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Abstract

:

The use of lead as a primary coolant is one of the most attractive options for next-generation lead-cooled fast reactor systems (LFR). Despite many favourable features, liquid Pb is a harsh environment that induces many problems on metallic components. Therefore, candidate materials for LFR must be qualified, and the solutions to improve their properties must be found. This paper’s objective is to present the results obtained from the tensile tests of AISI 316L steel in liquid lead at 400 °C, 450 °C, and 500 °C, and the short-term corrosion tests performed on coated and uncoated AISI 316L steel at 550 °C. The coating was made of Al2O3 with a CrNiAlY interlayer using the electron beam-physical vapor deposition (EB-PVD) technique. Both the mechanical and corrosion tests were performed in stagnant lead saturated with oxygen. After testing, the specimens were characterised by several analyses, including scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), optical microscopy (OM), scratching test, and Vickers micro-hardness test. The tensile test results highlight the ductile behaviour of the material, and in the case of the corrosion tests, the coatings prove to be effective in protecting the substrate from the harsh environment.
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1. Introduction


To promote the concept of a safer and more secure type of reactor for future energy generation, Generation IV nuclear systems [1,2] have introduced many challenges with systems such as supercritical water-cooled reactor (SCWR), very-high-temperature reactor system (VHTR), gas-cooled fast reactor system (GFR), molten salt reactor (MSR), sodium-cooled fast reactor system (SFR), and lead-cooled fast reactor [3]. The forward-looking vision of lead-cooled fast reactors is very tightly linked to the novelty of this concept. Additionally, in the nuclear industry, this concept is requested to be advanced in parallel with a full demonstration of safety performances as a guarantee for the protection of people and the environment. To prove the effectiveness of the lead-cooled fast reactor concept that was being pursued in the European context, a demonstration reactor was envisaged in 2010. Since then, efforts have been made to develop it in a collective effort at the pan-European level. ALFRED—the Advanced Lead-cooled Fast Reactor European Demonstrator—stems from this aim: it is a research reactor that is able to demonstrate the viability of the general concept (in the short term) and support the safe and sustainable operation of the envisaged fleet of industrial systems (in the longer term) [4].



The use of lead as a primary coolant is one of the most attractive options for next-generation LFR systems [1]. Despite many favourable features, liquid Pb could induce major corrosion problems. In recent years, many investigations have been carried out to examine the mechanisms of corrosion of steels in heavy liquid metals (HLMs), such as lead, lead–bismuth eutectic (LBE), and lead–lithium eutectic (LLE) [5,6,7]. The most important phenomena include oxidation and dissolution [8,9,10,11,12,13], flow accelerated corrosion [14], grid-to-rod fretting [15], and HLM-assisted loss of mechanical properties, such as liquid metal embrittlement (LME), low-cycle fatigue [16,17], and liquid metal-assisted creep [18]. It is commonly accepted that self-passivation through controlled oxygen injection is an effective protection method for temperatures below 500 °C [19]. At higher temperatures, oxide scales are no longer protective (either due to excessive oxidation or dissolution rates), and other protection methods are required. Some of the most suitable solutions are based on the use of inhibitors [20], corrosion-resistant bulk alloys (FeCrAl steels [21], low-Ni alumina-forming-austenitic (AFA) steels [22], FeCrSi steels [23], and Mo alloys [24], among others), or surface-alloyed FeCrAl [25]. Ceramic coatings using aluminium oxide are a promising option because alumina is essentially insoluble in lead and is compatible with a wide range of thermodynamic conditions in terms of temperature and oxygen content [26].



The design and introduction of future reactor systems are strongly dependent on the choice of structural materials. These materials must withstand more demanding conditions within the Generation IV international programme. In comparison to current commercial reactors, all construction materials (particularly those for internal components and fuel cladding) of Generation IV reactors will be operated at elevated temperatures and in a corrosive environment, and they must be designed to withstand higher radiation damage due to a high fast neutron flux. Therefore, these structural materials must be tested to prove that they are qualified and even to improve their mechanical properties [27,28,29] and various coatings. The identified challenges to be analyzed in future work have been divided into five main components:



Steam generator: corrosion, LME, ratcheting, fatigue, creep–fatigue, and buckling;



Pump: erosion–corrosion, ratcheting, and fatigue;



Inner vessel: corrosion, creep–fatigue, ratcheting, and buckling;



Primary vessel: ratcheting, fatigue, creep–fatigue, and corrosion;



Fuel cladding: corrosion, fretting, and creep–fatigue.



