates that it is possible to protect structure steel from the corrosion of liquid Pb via TiAlN coatings. However, the long-time performance of TiAlN need to be evaluated in the future.



Cr/TiAlN coatings on 316L, with thicknesses of 0.5 µm and 4.35 µm, were fabricated by cathodic arc ion plating [83]. Figure 10a shows the cross-sectional morphology of the TiAlN after corrosion (550 °C, 500 h, 7 × 10−3 wt.%, stagnant LBE). The coatings maintain its dense structure without any corrosion phenomenon. Furthermore, there are no defects or oxide layer detected on the surface. Figure 10b presents the cross-sectional morphology of the TiAlN (600 °C, 500 h, 2 × 10−3 wt.%, stagnant LBE) after corrosion test. By increasing the temperature to 600 °C, a thin oxide layer with a thickness of 500 nm was observed from high resolution SEM image in Figure 10c. This oxide layer main consists of Ti, Al, O, and γ-Al2O3, TiO2 phase were further verified via XRD analysis. At higher temperature, the TiAlN coating also exhibits dense structure without any defects, and Pb and Bi elements are not detected inside the coating. Most importantly, wettability research between coatings and LBE provide a new way to understand interface behavior. Figure 10e is the case of the wettability of the TiAlN contacting with LBE at 300 °C to 425 °C. The contact angle of coating before the corrosion test is 130°, and then it increased to 136° (550 °C) and 144° (600 °C) after corrosion test. Both temperature corrosion test showed poor wettability of the TiAlN with LBE, which is beneficial for improving the corrosion resistance of the coating. This study indicates that temperature is a key factor during variation of surface morphology when contacting LBE. However, a recent paper of observation shows complete opposite trend in temperature dependence of contact angle [84]. In fact, it is still unclear how oxide layer or surface condition affect the wettability of the coatings. Whatever, it is desirable to achieve poor wettability at the interface between coatings and LBE. For the practical application, interface bonding strength is another main issue for the core component in reactor that directly influence the life time of structural material and coatings. Although the buffer layers have been designed to enhance the interface bonding strength, there are no standards for the coatings applied in high-temperature, high-irradiation LBE environment. A recent study proposed a new method improve bonding strength that may advance application of coating technology in generation IV fast reactor. Surface texture prepared by laser technology with nano or micro width grooves is shown in Figure 10f. Its working mechanism is based on the mechanical locking through the grooves by dispersing shear force. Especially, under shear stress impact of high density LBE, the substrate and the coating material are able to maintain their integrity during the operation. Besides, the substrate surface is more active after the laser treatment, resulting a higher bond strength between the coating and grooves [85]. Recently, Wan et al. [49] synthesized TiSiN coatings on 316 L steel by cathodic arc ion plating, and found that increasing silicon content enhanced LBE corrosion resistance of TiSiN coating. The outstanding corrosion resistance was considered to be related to the amorphous Si3N4 forming in the coating, which can effectively prevent Pb and Bi from penetrating into the coating and substrate.




3.3. Oxide Coatings


The essential reason that the Al-containing coating discussed above can improve the corrosion resistance of steel in LBE is due to the formation of dense alumina on the surface of steel. Therefore, naturally, some researchers directly prepare aluminum oxide or other dense and highly stable oxide coatings on cladding steels. Therefore, the most effective method for protecting bare steel is to fabricate Al2O3 coatings on the surface directly. Figure 10 compared the photos and microstructure of the uncoated and Al2O3 coated 1515Ti tubes (prepared by pulsed laser deposition) before and after LBE corrosion (550 °C with an oxygen content of 10−8 wt.%) [86]. The image of the uncoated 1515Ti tubes before and after the test is shown in Figure 11a,b. without protective coatings, the Pb element penetrated up to 50 µm of substrate. Whereas it can be seen that there is no significant corrosion phenomenon between the liquid metal and the Al2O3 coatings that prepared by pulsed laser deposition (PLD). In Figure 11f, the diffusion of Pb and the alloying element are hindered by Al2O3 coatings effectively. In conclusion, the authors used PLD-grown Al2O3 coatings to maintain structural integrity and adhesion during irradiation, thermal cycling, cyclic nano-impact, and scratching. This is promising way to ensure corrosion resistance in LFR-related environments. In addition, Al2O3 coatings with a thickness of 1.5 µm was also prepared by radio frequency magnetron sputtering (RFMS) at low temperature (260 °C) and the coating maintained good integrity after 1200 h of corrosion [81].




