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Abstract

:

Next generation concentrated solar power (CSP) plants promise a higher operating temperature and better efficiency. However, new issues related to the corrosion against protection of the construction alloys need to be solved. In this work, two different duplex stainless steels grades, namely 2205 (DS2205) and 2507 (DS2507), were evaluated for their compatibility with the eutectic molten salt mixture of Li2CO3-K2CO3-Na2CO3 at 500 °C in air for thermal energy storage applications. Corrosion tests combined with complementary microscopy, microanalysis and mechanical techniques were employed to study the oxide scales formed on the surface of the duplex steels. The corrosion tests evidenced that the attack morphology in both duplex steels was a uniform oxidative process without localized corrosion. DS2507 presented a better corrosion resistance than DS2205, due to the formation of thinner, compact and continuous oxide layers with higher compositional content in Cr, Ni and Mo than DS2205. The oxide scales of DS2507 showed more remarkable mechanical integrity and adhesion to the metallic substrate.
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1. Introduction


Concentrated solar thermal power (CSP) plants with a thermal energy storage (TES) system are considered a promising future technology for a renewable energy system, because of their high efficiency, low operation cost and great scale-up potential [1,2,3]. However, the intermittency of solar energy is a critical issue in this technology, and therefore, TES is a key component in CSP plants [1,4]. TES is typically composed of a storage medium, heat transfer equipment and a containment system [5,6], which holds the storage medium and energy transfer equipment [7]. Currently, commercial CSP plants typically employ molten nitrate salts (300–400 °C) as a thermal storage medium. To decrease the electricity cost of these plants, a next generation CSP technology, with a higher operation temperature range (550–700 °C) and a better energy efficiency, has been developed [8,9,10,11,12,13]. In this context, molten salts with higher melting temperatures are required to be employed in the storage system [14,15]. Chloride salts are very interesting due to their low cost [9,16,17]. However, their use presents several critical issues associated with their performance and long-term reliability such as the chloride salt formulation, and the potential corrosion problems of containment materials, since they are typically made of stainless steels [9].



Currently, the mixtures of carbonates are an interesting alternative to chloride salts due to their lower corrosive potential [14]. Several recent studies have evaluated molten carbonates as a promising heat transfer fluid for high temperature applications [18,19,20]. Carbonates such as nitrates possess a high heat capacity and great energy density, and therefore, require a smaller tank volume. However, carbonate salts present some technological issues such as a high melting temperature (around 400 °C), high cost and also certain corrosive potential. Compared to nitrate and chloride salts, carbonates are more expensive due to the high price of lithium carbonate [21], which depends on lithium demand for the battery market [22,23]. However, the lithium demand could decrease in the near future, due to the strong efforts carried out to replace lithium with other metal alternatives in battery technology [24,25]. Therefore, carbonate molten salts could be a viable alternative in the mid- and long-term. In this scenario, the eutectic mixtures of Li2CO3-K2CO3-Na2CO3 may be a promising high temperature heat transfer fluid and storage medium for molten salt in CSP plants above 650 °C [26,27].