This paper presents the results obtained after the tensile tests of AISI 316L steel in liquid lead at 400 °C, 450 °C, and 500 °C, and the short-term corrosion tests performed on coated and uncoated AISI 316L steel at 550 °C. The mechanical and corrosion tests were performed in stagnant lead saturated with oxygen (an oxygen concentration of ~10−3 wt.%) to evaluate the mechanical behaviour and to improve the corrosion resistance of steel. The temperature range of 400–550 °C was chosen because the different components of the ALFRED will be subjected to different operating temperatures. In the case of the corrosion tests, the temperature of 550 °C was chosen because it was observed that, after 500 °C, austenitic steels are more susceptible to corrosion, and the coating must protect the material at this high temperature. Thus, the minimum and maximum operating temperatures for the reactor vessel and the decay heat removal system (DHR) are expected to be between 380 and 430 °C for the inner vessel; for the steam generator and the primary pumps, the temperature range will be between 380 and 480 °C; and for the fuel cladding, it will be between 380 and 550 °C [30].



Austenitic stainless steels (ASS) are a class of materials suitable to be used in some Generation IV nuclear reactor systems because of their great corrosion resistance, high creep, and good radiation performance. Among them, 310H stainless steel (SS) is one of the promising materials for the construction of the internal components of supercritical water-cooled reactors (SCWR) [31]. It has been noticed that coating of 310H stainless steel (SS) is a way to improve its corrosion resistance [32]. In the case of LFR systems, the austenitic steel, AISI 316L/316LN, is considered for the construction of reactor and inner vessel structures and primary pumps. For steam generators and DHR, the materials that are taken into account are AISI 316L and AFA steel [30]. Promising candidate materials for fuel cladding are oxide dispersion-strengthened (ODS) steels, ferritic/martensitic (F/M) steels, and austenitic steels [33].



One of the ways to improve the corrosion resistance of existing materials in liquid lead is through the application of various deposition techniques on the surface of metallic or ceramic layers. There are several coating techniques used for advanced nuclear materials, including thermal spray (TS), chemical vapor deposition (CVD), physical vapor deposition (PVD), pulsed laser deposition (PLD), electrodeposition, sol–gel, pack cementation, cold spray, hot dipping, and thermionic vacuum arc procedure [34,35]. To obtain the desired characteristics of the coatings, these techniques can be modified or, in some cases, combined. Compared to other deposition techniques, the PVD technique can lower the deposition temperature to below 500 °C. In this manner, avoiding undesirable diffusion processes or reactions between the substrate and the coating is possible. The PVD method produces homogenous coatings. The coatings deposited using PVD are very dense, providing a layer that is thick enough. These types of coatings reduce the quantity of moisture or gas that may pass through the film. As a result, these types of coatings would be perfect for preventing material corrosion in a nuclear environment [31].



In terms of enhancing corrosion resistance in liquid lead alloys, several materials have been deposited on stainless steel surfaces: SiC, Si3N4, AlTiFe, FeAl (CVD, PVD), FeCrAlY (TS), TiN (CVD), CrN (PVD), Al (pack cementation), Al2O3 (PLD, flame spraying), Ta (electro-chemical and vapor phase), Mo (plasma spraying, flame spraying, and chemical deposition), Nb (magnetron sputtering, electron sputtering, and galvanic deposition), WC (plasma spraying), and Ti (plasma spraying). Among the materials that have shown positive behaviour are aluminium-containing coatings. These coatings develop protective and stable alumina layers through the Al selective oxidation process when exposed to Pb and LBE containing small amounts of oxygen [36].



Alumina has a high heat resistance and a high density, and the formation of Gibbs energy is very low; thus, the introduction of an Al2O3 layer on steel surface can significantly improve corrosion resistance in LBE. Generally, an alumina layer can be introduced via alloying or surface coating. For steels, overall aluminium alloying may decrease material strength, while surface aluminising can improve surface corrosion resistance without affecting the strength of the base steel. 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, and the second is that the formation temperature of the coating should not be too high to avoid structural coarsening and performance deterioration of the steel substrate [33].