3.4. Amorphous and High-Entropy Alloy Coatings


As mentioned above, for the TiSiN coatings deposited on 316 L steel by cathodic arc ion plating, it is Si3N4 with the amorphous structure that really improves the corrosion resistance of high temperature LBE. Amorphous SiO2 and amorphous Al2O3 have also been found to have such excellent properties [36,87,88]. It should be noted that these amorphous phases are mostly produced in the LBE corrosion process of the crystalline coatings, and so far there are no reports on the corrosion behavior of bulk amorphous coating in the high-temperature LBE. In addition, amorphous materials have excellent corrosion resistance and mechanical properties, but they are in a metastable state and may crystallize in high-temperature LBE after long-term work, resulting in reduced corrosion resistance. However, recently, crystalline and amorphous multiphase ceramic coating was reported to have excellent corrosion resistance properties even at 550 °C for 300 h [88]. Nanocrystalline Al2O3/amorphous Al2O3 composite coating was also reported to be able to protect steels operating in heavy liquid metals at high temperature [51]. Therefore, the development of the amorphous coatings with a higher crystallization temperature or the crystalline and amorphous composite coatings may become a way to solve this problem.



High-entropy alloy (HEA, and its variants of medium-entropy alloy, MEA) has excellent mechanical properties and corrosion resistance, and have received extensive attention from researchers in recent years. Up to now, there are very few reports on the corrosion behavior and corrosion mechanism of high-entropy alloys and high-entropy alloy coatings in high-temperature LBE. Recently, Gong et al. [89] reported the corrosion behavior of a dual-phase Al0.7CoCrFeNi HEA exposed to oxygen-saturated LBE at 350 and 500 °C, as shown in Figure 12. It is found that the BCC (body-centered cubic) phase rich in (Ni, Al) became brittle in LBE (Figure 12a), specifically, intragrain cracking within this phase occurs at 350 °C (Figure 12b), while the disjointness cracking of the BCC/FCC (face-centered cubic) phase boundary occurs at 500 °C (Figure 12c). On the contrary, the brittleness of the (Co, Cr, Fe)-rich (FCC) phase was rarely observed at both 350 °C and 500 °C (Figure 12a).



The development of HEA and/or MEA (including composition, phase and structure design) against the liquid metal brittleness and the study of their corrosion behavior and corrosion mechanism in high temperature LBE may become the next research hotspot. The HEAs and MEAs coatings can be easily deposited by pulsed laser on steels and other cladding materials [43,90,91,92], co-evaporating single-element metal and alloy targets [93], or thermal spray process [94]. It is believed that once the liquid metal embrittlement and compatibility is resolved, HEA coatings will soon be applied on the candidate cladding materials.



It should be noted that the impact of the coating process on the substrate should be as small as possible, or even none. However, it is difficult to meet this requirement in the actual process. For example, when using thermal diffusion technology to prepare a metal or alloy coating on the steel surface, in order to increase the diffusion rate of atoms and/or ions, a higher heating temperature is required. However, at high heating temperatures, it is easy to decarburize the surface layer and coarsen the microstructure of the steel substrate [37,95,96,97]. Therefore, it is considered that a temperature lower than the working temperature of the material should be selected as much as possible for coating preparation [98]. However, for thermal diffusion coatings, generally lowering the temperature will seriously slow down the diffusion rate of atoms and/or ions [99], thereby worsening the growth rate of the coating. For the deposited coating (e.g., PVD), although the high temperature is heated on the target, recent research results show that the morphology of the coating and the adhesion between the coating and the substrate directly depend on the temperature of the substrate material [100]. Therefore, it is also necessary to study and optimize the coating technology and process.





4. Summary and Outlooks


In addition to good neutron radiation resistance, the candidate cladding materials and their coatings used in LBE-LFR need to have the following properties: firstly, good resistance to high-temperature LBE corrosion. Specifically, during the entire life, the corrosion thickness loss should not exceed half the thickness of the materials or coatings, where the life of the reactor components and their coatings is designed to exceed 20 years; secondly, excellent thermal shock resistance. The components in the reactor are usually affected by thermal fluctuations [101], especially inside and near the reactor core, and the cladding material and/or its coating must be able to withstand large temperature gradients when the reactor is shut down suddenly. Additionally, for coatings, thermal shock will cause stress between coatings and substrate, and the difference in thermal expansion coefficient will reduce the coating/substrate bond [88,102].