Despite the potential of molten carbonate salts for the next generation of CSP technology, to the best of the authors’ knowledge, only a few works in the open literature have reported the compatibility of CSP construction materials with ternary eutectic carbonate molten salts. Sarvghad et al. [28,29] studied three different steel grades and the Inconel 601 superalloy with the eutectic mixtures of Li2CO3-K2CO3-Na2CO3 at 450 °C in air for thermal energy storage. After 120 h, the attack morphology on the surface of all materials was uniform with no localized corrosion. Corrosion resistance decreased in the following order: Inconel 601 superalloy, austenitic stainless steel AISI 316 and duplex stainless steel 2205. M.T. de Miguel et al. [30] studied the compatibility between austenitic steel HR3C and eutectic ternary carbonate salt at 700 °C, which presented a multilayer formation composed of several Li-mixed oxides as corrosion products. Gallardo-González et al. [31] demonstrated that the initial corrosion rate of AISI 316 stainless steel at 600 °C was lower at higher amounts of lithium carbonate present in the molten salts mixture. More recently, Sah [32] presented the effect of the dissolution of corrosion products for the corrosion resistance of SS304 in molten Li2CO3-K2CO3-Na2CO3 eutectic at 650 °C. Moreover, recently Prieto et al. [27] reported the corrosion behavior of different construction materials in contact with the ternary eutectic Li2CO3-K2CO3-Na2CO3 salt: two austenitic stainless steel (AISI 310 H and AISI 347H), two nickel-base alloys (Haynes 214 and Haynes 230) and Kanthal, which is a Fe-Cr-Al alloy. Among the selected materials, stainless steel 347 showed the worst corrosion rates at 700 °C, and Kanthal exhibited the best stability. Alternatively, other works have recently proposed several strategies, such as adding Al [33] and spray-graphitization [34], to mitigate the corrosion of austenitic stainless steels immersed in molten Li2CO3-K2CO3-Na2CO3 salts.



Taking into consideration these previous works, additional corrosion studies should be carried out to find new alloys as CSP construction materials for thermal energy storage using ternary eutectic carbonate molten salts. In this sense, duplex stainless steels may be promising candidates to be used in those components of CSPs, such as tanks of carbonate salts, that require good corrosion resistance at working temperatures as high as 450 °C [28,35]. Since duplex steels consist of austenite and ferrite phases in close contents, they can achieve a better corrosion resistance than ferritic stainless steels, and a higher mechanical strength than the austenitic grades [36,37,38]. In addition, their corrosion behavior is closer to that of the AISI 316 [39]. In the annealed condition, the yield strength of austenitic AISI 316 reaches around 280 MPa, whereas duplex 2205 and superduplex 2507 present values higher than 450 MPa and 550 MPa, respectively [38]. On the other side, the effects of manufacturing, annealing and welding processes on the microstructure, mechanical properties and corrosion resistance of duplex stainless steel bulk and weldment components have been widely studied in the last decades [40,41,42,43,44,45], enabling the manufacturing of reliable construction components. For these reasons, duplex stainless steels are extensively used in many different applications such as building structures [46], superheater tubes in municipal solid waste incineration plants [47], industrial food [48], gas and petrochemical industry [49], among others.



In the present work, the corrosion behavior of duplex steel 2205 (DS2205) and superduplex steel 2507 (DS2507) were evaluated, for the first time, for their compatibility with eutectic Li2CO3-K2CO3-Na2CO3 molten salt at 500 °C under an air atmosphere over the long-term. In doing so, oxide scales formed on the surface of the alloys exposed to the molten salts were characterized using complementary microscopy and microanalysis techniques such as X-ray diffraction, Raman spectroscopy and scanning electron microscopy (SEM). In addition, special attention was paid to the adhesion of the oxide layers to the metallic substrate, their mechanical integrity and surface roughness, since these properties could be crucial to mitigate the corrosion of these alloys in contact with molten salts.




2. Materials and Methods


The materials used in this study were a commercial EN 1.4462 DSS, equivalent to AISI S31803, provided by UGINE and ALZ (Arcelor Mittal Group, Luxembourg city, Luxembourg) for DS2205, and a commercial EN 1.4410 DSS, equivalent to UNS S32750 and commercial designation SAF 2507, provided by Sandvik AB for DS2507. The nominal compositions of the ferritic/austenitic stainless steels used for the corrosion tests are detailed in Table 1. The DS2205 specimens were supplied in the form of plates of 40 × 20 × 2 mm3. The DS2507 was supplied in the form of bars of 20 mm in diameter, which was machined to obtain cylindrical specimens 2 mm in width. The specimens were ground with SiC grinding paper, 1200 grit (in grains of SiC per square inch), in order to remove the previous metal oxide layers adhered to the surface. Afterwards, the samples were weighed and cleaned by using ethanol in an ultrasonic bath. An optimized mixture of Li2CO3-K2CO3-Na2CO3 (32/35/33 wt.%) with a melting point of 397 °C was prepared using lithium carbonate 99% (CAS No. 554-13-2), potassium carbonate anhydrous LR (CAS No. 584-08-7) and sodium carbonate anhydrous LR (CAS No. 497-19-8) [50,51]. Previously, each carbonate salt was dried in a furnace at 180 °C for 48 h using an alumina crucible.