In this work, a few specimens were coated with alumina by using the electron beam-physical vapor deposition (EB-PVD) method with a NiCrAlY interlayer to improve their adhesion and to study the improvement in their behaviour against corrosion.



MCrAlY (M = Ni, Co, or NiCo) is a typical class of oxidation-resistant coatings. It has been widely applied in turbine blades and other components for high-temperature applications. MCrAlY coatings are usually used as single overlayers or bond coatings as thermal barrier coatings (TBC) [37].



EB-PVD is one of the methods proposed to overcome some problems associated with the thermal spraying, CVD (chemical vapor deposition), and PVD methods. EB-PVD is a form of physical vapor deposition in which a target anode is bombarded with an electron beam given off by a charged tungsten filament under a high vacuum. The electron beam, which is bent by a magnetic field, causes the atoms from the target to transform into a gaseous phase. These atoms then precipitate into a solid form, coating the substrate with a thin layer of the anode material. The main advantage of the EB-PVD process is its ability to directly melt and evaporate practically any type of solid material in the form of a metal ingot or a ceramic/composite target using highly focused high-energy electron beams generated by an electron gun with a tungsten filament. The composition and microstructure of these coatings can be easily controlled, while simultaneously avoiding contamination due to the very high vacuum used. Coating adhesion can be monitored through controlled heating of the substrate during deposition. A specific aspect of EB-PVD coatings is related to their columnar microstructure, which determines the behaviour of the coatings during their service life. EB-PVD is often preferred over APS (atmospheric plasma spray) because it offers a higher growth rate and columnar coatings with a longer lifetime [38].



This paper’s aim and its novelty consist in the fabrication of EB-PVD alumina films on AISI 316L steel and a comparison of the microstructural, degradation, and mechanical aspects of the coated and uncoated specimens after being tested in liquid lead. After deposition, the coatings were analyzed using several techniques: a scratching test to assess the adhesion of the layers; an SEM analysis to examine the microstructure and thickness of the layers; and an EDS analysis to obtain information about the elemental composition. For the post-tensile and corrosion tests, the specimens were characterized by using scanning electron microscopy (SEM), optical microscopy (OM), and Vickers microhardness test.




2. Materials and Methods


The tensile and corrosion tests described in this paper used the same type of material—a commercial AISI 316L austenitic steel acquired from Outokumpu Stainless AB Company (Degerfors, Sweden). The information from the product description was as follows: AISI 316L (1.4404) coil mill edge stainless steel, (thickness × width) 3.0 × 1500 mm, ASTM A240/240M specification, heat treatment at 1070 °C, intergranular corrosion ASTM 262 Practice E: OK, and packed and marked by Outokumpu Stainless Oy [39]. The elemental composition of the 316L austenitic steel, in atomic percentages, is presented in Table 1, and the mechanical properties are listed in Table 2.



2.1. Preparation of Protective Coatings for Corrosion Tests


The rectangular specimens with dimensions of 25 mm × 12 mm × 3 mm (length × width × thickness) that were used in the corrosion tests were cut from an AISI 316L steel sheet and were provided with a hole of 4 mm diameter at one end for their mounting on the holder. Before coating, the specimens were mechanically sanded on silicon carbide papers with different granulations (P120, P240, P400, P600, and P1200), and then the substrates were ultrasonically cleaned in an isopropyl alcohol bath for 15 min and dried in air. The alumina (Al2O3) coatings with an interlayer (NiCrAlY) were deposited using the EB-PVD technique.



The coatings on the austenitic steel specimens were performed at the National R&D Institute for Nonferrous and Rare Metals (IMNR) using a TORR 5X300EB-45KW installation (Figure 1). This system has a vacuum chamber of 3 m3, in which an advanced vacuum of about 3 × 10−7 Torr can be reached.



The heating of the material to be deposited was performed with the help of 5 electron beam guns, 5 separate 10 kW (10 kV, 1000 mA) high-voltage DC power supplies, X-Y direction electron beam sweep controllers, and a deposition thickness control with a quartz crystal microbalance. The substrates for coating were fixed on a support that was rotating with a speed of 15 rot/min. In order to increase the adhesion of the coatings, the substrates were heated at about 600 °C using a set of UV lamps placed above the rotating support.



