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Abstract

:

Oxide ceramics could be attractive high-temperature construction materials for critical structural parts in high-temperature molten salt thermal energy storage systems due to their excellent corrosion resistance and good mechanical properties. The 3D-printing technology allows the production of ceramic components with highly complex geometries, and therefore extends their applications. In this work, 3D-printed ZrO2 and Al2O3 ceramics were immersed in molten MgCl2/KCl/NaCl under argon or exposed in argon without molten chlorides at 700 °C for 600 h. Their material properties and microstructure were investigated through three-point-bend (3PB) testing and material analysis with SEM-EDX and XRD. The results show that the 3D-printed Al2O3 maintained its mechanical property after exposure in the strongly corrosive molten chloride salt. The 3D-printed ZrO2 had an enhanced 3PB strength after molten salt exposure, whereas no change was observed after exposure in argon at 700 °C. The material analysis shows that some of the ZrO2 on the sample surface changed its crystal structure and shape (T→M phase transformation) after molten salt exposure, which could be the reason for the enhanced 3PB strength. The thermodynamic calculation shows that the T→M transformation could be caused by the reaction of the Y2O3-stabilized ZrO2 with MgCl2 (mainly Y2O3 and ZrO2 with gaseous MgCl2). In conclusion, the 3D-printed ZrO2 and Al2O3 ceramics have excellent compatibility with corrosive molten chlorides at high temperatures and thus show a sound application potential as construction materials for molten chlorides.
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1. Introduction


Molten chlorides are promising next-generation high-temperature (up to 800 °C) thermal energy storage (TES) and heat transfer fluid (HTF) materials in, for example, next-generation concentrated solar power (CSP) plants [1]. However, one of the main challenges in industrial applications is that molten chlorides are very corrosive to conventional metallic construction materials such as commercial Cr-Fe-Ni alloys at high temperatures [1,2,3,4,5]. It was reported that even the Ni-based superalloys like Hastelloy (cost > $20 per kg) cannot meet the requirements of corrosion resistance in commercial applications (corrosion rate < 10 µm/year for 30 year lifetime) when they contact with molten chlorides at high temperatures under inert atmosphere (e.g., MgCl2/NaCl/KCl at 700 °C) [3,4,5,6,7].



Oxide ceramics like Al2O3 and ZrO2 are attractive construction materials for high-temperature applications such as in the field of conventional power generation [8] and molten salt TES/HTF technology [9] due to their excellent corrosion resistance, good mechanical strength at high temperatures and low material costs. The ceramics generally have a better chemical compatibility with corrosive media like molten salts than metallic materials [10]. Yttria-stabilized zirconia (YSZ) ceramic coatings on alloys have demonstrated resistance to the hot corrosion of molten chlorides like LiCl-KCl at high temperatures [11,12]. For instance, Jagadeeswara Rao et al. showed that 8–9 wt.% yttria-stabilized zirconia (YSZ) ceramic coating on an alloy was corrosion resistant to molten LiCl-KCl-UCl3 (5–6 wt.%) salt at 600 °C under argon atmosphere in a 2000 h molten salt exposure test [11]. Thus, the oxide ceramics are often used for molten chloride laboratory experiments (e.g., corrosion, electrochemistry, crucibles) [10,13]. Furthermore, they could be attractive high-temperature construction materials for critical structural parts in contact with strongly corrosive molten salts (e.g., moving parts such as pump bearings [14], seals, electrical insulators and hot surfaces). Recently, X. He et al. reported the use of ZrO2 as a bearing material in molten chloride pumps for next-generation CSP plants [14].



However, compared to metallic alloys, they have much weaker toughness and lower resistance to, for example, thermal shock. Moreover, their extreme hardness and brittleness lead to extremely difficult machining of ceramic components and thus limit their applications [15]. One way to improve the applicability of ceramics is via ceramic composites technology [16]. Compared to ceramics, ceramic composites have much better fracture toughness because of their composite structure, leading to easier machining [16]. In our previous work [16], we confirmed the excellent corrosion resistance of a carbon-fiber-reinforced silicon carbide composite (C/C–SiC composite) in molten chlorides (MgCl2/NaCl/KCl 60/20/20 mole%) under argon atmosphere via immersion test at 700 °C for 500 h. Besides ceramic composites, the introduction of 3D printing, also referred to as additive manufacturing (AM), into the manufacturing of ceramic components offers new possibilities for addressing the aforementioned challenges, and extends their applications [15]. For instance, 3D-printed oxide ceramic components with highly complex geometries [15,17], such as high-performance ceramic heat exchangers [17] and sample holders used in our other works for molten salt corrosion tests (see Figure 1) have become available. Moreover, compared to ceramic composites, the 3D-printed oxide ceramics like ZrO2 can have much lower porosity (<1%, see Section 2.1), which is critically required in the construction materials of, for example, molten salt heat exchangers. However, it is well known that different production processes (conventional or 3D printing) for materials such as alloys [18] can lead to different microstructures and properties, including anti-corrosion properties. To our best knowledge, no open literature is available on corrosion resistance and the application of 3D-printed oxide ceramics in high-temperature TES/HTF or other applications using molten chloride salts.