Corrosion tests were performed by immersing the samples into the molten salt in alumina crucibles open to an air atmosphere at 500 °C in a preheated furnace. Test temperature was selected to be higher than the melting point of salt (397 °C) based on the assumption that the salt will be used as a PCM of a CSP plant for components working around 500 °C. Corrosion behavior was evaluated from oxide scale thickness at several exposure times (120, 300, 600, 1000 and 1600 h) for each alloy measuring the oxide layer and metal thicknesses with an optical microscope (Olympus, Tokyo, Japan) and a field emission scanning electron microscope (FESEM, Carl Zeiss Merlin, Oberkochen, Germany). Additionally, the evolution of oxide scale growth was complementarily determined through Eddy current loss using a defectometer (Defectometer M 1.837, Foerster, Tokyo, Japan) to determine the oxide layer thickness in different regions of at least 3 samples. The response of Eddy current loss associated with the oxide scale thickness for each alloy was calibrated by using different oxide layers with thicknesses measured by SEM.



In order to determine the protective character of oxide layers formed on the duplex steels, a compositional and microstructural analysis of the cross-sectional oxide scales was carried out using a FESEM equipped with Energy Dispersive Spectroscopy (EDS) (Oxford Instruments INCA-350 system, Abingdon, UK). For this purpose, the cross-section of samples was ground and then polished with diamond suspensions of decreasing particle size (30–6–3 μm). The crystalline phases at the surface of samples were determined with X-ray Diffraction (XRD, Bruker, D8-Advance, Billerica, MA, USA) using Cu Kα radiation (operated at 40 kV and 40 mA) and Raman Spectroscopy (inVia Qontor, Renishaw, Wotton-under-Edge, UK). For Raman spectroscopy, two lasers with different wavelengths of the applied excitation line were used: the first laser in the infrared region (785 nm) and the second in the visible region (532 nm). An optical microscope with 100× objective was employed to determine the analysis zone. On the other side, scratch tests were performed using a scratch tester (CSM Instruments Revetest, Needham, MA, USA) with a Rockwell C diamond indenter of 200 μm radius. Tests were performed under progressive loading from 0.9 N up to 80 N in a 5 mm scratch length with 6.32 mm/min loading speed rate. Finally, the surface topographic profile of the oxide scales was determined in 3 different regions of each sample, using a contact profiler (Dektak 150 Stylus, Bruker, Billerica, MA, USA). A tip with a radius of 50 nm was employed at a force of 15 mg for scanning a total length of 300 µm.




3. Results and Discussion


3.1. Evolution of Oxide Scale Growth


The evolution of the thickness of the oxide scales for duplex steels in molten carbonate salt at 500 °C was investigated to determine their corrosion resistance and clarify the effects of the composition of each alloy on corrosion behavior. Figure 1 shows the oxide layer thickness for DS2205 and DS2507, determined using optical microscopy and SEM, and also the Eddy current loss, as a function of the exposure time to molten salts. The oxide thickness of DS2205 presented a significant linear growth regime for the first 600 h, and then the corrosion curve described a diffusion limited regime. In contrast, the corrosion behavior of DS2507 exhibited a diffusion limited regime since the exposure time was as low as 120 h. Thus, the DS2507 presented a lower corrosion rate due to its higher elemental composition on Cr, Ni and Mo, as compared to DS2205. The oxide thickness measured by both methods was quite similar, demonstrating that the Eddy current loss depended on the oxide layer thickness. However, it was also sensitive to variations in the elemental composition of each steel, crystalline phases and defects, such as roughness, porosity and voids, formed at the oxide scales, among others. In addition, this non-destructive technique confirmed that the growth of the oxide layer was relatively uniform on all surfaces of the samples, as the oxide thickness values obtained at the edges and the central zones of samples were quite close in both steels. Thus, the Eddy current loss is a useful non-destructive method for determining the thickness, tendency and uniformity of corrosion in duplex stainless steels.