After the coatings had been made, the deposited layers were analyzed by using several techniques. A scratching test was performed to examine the adhesion of the film. The SEM analyses of the coatings and the cross sections were used to examine the microstructure and the thickness of the deposited layers, while the EDS analyses provided information about the elemental composition.




2.2. Corrosion Test in Stagnant Liquid Lead


The corrosion tests were performed inside a thermally insulated stainless steel furnace opened to air, which was designed to expose steels to stagnant liquid lead (Figure 2a). The working crucible placed inside has a volume of approximately one litre.



For the corrosion tests, 5 samples of 316L stainless steel coated with alumina and NiCrAlY interlayer (Figure 2b), and 4 specimens of uncoated 316L steel (Figure 2c) were used. Before the corrosion tests, the uncoated samples were also mechanically sanded on the same abrasive paper grades as the coated ones. The testing conditions were stagnant liquid lead at a temperature of 550 °C, with an oxygen concentration of 10−3 wt.%. The corrosion tests were carried out for 500 h and 1000 h.




2.3. Testing Facility for Mechanical Tests in Liquid Lead


The mechanical tests in liquid lead at high temperatures were performed in a testing facility (LILETIN—LIquid LEad Testing INstallation) designed and built in RATEN ICN to study the effects of Pb on the mechanical properties of structural materials in static conditions. The LILETIN facility allows the performance of tensile tests in a liquid metal crucible configuration, with temperatures of up to 500 °C in static conditions and oxygen saturation [40]. The schematic view of the LILETIN facility, which was set up in the Instron tensile system, is shown in Figure 3. It has the following operational parameters and features: a maximum temperature of 500 °C, a Pb volume of 0.9 L, and a strain rate controller. The liquid metal temperature is monitored by a thermocouple inserted in the crucible.



The tensile tests were carried out on the uncoated flat 316L steel tensile specimens (Figure 4) in liquid lead at 400 °C, 450 °C, and 500 °C, with oxygen saturation. These test temperatures were chosen because certain components that operate at a minimum temperature in the range of 380–550 °C could still be validated. The samples were made in accordance with the American standards for testing in the field (ASTM E8), having a total length of 40 mm, a length of 12.5 mm for the calibrated area, a width of 2 mm for the calibrated area, and a thickness of 2 mm. Before testing, the samples were visually examined and dimensionally checked, and then they were degreased and polished on sandpaper up to 1200 grit.



For this type of sample, 2 pull grips were adapted, as shown in Figure 5.



To perform the tensile tests, a constant strain rate of 5 × 10−5 s−1 was applied. This strain rate was chosen as an optimum while considering both practical and physical considerations. In order to carry out the SEM analysis after the tensile tests in liquid lead, the fracture surface was cleaned to remove residual lead by using a solution of acetic acid, hydrogen peroxide, and ethanol.




2.4. Characterisation Methods and Devices


The coatings were analyzed by several techniques. A scratching test, using a NANOVEA M1 Scratch Tester (Irvine, CA, USA), was performed to examine the adhesion of the film. The SEM analyses on the surface and in the cross section were used to examine the microstructure and the thickness of the thin film, and the EDS analysis provided information about the elemental composition of the deposited layers. In this case, an FEI QUANTA 250 electronic microscope (Eindhoven, The Netherlands) was used with EDS, LFD, and BSE detectors.



After the corrosion tests, the samples were analysed by optical microscopy using an Olympus GX71M light microscope (Tokyo, Japan). To evaluate the material corrosion and the coating integrity, small pieces were cut from the samples, embedded in conductive cupric resin, and polished on SiC paper with increasing grits of up to P4000. The Vickers micro-hardness (MHV0.1) modifications were determined by using an OPL SOPELEM tester (Dijon, France) in an automatic cycle.



The SEM analyses after the tensile tests were performed with a TESCAN VEGA LMU electronic microscope with EDS and BSE detectors (Brno, Czech Republic).





3. Results and Discussion


3.1. Coating Layer Analysis


The scratching test was performed on the 316L coated steel at different pressing forces. This force increased from 1 N to 20 N with a loading speed of 5 N/s over a distance of 5 mm. After the maximum force was reached, the penetration depth of the indenter into the material was approximately 90 µm, and no exfoliations occurred during the test.