We aim to improve the performance of the material and optimize the service environment to jointly solve the corrosion problem of the cladding steels working under high-temperature LBE. For the former, the corrosion resistance of materials can be improved through alloy design and optimization (including overall and only on the surface of the materials), such as adding strong oxide former Al and/or Si to grow a protective oxide layer. The corrosion resistance of the alloyed or coated cladding steels is closely related to oxygen concentration of the LBE, so it is also necessary to study the oxygen control process and technology.
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Figure 1. SEM corrosion morphology and EDS element distributions of ferritic/martensitic (F/M) steel after lead-bismuth (LBE) corrosion. (a,b) T91 [30], (c,d) HT-9 [31], (e,f) 1.4718 steel [32], (g) EP823 [33], (h) HCM12A [34]. Figure 1a,b reprinted with permission from Reference [30]. Copyright 2012 Elsevier. Figure 1c,d reprinted with permission from Reference [31]. Copyright 2008 Elsevier. Figure 1e,f reprinted with permission from Reference [32]. Copyright 2016 Elsevier. Copyright 2008 Elsevier. Figure 1g reprinted with permission from Reference [33]. Copyright 2001 Elsevier. Figure 1h reprinted with permission from Reference [34]. Copyright 2006 Elsevier. 
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Figure 2. Corrosion mechanism of F/M steel in LBE [35]. 
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Figure 3. Gepulste Elektronen Strahl Anlage (GESA) treated coatings and corrosion performance. (a,b) Cross-sectional images of Al-coating on oxide dispersion-strengthened (ODS) and E911. (c–e) Cross-section images of the Al-coated ODS, T91 and E911 after corrosion test. (f) Element distribution of E911after GESA treatment. (g) Cross section of ODS with Al alloying. (h) Cross section of 1.4948 steel after GESA treatment. (i) Element distribution from EDX energy spectrum of EP911. (j) Summary of oxide layer thickness at 550 °C in flowing lead [65,66]. Figure 3a–g is reprinted with permission from Reference [65]. Copyright 2006 Elsevier. Figure 3h–j is reprinted with permission from Reference [66]. Copyright 2001 Elsevier. 
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Figure 4. Al-containing coating prepared via GESA (a) and melting depth dependence of Al content under different number of pulse with energy density of electron beam 45 J/cm2 (b), (c) Al-containing coating prepared via GESA process after corrosion test, (d) Fe78Cr14Al8 coating prepared by GESA, (e) corrosion morphology of Al-containing coatings treated by GESA exposure to LBE, (f) corrosion morphology of Al-containing coating after LBE corrosion and corresponding EDS element distribution (g) [57]. Figure 4 is reprinted with permission from Reference [57]. Copyright 2011 Elsevier. 
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Figure 5. Physical photo of T91 cladding tubes without (dark) and with (shiny) FeCrAl coatings after corrosion test in LBE at 550 °C (a). T91 without coating after corrosion in LBE at 480 °C (b) and 550 °C (c). SEM photograph of T91 without FeCrAl coating after corrosion in LBE (d,e) [69]. Figure 5 is reprinted with permission from Reference [69]. Copyright 2008 Elsevier. 
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Figure 6. Influence of LBE flowing rate on the corrosion process. (a–c) corrosion morphologies of bare T91 after corrosion with flowing rate of 1 m/s, 2 m/s, and 3 m/s, respectively. (d–f) corrosion morphologies of surface modified T91 after corrosion with flowing rate of 1 m/s, 2 m/s, and 3 m/s, respectively [69]. Figure 6 is reprinted with permission from Reference [69]. Copyright 2008 Elsevier. 
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Figure 7. Cross-sectional morphology of refractory metals tungsten (a), molybdenum (b) and niobium (c) after 1000 h of corrosion in LBE at 700 °C [74]. Figure 7 is reproduced with permission from Reference [74]. Copyright 2008 Elsevier. 
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Figure 8. SEM images showing microstructure of Mo corroded in LBE at 600 °C for 20 h (a–c), and schematic illustration multilayered oxide layers of Mo after LBE corrosion (d) [76]. Figure 8 is reproduced with permission from Reference [76]. Copyright 2021 Elsevier. 
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Figure 9. Corrosion performance of TiAlN coating in liquid Pb (a) SEM photo of T91 pre-corrosion surface (d) SEM photo of T91 post-corrosion surface (b,e) SEM photo of TiAlN coating before corrosion and corrosion dipstick (c,f) Cross-sectional elemental distribution curve of TiAlN coating before and after corrosion [81]. Figure 9 is reproduced with permission from Reference [81]. Copyright 2019 Elsevier. 
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Figure 10. Corrosion performance of TiAlN coating in liquid LBE. (a) morphology of TiAlN coating after 500 °C, 500 h LBE corrosion; (b) topography of TiAlN coating at 600 °C; (c) topography of oxide layer on high-multiplier surface; (d) distribution of oxide layer elements; (e) wetting performance of TiAlN coating and LBE at 290~430 °C; (f) microscopic grooves on the surface of a carbide substrate [83,85]. Figure 10a–e is reprinted with permission from Reference [83]. Copyright 2020 Elsevier. Figure 10f is reprinted with permission from Reference [85]. Copyright 2018 Elsevier. 
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Figure 11. Corrosion resistance evaluation of Al2O3 coatings on the cladding tubes. (a–c) the surface of cladding tube before after corrosion and its cross-section image. (d–f) The appearance of cladding tube before and after corrosion and its cross-section image [86]. Figure 11 is reprinted with permission from Reference [86]. Copyright 2017 Elsevier. 
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Figure 12. Liquid metal embrittlement of Al0.7CoCrFeNi HEA exposed to oxygen-saturated LBE. (a) Engineering stress-strain curves tested in air and LBE at different temperatures. (b,c) SEM images after LBE corrosion [89]. Figure 12 is reprinted with permission from Reference [89]. Copyright 2021 Elsevier. 
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