On the other hand, the growth of the oxide thickness as a function of exposure time evidenced a tendency of power law in both alloys (Figure 1a,b), which is a typical corrosion behavior with a diffusion limited regime. Therefore, it can be fitted to a time-dependent power law [52], as follows:


T = ktn



(1)




where T is the oxide thickness (µm), t is the exposure time (h), and k and n are the fitting parameters indicating the rate constant and the exponent that determines the law of oxide growth kinetics, respectively. Thus, when n is close to 1.00, 0.50 and 0.33, the corresponding laws are linear, parabolic and cubic, respectively [53]. The obtained k and R-squared values of trend (R2) for plots determined from Equation (1) are summarized in Table 2. The R-squared values were calculated to determine the reliability of the trend. The fitting results indicated that the relationships between oxide thickness and exposure time for duplex-exposed samples approximately followed parabolic (n ≈ 0.50) and cubic (n ≈ 0.33) growth kinetics, respectively. Taking into account the references of previous works [1,4,9,27], the DS2205 behavior suggested a good corrosion resistance immersed in molten carbonate salts at 500 °C. Meanwhile, the DS2507 obtained a corrosion rate ten times lower than DS2205, achieving a remarkable behavior against corrosion.




3.2. Crystalline Phases of Oxide Scales


Figure 2 shows the XRD spectra of DS2205 and DS2507 oxide scales, after 300 h and 1600 h of exposure to molten salts. The DS2205 spectrum for 300 h (Figure 2a) exhibited the substrate characteristic patterns of the duplex steel phases (α, γ and σ), and the peaks of oxide scale corresponding to chromium oxides (e.g., FeCr2O4, and LiCrO2), iron oxides (e.g., LiFeO2 and LiFe5O8), and NiO. Exposing the DS2205 for 1600 h, no significant change in the nature of oxide phases was observed, but their presence increased with the exposure time, since their relative peak intensities were augmented concerning duplex steel exposed for 300 h. On the other side, the DS2507 spectra after 300 h and 1600 h (Figure 2b) presented the typical α and γ superduplex phases that came from the metallic substrate, and the presence of the NiO phase was detected. In this case, the NiO patterns showed an increase in intensity with the exposure time, in a similar tendency of chromium and iron oxides phases in DS2205. However, other species such as FeCr2O4 and LiFe5O8 (detected in DS2205) were not clearly discerned in the superduplex samples, probably due to their absence and/or the smaller thickness of its oxide scales. Li-containing corrosion products, such as LiFeO2, LiFe5O8 and LiCrO2, were detected in the oxide scales of the steels, which is in a good agreement with previous works reported for other austenitic stainless steels under similar atmospheres [30,31,54,55,56,57]. The presence of LiFeO2, and especially LiFe5O8, did not offer good protection against corrosion, due to the fact that this compound tends to form porous oxide layers, which can accelerate the corrosion process. In contrast, the formation of NiO and FeCr2O4 are considered to have a good protective character [57]. In both DS2205 and DS2507 alloys, the peak intensities of α phase decreased with the exposure time in a major proportion than γ phase. This may be attributed to the higher corrosion resistance of the γ phase compared to α, since the γ phase contains a higher Ni amount. The oxidation proceeds faster along the α phase, while the γ phase acts as a barrier against further oxidation forming a compact oxide layer that protects the underlying ferrite layer [28].