Figure 6 presents the SEM micrographs of the coatings. It can be seen that there is a continuous deposition of the nano-porous columnar alumina layer with the grains being preferentially oriented in a certain axial direction.



The results of the EDS performed at one red point (shown in Figure 6b) on the surface of the coated specimen confirm that the top layer is alumina because it contains only aluminium and oxygen (Figure 7). However, a very small oxygen deficiency is observed. The average oxygen concentration in aluminium oxide particles may depend on the specific surface area S, the average radius R of the powder particles used for the coatings, and their method of preparation [41].



An in-line EDS analysis was also performed in the cross section, starting from the substrate area and passing through the coating (Figure 8a). Here, both deposited layers (NiCrAlY/Al2O3) are highlighted. In Figure 8b, it can be seen that in the substrate zone, there is a very high concentration of iron (yellow line). As the analysis progresses through the interlayer, the iron concentration decreases and an increase in the nickel, chromium, and aluminium contents is observed. The NiCrAlY buffer layer presents a morphology with two alternating layers in which one has a higher chromium content, and the other has more nickel. However, since the concentration of yttrium is very low, it could not be determined by the EDS analysis, but from the certificate of the powder used, it should be 0.9 wt.%. In the second layer, the previous lines decrease, while the lines specific to aluminium and oxygen (brown and blue lines) show an increase in their content.



The coating thicknesses were measured using the SEM technique (Figure 9). Thus, it was determined that the thickness is about 3 µm for the NiCrAlY layer and approximately 5–6 µm for the Al2O3 layer.




3.2. Corrosion Test


After removing the samples from the melted Pb, the surface of the tested samples remains covered with solidified lead in certain areas (Figure 10). From the visual appearance, it is possible to see that the bare samples are covered with a large amount of solidified lead (metallic grey color) compared to the coated samples. However, when the specimen was cut in the cross section, the lead might have detached.



The OM was used to analyze the specimen surface, the thickness of the oxide layer formed, and the coating integrity after the exposure. For this analysis, one of the uncoated specimens was examined in the cross section. The images in Figure 11 show that lead has not penetrated the steel substrate, so the structural integrity of the material is not affected after 500 h of exposure.



However, after 1000 h of exposure to liquid lead, the uncoated specimen presents evidence of corrosion in the matrix, as shown in Figure 12. The penetration depths measured at several locations are between 2.7 µm and 7.3 µm. It seems most likely to be an internal oxidation process. Additionally, other studies [42,43,44] have shown the formation of an internal oxide layer and a more porous external layer after longer periods of exposure of some ODS, austenitic, and martensitic steels to molten lead.



C. Cionea et al. investigated oxide scale formation on 316L stainless steel exposed to static LBE with an oxygen concentration of 10−5 wt.% at a temperature of 700 °C. Their results showed the presence of a 35 μm duplex layer, which was identified as being comprised of a magnetite Fe3O4 phase and a chromite FeCr2O4 phase [45].



In the case of the coated 316L specimen after 500 h of testing in liquid lead at 550 °C, the coating is still intact, adherent, and compact (Figure 13). The coating thickness measured with OM at ×2000 magnification, after the molten lead test, is almost 3.0 µm for the interlayer and 5.2 µm for the alumina layer.



Even after 1000 h of exposure to molten lead, the 316L coated specimen still presents a continuous, intact, adherent, and compact film, as shown in Figure 14. In this case, the thicknesses measured after the test are 3.1 µm for the NiCrAlY buffer layer and 5.2 µm for the Al2O3 layer. Moreover, each film thickness is unaltered after the molten lead test and, therefore, no coating erosion has occurred.



Additionally, the results of some studies have shown that NiCrAlY/Al2O3 double-layer coating by air plasma spraying has a much better cyclic oxidation resistance in air at 850 °C than the base alloy. The parabolic rate constant of oxidation is 2.62 × 10−12 g2·cm−4·s−1, and the coating presents a good adhesion during the cyclic oxidisation treatment [46].