In this work, the compatibility of 3D-printed ZrO2 and Al2O3 ceramics with molten chlorides is investigated. The as-received 3D-printed ceramics are immersed in molten MgCl2/NaCl/KCl (60/20/20 mole%) at 700 °C for 600 h under argon atmosphere to study their corrosion resistance in contact with the strongly corrosive molten chloride salt. Moreover, they are exposed in argon atmosphere at 700 °C for 600 h to investigate the effect of a pure thermal treatment without molten salt. The material properties and microstructures of all the 3D-printed ceramics are investigated through 3PB mechanical testing and additional analysis with scanning electron microscopy (SEM), energy dispersive X-ray (EDX) scanning and X-ray diffraction (XRD). The effect of the molten salt exposure on the 3D-printed ZrO2 and Al2O3 ceramics is discussed based on the tests and analysis, in order to determine if they can be used as construction materials in contact with strongly corrosive molten chloride salts.




2. Experimental


2.1. Chemicals and 3D-Printed Ceramics


KCl (Alfa Aesar, Munich, Germany, >99 wt.%), NaCl (Alfa Aesar, Germany, >99 wt.%) and anhydrous MgCl2 (Magnesia, Lüneburg, Germany, >99 wt.%, technical grade) were used to synthesize the salt mixture of MgCl2/KCl/NaCl (60/20/20 mole%) for immersion tests. The 3D-printed specimens were provided by Steinbach AG, Germany, with 99.8% purity, 1.6% porosity and 98.4% of its theoretical density (3.985 g/cm3) for Al2O3 and 99.9% purity, 0.6% porosity and 99.8% of its theoretical density (6.088 g/cm3) for ZrO2 [19]. The ZrO2 was stabilized with 3 mole% Y2O3. All specimens were produced by Lithography-based Ceramic Manufacturing (LCM) [17] on a CeraFab-system from Lithoz (Vienna, Austria) using LithaLox 350 for Al2O3 and LithaCon 3Y 230 D for ZrO2. In the printing, a slurry of ceramic particles and photo-active polymer was exposed layer by layer to form the 3-dimentional part. After exposure, the residual not-polymerized slurry was cleaned, then the polymer phase in the green body was released by tempering (Al2O3: 134 h preconditioning up to 120 °C and 102 h debinding up to 1100 °C; ZrO2: 134 h preconditioning up to 120 °C and 58 h debinding up to 600 °C) followed by sintering (Al2O3: 48 h up to 1600 °C; ZrO2: 28 h up to 1450 °C) to the final product.




2.2. High-Temperature Tests


Figure 2 shows a schematic of the experimental set-up used for high-temperature tests on the 3D-printed oxide ceramics. Two tests were conducted: (1) immersion test in molten salt under Ar atmosphere at 700 °C for 600 h, and (2) exposure test in Ar gas without molten salt at 700 °C for 600 h.



In Test 1, a high-temperature-resistant glassy carbon crucible (Sigradur® G, GAZ 4) purchased from HTW, Germany was used to avoid any reaction of the molten salts with the crucible. The temperature of the molten salt under argon atmosphere at 700 °C was controlled by a thermocouple close to the crucible. Referring to previous work [16], the heating of the salts were conducted as follows: after four times vacuumization (≤50 mbar), the salt mixture was heated to ~200 °C and kept under argon atmosphere (purity ≥ 99.999%, H2O ≤ 0.5 ppm, 40 L/h (STP), the absolute pressure above the salts was ~1.1 bar) for 1 h to remove residual water in the hygroscopic MgCl2 salt. After that, it was heated to 700 °C and kept at this temperature for corrosion tests with the immersed specimens of the 3D-printed ZrO2 and Al2O3 ceramics. As shown in Figure 2, the 3D-printed ZrO2 and Al2O3 ceramics (three pieces for each, size: 45 mm × 4 mm × 3 mm) were completely immersed in the molten MgCl2/NaCl/KCl (60/20/20 mole%, 10 g). After 600 h exposure, the furnace was cooled down to room temperature under argon atmosphere. The specimens were washed with deionized water and dried. The corrosion resistance of the specimens was analyzed via mechanical tests and microstructural analysis.