On the other hand, Figure 3 exhibited the Raman spectra of oxide scales, formed on DS2205 and DS2507, after several exposure times to molten salts. As shown in Figure 3a, the Raman spectra of both steels, in the infrared laser region, presented an intense and wide band at around 1350 cm−1, which is characteristic of LiFeO2, FeCr2O4, LiCrO2 and NiO. In addition to these intense bands, a large number of bands with lower intensity for DS2205 samples were also observed in the range between 100 and 800 cm−1 for DS2205 samples. In order to analyze with more accuracy this spectral region, Figure 3b exhibited the Raman spectra of DS2205 in the visible laser region, which mainly confirmed the presence of LiFeO2, LiFe5O8, FeCr2O4 and LiCrO2. In a similar way to the XRD results, the Raman spectra of DS2507 samples did not show intense and well-defined bands in the range between 100 cm−1 and 900 cm−1, probably due to the small thickness of DS2507 oxide scales. As expected, the results of XRD and Raman spectroscopy show the presence of numerous different phases in both oxide scales, due to the large number of alloying elements in the duplex steels.




3.3. Composition and Microstructure of Oxide Scales


Figure 4 shows the cross-sectional SEM images of DS2205 oxide scales formed for 300 h and 1600 h, which had a thickness of ~7 and ~18 µm, respectively. Both oxide scales presented some defects such as submicrometric pores, voids and vertical grooves. The formation of porosity may be attributed to the remarkable formation of LiFeO2 and LiFe5O8 [54,55,56,57]. Figure 5 shows the SEM-EDS line scans of the oxide layers formed on DS2205 surface for 300 h and 1600 h. The scale formed for the shortest time presented a compositionally homogeneous layer, mainly formed by Fe with small amounts in other alloying elements (Figure 5a,b). In contrast, a double layer was observed on the surface of the sample exposed for the longest time (Figure 5c,d). While the outer layer was primarily composed of Fe and Cr oxides, the inner layer contained the oxides of Fe and Cr and, to a lesser extent, of Ni, Mo and Mn.



On the other hand, Figure 6 shows the cross-sectional SEM images of DS2507 oxide scales generated for 300 h and 1600 h. A dense and continuous protective layer without remarkable defects was observed in the sample of 300 h (Figure 6a). After 1600 h, the oxide scale still presented a continuous and compact layer, but also exhibited few sub-micrometer pores and voids near the surface (Figure 6b). Compared to the DS2205 oxide layer, this compact scale with a good attachment to the DS2507 substrate led to an enhancement of the corrosion resistance in contact with the molten salts. Figure 7 shows the SEM-EDS line scans of the DS2507 oxide layers formed for 300 h and 1600 h. In this case, both oxide scales were composed of a double layer with an average thickness of ~1.5 µm for 300 h and ~3 µm for 1600 h. The inner layer presented a thickness of ~1 µm (for 1600 h), and was strongly enriched in Cr, Ni and Mo. The Fe-rich outer layer exhibited around 2 µm thickness (for 1600 h), which could explain the formation of some sub-micrometer pores and voids.