Previous studies examining the tribocorrosion behaviour of two coatings, NiCoCrAlYTa and NiCrAlY, deposited on 316L steel and 718 alloys showed that these kinds of coatings presented an extremely dense structural characteristic and good tribological performance in NaOH and HCl solutions. In the extreme conditions, with an acid solution, the corrosion current density (Icorr) was 7.866 × 10−5 A/cm2 for the NiCoCrAlYTa coating and 3.356 × 10−6 A/cm2 for the NiCrAlY coating [47,48]. Corrosion property is influenced by corrosion rate, which is directly proportional to Icorr value according to Faraday’s law [49]. Therefore, a high value for Icorr indicates a high corrosion rate. In another case involving a surface modification process with dual-layer NiCrAlY (90 µm) and mullite (163 µm), the potentiodynamic test in 3.5% NaCl solution revealed an Icorr value of 1.59 × 10−6 A/cm2. This value was much smaller than the Icorr values of the substrate or of the sample with only mullite coating. The two-layer sample exhibited better corrosion resistance due to the existence of a dense corrosion-resistant NiCrAlY coat and a stronger bonding strength [50].



The corrosion resistance of a T91 steel coated with alumina by magnetron sputtering PVD was also studied by E. Miorin in stagnant liquid Pb at 550 °C for 1200 h. The results showed the growth of a non-adherent and wrinkled oxide layer on the uncoated steel, which had a variable macroscopic morphology on different surface zones and appeared detached from the bulk in several places. In contrast, the alumina coating of the T91 steel appeared intact, compact, and adherent to the substrate, with a uniform thickness [51].



To investigate how the hardness of the material changed after the test in molten lead, six micro-indentations were made in the cross sections of each specimen near the specimen surface. This test used a load of 100 gf in order to obtain indents larger than 20 µm in the diagonal direction. For the control sample, the Vickers microhardness was 199 HV0.1. In the case of the samples tested for 500 h, there was a decrease in microhardness by 18 units for the 316L coated specimen (181 HV0.1) and by 23 units for the uncoated specimen. After 1000 h of testing in liquid lead, the coated sample suffered a microhardness loss of 22 units and the uncoated sample lost 27 units. These decreases in microhardness could have appeared after the thermal treatments due to the elimination of residual stresses in the steel.



Furthermore, because the concentration of oxygen in the lead coolant is very important, and it is foreseen that the ALFRED will be operated at a low oxygen content (10−6–10−8 wt.%), the next research works will focus on this aspect, and an oxygen control system will be implemented in the corrosion test facilities using a gas injection system with an argon and hydrogen mixture.




3.3. Tensile Behaviour of 316L Steel in a Liquid Lead Environment


The tensile tests were carried out at three different temperatures of interest, namely 400 °C, 450 °C, and 500 °C. These tests were performed in accordance with the ASTM E8 standards [52] on the flat samples obtained from 316L austenitic steel. The obtained results are presented in Table 3 and Figure 15.



The tensile curves presented in Figure 15 highlight the ductile behaviour of the material. It can be observed that as the test temperature increases, the tensile strength (UTS—ultimate tensile strength) decreases. Additionally, when compared to the literature data [53,54,55], a decrease in the UTS values in relation to the tensile tests in air is observed (Figure 16). This decrease in UTS values could be an effect of the liquid lead environment on the mechanical properties of the material.



However, it is obvious there is a need to perform more tests in a liquid lead environment to establish clear mechanical properties and temperature dependence, as well as to compare with air tests to evaluate the influence of liquid lead. The SEM images of the fractured surface of the samples tested at 400 °C (Figure 17), 450 °C (Figure 18a), and 500 °C (Figure 18b) reveal that crack starts to grow from the surface of the specimens and then moves inwards (from brittle to ductile—red arrow) because of the interaction with molten lead. An analysis of the SEM images shows a mixed fracture surface that presents both ductile fracture zones and brittle fracture zones. Brittle fracture is an effect of the interaction between the 316L steel and the liquid lead, which leads to a degradation of material properties through embrittlement.





4. Conclusions


Alumina (Al2O3) coating with an interlayer (NiCrAlY) was deposited using the EB-PVD technique, aiming at the protection of 316L steel from lead corrosion. Before the corrosion tests, the coating was characterized by scratching, SEM, and EDS analyses, which confirmed an adherent and compact layer with the specified chemical composition, and a thickness of ~3 µm for the interlayer and almost 5 µm for the alumina layer. Following the corrosion tests, the uncoated specimen presented an internal oxidation process after 1000 h in liquid lead at 550 °C. In comparison, all coated specimens had good corrosion resistance and presented a continuous, intact, adherent, and compact double-layer film. The coating thickness after the test in liquid lead was similar to the thickness before the test, with 3 µm for the interlayer and 5.2 µm for the alumina layer.