In Test 2, the heating process was identical to Test 1, but no molten salt was used. The 3D-printed ZrO2 and Al2O3 ceramics (three pieces for each, size: 45 mm × 4 mm × 3 mm) were exposed in Ar gas at 700 °C for 600 h. The effect of the pure thermal treatment on the 3D-printed ceramics was analyzed via the 3PB mechanical tests and microstructural analysis.




2.3. Corrosion and Mechanical Analysis


2.3.1. Mechanical Tests


The mechanical properties of the as-received coupons in the unexposed state (G), after exposure in the molten chloride salt (AS) and after thermal treatment without molten chloride salt (AT) were determined and evaluated using 3-point bending (3PB) test according to DIN EN 843-1 [20]. Some more information on the mechanical tests can be found in our previous work on ceramic composites [16]. All the experiments were performed up to sample failure on a universal testing machine (Zwick 1494) at a controlled cross-head speed of 1 mm/min. The failure stress was calculated from the maximum load. For statistical confirmation, three samples for each ceramic type in each test with size 45 mm × 4 mm × 3 mm were tested.




2.3.2. Material Analysis


The microstructures were investigated using a scanning electron microscope (Zeiss Ultra Plus, Carl Zeiss Microscopy GmbH, Jena, Germany) and EDX (X-Max20, Oxford Instruments, Germany). Phase analysis was performed by X-ray diffraction (XRD) using a 2θ-goniometer (D8 Advance, Bruker AXS, Karlsruhe, Germany) with Cu Kα radiation (154.060 pm) with a step size of 0.05° and 10 s time/step in the range of 10° < 2θ < 90°.






3. Results and Discussion


3.1. Mechanical Tests


The measured 3PB strength values are summarized in Figure 3. The index G denotes the unexposed state, AS after exposure in the molten chloride salt and AT after thermal treatment without molten chloride salt. The measured value for as-received Al2O3 agrees well with the value of 395 MPa in the data overview from Lithoz [19]. The results show that the 3D-printed Al2O3 maintained its mechanical property after exposure in the strongly corrosive molten MgCl2/NaCl/KCl salt and Ar gas. This agrees with the findings in our previous work [21] and the work of J. Vidal et al. [22], who found that the Al2O3 coating was corrosion resistant in the molten chloride salts. Moreover, there was no significant difference in the strength values after pure thermal treatment. The 3D-printed ZrO2 had enhanced mechanical properties after exposure in the strongly corrosive molten chloride salt. The 3PB strength increased by ~80%. After exposure in the hot Ar gas at 700 °C for 600 h, the 3PB strength of the 3D-printed ZrO2 had no significant change compared to the samples as received. This means the strength enhancement of the 3D-printed ZrO2 was caused not (at least not mainly) by the heating, but by the exposure in the molten salt. The possible reasons for this will be discussed based on SEM, EDX and XRD analysis in Section 3.2.




3.2. Material Analysis


The microstructural analysis of the Al2O3 and ZrO2 samples was performed via XRD and SEM-EDX. Since no changes were detected for the 3D-printed Al2O3 in either the 3PB strength or the microstructure and crystalline phase, only the results of the microstructural analysis on the 3D-printed ZrO2 are shown in this work to assess the enhancement of the 3D-printed ZrO2.