In the growth process of oxide scales, the enrichment in Cr, Ni and Mo oxides near the oxide/metal interface of superduplex 2507, compared to duplex 2205, suggests that it could play an important role as a barrier against further oxidation, and also enhance the adhesion between the oxide scale and metallic substrate. Previous corrosion studies of DS2205 [28,39], which were carried out under atmospheres other than carbonate molten salts, reported that the presence of Mo at the oxide/metal interface influences the oxide growth in two ways: reducing the activity of Fe at the phase boundary, and also inducing a diffusion barrier for Fe and Cr ions between the oxide and the metal. In both duplex steels here studied, the absence of intergranular attack on the alloy surface, the non-depletion of the alloying elements, particularly in Cr and Ni, from grain boundaries, as well as the homogeneous morphologies of oxide scales demonstrated that the corrosion proceeded as a uniform oxidative attack on the alloy surface at long-term. However, the generation of the final double oxide layer could be formed in several stages (Figure 8). According to previous works [28,39], taking into account the composition of austenite (with higher Ni and Mo contents) and ferrite (with higher Cr content) in duplex stainless steels, at the initial oxidation stage (for the tens of hours), oxidation proceeds faster along ferrite while austenite acts as a barrier against further oxidation and protects the underlying ferrite layer. The presence of austenite as a nobler phase in the vicinity of ferrite may contribute to faster oxidation due to the galvanic corrosion of ferrite, acting the ferrite and austenite as anodic and cathodic electrodes, respectively. With the increase in oxidation time (until a few hundred hours), the amount of this compound increased until it was homogeneously distributed on the whole surface of the alloy, and therefore, the corrosion proceeded as a uniform oxidative attack. During the oxidation process in long-term, from 300 h to 1600 h, Cr was strongly accumulated at the inner layer, but also diffused from the inner oxide layer to the outer layer, and finally the content in Cr rich oxide was gradually distributed at the outer oxide layer. The distribution and extension of this compound at the oxide layer probably depended on the formation rate of diffusion barrier composed of Cr, Ni and Mo oxides at the oxide–metal interface. In addition, the presence of Li-containing corrosion products, such as LiFeO2, and especially LiFe5O8, contributed to the formation of porous oxide layers, which can accelerate the corrosion process. Therefore, the oxide growth depends on the composition of each duplex stainless steel, justifying the differences of protection behavior observed in the oxide scales for each alloy.




3.4. Adhesion of Oxide Scales to Metallic Substrate


Generally, the corrosion resistance, and also particularly in molten salts, is also associated with a good mechanical integrity of the oxide scales as well as their adhesion to the metallic substrate, which avoids their detachment in operation and contributes to decreasing the corrosion process [58]. Thus, the analysis of the tracks of scratch test is a suitable way to determine their mechanical integrity and adhesion. Figure 9 shows the intermediate region of the scratch tracks for the oxide scales of both duplex alloys. Additionally, the scratch track of AISI 1020 carbon steel has been included for comparison purposes. This intermediate region of the scratch track containing three specific zones was deeply analyzed to study the failure mechanisms of oxide scale: (1) at the initial zone, containing mainly the oxide layer, allows a study of its mechanical integrity, (2) at the intermediate zone, where both the oxide layer and substrate coexist at the scratch valley, in order to determine the oxide–substrate adhesion, and (3) at the final zone, in which the substrate is only present at the scratch valley, to analyze the accumulation of oxide at both sides of the scratch, generating a remarkable pile-up with the oxide displaced during the scratch.



As shown in Figure 9a, the scratch track of AISI1020 on the oxide scale formed after 120 h, used as a reference, presented large transversal cracks at the oxide layer, and several zones with area spallation or gross spallation. These failure modes were typically attributed to poor oxide/metal adhesion as well as when the residual stress level in the scale was high, presenting a low mechanical integrity. In contrast, the progressive removal of oxide layer and without interface decohesion was observed in the scratch of both DS2507 samples (300 h and 1600 h) (Figure 9b,c). This failure mechanism, and the absence of defects and spallation, suggests that the oxide scales of DS2507 possessed a good mechanical integrity and an excellent adhesion to the metallic substrate. Finally, Figure 9d–f shows the scratch tracks of DS2205 at exposure times of 120 h, 300 h and 1600 h, respectively. Conformal cracks and marks were visible when there was through-thickness cracking at the front and sides of the indenter [59]. This was due to the partial ring cracks, which occurred ahead of the indenter and then passed over and pushed into scratch track. These failure mechanisms in the scratch tracks show that the oxide scales of DS2205 presented a lower adhesion and mechanical integrity compared to those of DS2507.