The decrease in the microhardness of the tested specimens, compared to the control sample, could be attributed to the elimination of residual stresses after the corrosion test at a temperature of 550 °C.



The tensile tests at a constant strain rate of 5 × 10−5 s−1 highlighted the effects of temperature and the liquid lead environment on the 316L steel. Thus, a decrease in breaking strength was observed as the temperature increased. When compared to the other tests performed in air, the UTS values for the specimens tested in lead showed a slight decrease. The SEM images revealed that crack started to grow from the surface of the specimens and then moved inwards (from brittle to ductile).
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Figure 1. TORR 5X300EB-45kW electron flux deposition system. 
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Figure 2. Installation system for corrosion tests in liquid lead: (a) coated (b) and uncoated (c) 316L samples before the corrosion tests. 
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Figure 3. LILETIN facility: 1—furnace, 2—liquid lead vessel, 3—specimen fixing assembly, and 4—rod. 
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Figure 4. Small-sized flat tensile specimen. 
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Figure 5. Specimen fixing assembly. 
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Figure 6. SEM image depicting the surface of the alumina-deposited layer at different magnifications: 5000× (a) and 30,000× (b). 
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Figure 7. The result of the EDS analysis. 
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Figure 8. Cross-sectional analyses of the coated specimen: SEM (a) and EDS (b). 
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Figure 9. SEM images of the layer thicknesses before the corrosion tests. 
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Figure 10. Optical images of the 316L stainless steel samples: coated (a,c) and uncoated (b,d) after 500 h (a,b) and 1000 h (c,d) of testing in liquid lead. 
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Figure 11. Cross section of a AISI 316L uncoated specimen after being tested for 500 h in liquid lead at different magnifications: 200× (a), 500× (b), and 1000× (c). 
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Figure 12. Cross section of an AISI 316L uncoated specimen after being tested for 1000 h in liquid lead at different magnifications: 200× (a), 1000× (b), and 2000× (c). 
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Figure 13. Cross section of the AISI 316L coated samples after being tested for 500 h in liquid lead at different magnifications: 240× (a), 1000× (b), and 2000× (c). 
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Figure 14. Cross section of the AISI 316L coated specimen after being tested for 1000 h in liquid lead at different magnifications: 500× (a), 1000× (b), and 2000× (c). 






Figure 14. Cross section of the AISI 316L coated specimen after being tested for 1000 h in liquid lead at different magnifications: 500× (a), 1000× (b), and 2000× (c).



[image: Metals 13 00616 g014]







[image: Metals 13 00616 g015 550] 





Figure 15. Effect of testing temperature on engineering stress. 
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Figure 16. Effect of liquid lead on engineering stress. 
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Figure 17. SEM micrographs of the fracture surface of 316L steel at 400 °C at 1000× magnification, showing different areas in (a,b). 
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Figure 18. SEM micrographs of the fracture surface of 316L steel at 450 °C (a) and 500 °C (b). 
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Table 1. Chemical composition of the 316L austenitic steel.
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Elements%




	
Fe

	
C

	
Cr

	
Ni

	
Mo

	
Mn

	
Si

	
P

	
S






	
Bal.

	
0.02

	
17.1

	
10.1

	
2.03

	
0.9

	
0.47

	
0.033

	
<0.001
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Table 2. Mechanical properties of the 316L austenitic steel (20 °C).
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	Yield strength
	Rp0.2 = 306 MPa



	Tensile strength
	Rm = 604 MPa



	Elongation
	A5 = 59%



	Hardness
	166 HBW
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Table 3. UTS values on the flat specimens.
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	No.
	Specimen Cod
	Testing Temperature [°C]
	UTS [MPa]





	1.
	Pro-Alfred S1
	500
	487



	2.
	Pro-Alfred S2
	500
	474



	3.
	Pro-Alfred S3
	450
	489



	4.
	Pro-Alfred S4
	450
	477



	5.
	Pro-Alfred S5
	400
	497



	6.
	Pro-Alfred S6
	400
	486
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