3.5. Surface Topography of Oxide Scales


The surface topography of oxide scales may be a critical parameter for a possible implementation of these duplex steels in CSP plants. In this sense, the molten salts flow through different components of CSP such as tubes, pipes and tanks, generating a certain friction force between the metal surface and the molten salt. A surface with a poor flatness and high roughness can increase the friction between the oxide scale and molten salt; and therefore, it could contribute to the detachment of oxide scales in operation. This aspect is especially critical when the oxide-substrate adhesion force is not high enough, because the roughness surface could contribute to detach the oxide scale, and consequently, accelerate the corrosion process. Figure 10 and Figure 11 show the surface topographic profiles and the surface roughness parameter (Ra) of the oxide scales, obtained from contact profilometer, formed after exposing duplex and superduplex samples to molten salts for different times. As expected, the polished surfaces of the as-prepared samples, used as references, exhibited typical surface roughness of grinding process (<0.1 µm) with a remarkably flat topographical profile. In contrast, after a few tens and hundreds of hours (24, 120 and 300 h) of exposure to the molten salts, the surfaces of the DS2205 oxide scales exhibited larger roughness with significant irregularities in height and presence of strong hills and valleys (Figure 10a and Figure 11). This could be attributed to the fact that the oxide layer in this first stage of corrosion was formed with a preferential chemical attack in those regions with defects or high surface energy. This strongly irregular topography was significantly increased with the exposure time. The sample exposed for 1600 h presented the surface with the most roughness. On the other side, the oxide scales of DS2507 exhibited lower roughness and flatter oxide layers than DS2205, showing a similar topographic profile with the exposure time as well as roughness values with a low variation after 120 h (Figure 10b and Figure 11).





4. Conclusions


Duplex stainless steels from grades 2205 and 2507 were evaluated for their compatibility with eutectic Li2CO3-K2CO3-Na2CO3 molten salt at 500 °C in air over the long-term for thermal energy storage applications. The corrosion tests evidenced that DS2507 had a higher corrosion resistance than DS2205, which was attributed to its higher content in Cr, Ni and Mo. Consequently, the relationships between oxide thickness and exposure time for DS2205 and DS2507 samples approximately followed parabolic and cubic growth kinetics, respectively. In both duplex steels, the absence of an intergranular attack on the alloy surface, the non-depletion of the alloying elements from grain boundaries and the homogeneous morphologies of the oxide scales showed that the corrosion proceeded as a uniform degradation, without localized corrosion, on the alloy surface. In this sense, the oxide scales of DS2507 presented a better mechanical integrity and adhesion to the substrate, because scratch tests at the oxide layer/substrate interface did not show important damage, such as cracks, marks and spallation. Therefore, this gives an idea about the high quality of their oxide scales formed at long-term. In contrast, the formation of conformal cracks and marks at the oxide–substrate interface in the scratch track of DS2205 evidenced a lower adhesion to the substrate. The formation of porosity at the oxide scales may be attributed to the significant formation of LiFeO2, and especially LiFe5O8. The higher content in Cr, Ni and Mo of the oxide scales concentrated near the oxide layer/substrate interface of DSS2705 probably contributed to the formation of an inner oxide layer composed of Cr, Fe, Ni and Mo oxides with remarkable mechanical integrity and adhesion to substrate. Thus, it could also play an important role as a barrier against further oxidation. On the other side, the oxide scales of DS2507 exhibited a lower surface roughness and a flatter oxide layer than those of DS2205. As a result, duplex stainless steel 2205, and especially superduplex 2507, could be promising alternatives for thermal energy storage of those structural components in CSP plants that usually operate with eutectic Li2CO3-K2CO3-Na2CO3 molten salt at 500 °C in air. Future work will be focused on the corrosion evaluation at temperatures above 500 °C, and new strategies for the development of protective oxide films to mitigate the corrosion of duplex stainless steels in contact with molten carbonate salts.
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Figure 1. Evolution of oxide scale thickness formed on DS2205 and DS2507, as a function of the exposure time determined using: (a) optical microscopy, and (b) Eddy current loss method. 
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Figure 2. XRD spectra and peak identification chart of oxide scales formed on the surfaces of: (a) DS2205 and (b) DS2507, after several exposure times to molten salts. The symbols denote the phases: α, δ, γ and σ (of metallic substrate); chromium oxides (e.g., ● FeCr2O4, and ▲ LiCrO2); iron oxides (e.g., ○ LiFeO2 and ■ LiFe5O8); and □ NiO. 
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Figure 3. Raman spectra at: (a) infrared and (b) visible laser region, corresponding to oxide scales of DS2205 and DS2507 after several exposure times to molten salts. The symbols denote the phases: chromium oxides (e.g., ● FeCr2O4, and ▲ LiCrO2); iron oxides (e.g., ○ LiFeO2 and ■ LiFe5O8); and □ NiO. 
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Figure 4. Cross-sectional SEM images of DS2205 samples exposed to molten salts for: (a) 300 h, and (b) 1600 h. 
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Figure 5. Cross-sectional SEM images and EDS line-scan analyses corresponding to the white line of DS2205 exposed to molten salts for: (a,b) 300 h, and (c,d) 1600 h. 
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Figure 6. Cross-sectional SEM images of DS2507 exposed to molten salts for: (a) 300 h, and (b) 1600 h. 






Figure 6. Cross-sectional SEM images of DS2507 exposed to molten salts for: (a) 300 h, and (b) 1600 h.



[image: Metals 12 02156 g006]







[image: Metals 12 02156 g007 550] 





Figure 7. Cross-sectional SEM images and EDS line-scan analyses corresponding to the white line of DS2205 exposed to molten salts for: (a) and (b) 300 h, and (c) and (d) 1600 h. 
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Figure 8. Scheme of the growth process of oxide scales in DS2205 and 2705 at: (a) the initial oxidation stage (after tens of hours) [28,29], (b) the increase in the oxidation time (until 300 h), and (c) the oxidation process at long-term (from 300 h to 1600 h). 
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Figure 9. Optical microscopy images at the same intermediate region of scratch tracks on the oxide scale surface of: (a) AISI1020, (b,c) DS2507, and (d–f) DS2205, after several exposure times indicated in each image. The white arrow indicates the indenter sliding direction during the scratch test. 
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Figure 10. Surface topographic profiles of the oxide scales, obtained from contact profilometer, formed on the: (a) DS2205 and (b) DS2507, after exposing to molten salts for different times. 
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Figure 11. Surface roughness parameter (Ra) of the oxide scales, determined from contact profilometer, formed on the: (red) DS2205 and (black) DS2507, after exposing to molten salts for different times. 
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Table 1. Chemical composition (wt.%) of duplex stainless steels 2205 and 2507.
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	Alloy
	Fe
	Cr
	Ni
	Mo
	Mn
	C
	N
	Si
	P
	S





	2205
	Bal.
	22.6
	5.2
	3.0
	1.5
	0.02
	0.16
	<0.45
	<0.03
	<0.015



	2507
	Bal.
	25.0
	7.4
	3.8
	<2.0
	0.01
	0.24
	<0.8
	<0.03
	<0.015
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Table 2. Experimental parameters of Equation (1) after fitting the oxide thickness as a function of exposure time with each method for measuring of oxide thickness in the alloys. (*) Units of k expressed in µm·h−1/2 for DS2205 and µm·h−1/3 for DS2507.
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Parameters

	
Optical Microscopy

	
Eddy Current Loss




	
DS2205

	
DS2507

	
DS2205

	
DS2507






	
k (*)

	
0.328

	
0.280

	
0.397

	
0.257




	
n

	
0.54

	
0.33

	
0.53

	
0.34




	
R2

	
0.997

	
0.998

	
0.991

	
0.993
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