3.2.1. XRD Analysis


As shown in Figure 4, XRD analysis of the as-received and Ar-annealed ZrO2 samples stabilized with 3 mole% Y2O3 revealed the tetragonal phase (tazheranite ZrO2, theoretical density of 6.10 g/cm3 [23]) as the main component, and other phases were not observed. This result agrees with the fact that the measured density of the sample by the supplier shown in [19] (6.08 g/cm3) is very close to the theoretical density of the tazheranite ZrO2. When the sample was exposed in the molten MgCl2/NaCl/KCl (60/20/20 mole%) salt under argon atmosphere at 700 °C for 600 h, an additional monoclinic phase (baddeleyite ZrO2, theoretical density of 5.68 g/cm3 [23]) was observed, clearly indicating that the phase change from tetragonal to monoclinic phase occurred. It is well known that the T→M phase transformation is associated with a volume expansion of 3–5% (i.e., a decrease of the density) and could be beneficial in improving both the toughness and strength of the stabilized ZrO2 [24]. Thus, this can explain the 3PB strength enhancement of the sample.



According to the phase diagrams of ZrO2 stabilized with Y2O3 [25] and MgO [24], in the case of pure ZrO2, at temperatures below ~1200 °C monoclinic baddeleyite (M) should be thermodynamically stable, and beyond ~1200 °C tetragonal tazheranite (T) should be thermodynamically stable. There is a high-temperature phase change to cubic phase (C), which is stable beyond 2370 °C. When the ZrO2 is stabilized with 3 mole% Y2O3, the theoretical phase change of M↔T takes place at a much lower temperature of about 600 °C, which is below the test temperature in this work (700 °C). As shown in the phase diagram of ZrO2 stabilized with MgO [24], compared to ZrO2 stabilized with Y2O3, ZrO2 stabilized with >1% MgO has a much higher temperature (1400 °C) for the theoretical phase change of M↔T. This implies that ZrO2 stabilized with MgO has lower stability, that is, a higher trend for the M↔T phase change at the test temperature in this work (700 °C). Because the 3PB-strength showed almost no change after the thermal treatment without salt, it is reasonable to assume that the phase of the stabilized ZrO2 would not be changed after exposure in the hot Ar gas at 700 °C for several hundred hours. Thus, the transformation of the metastable tazheranite T phase to the thermodynamically stable baddeleyite M phase should be attributed to the presence of the molten MgCl2/NaCl/KCl salt—that is, molten salt treatment could have a beneficial effect on the T→M transformation. It was reported in [11] that the M↔T phase change in a 8–9 wt.% Y2O3-stabilized ZrO2 coating was not observed after 2000 h exposure in molten LiCl-KCl-UCl3 (5–6 wt.%) salt (mainly alkali metal chlorides) at 600 °C under argon atmosphere. Based on this finding, the aforementioned results from the phase diagrams of ZrO2 stabilized with Y2O3 and MgO and the calculated ∆G° values with FactSage in Equations (1–4), the reaction of the Y2O3-stabilized ZrO2 with MgCl2 (mainly Y2O3 and ZrO2 with gaseous MgCl2) may be the main reason for the T→M transformation. The experimental measurements showed that the vapor pressure of MgCl2/NaCl/KCl (38.2/41.3/20.5 mole%) was about 3.5 kPa at 725 °C [26]. Moreover, in the SEM-EDX images of the molten salt exposed ZrO2 in next subsection, reduced concentrations of the Y and Zr elements were observed in a several-micron-thick layer close to the surface. However, the Mg element on the surface layer of the molten salt exposed ZrO2 was not detected, which may be due to the detection limit of EDX (generally >5 mole%). Thus, the detailed mechanism of the molten salt treatment on ceramics is highly suggested to be investigated using other material analysis techniques with a lower detection limit in future work for possible technical applications.


ZrO2(s) + 2MgCl2(g)↔ZrCl4(g) + 2MgO(s) ∆G° = −16 kJ/mole (700 °C)



(1)






ZrO2(s) + 2MgCl2(l)↔ZrCl4(g) + 2MgO(s) ∆G° = +133 kJ/mole (700 °C)



(2)






Y2O3(s) + 3MgCl2(g)↔2YCl3(l) + 3MgO(s) ∆G° = −127 kJ/mole (700 °C)



(3)






Y2O3(s) + 3MgCl2(l)↔2YCl3(l) + 3MgO(s) ∆G° = +97 kJ/mole (700 °C)



(4)








3.2.2. SEM-EDX Analysis


Since no change of the 3PB strength was observed, all the samples of Al2O3, as well as the samples of ZrO2 after exposure without salt were not analyzed with SEM-EDX. To identify changes of the ZrO2 sample after molten salt exposure, the microstructures of the ZrO2 samples were analyzed before and after molten salt exposure, as well as after pure heat treatment in Ar via SEM and EDX on cross sections. The SEM analysis in Figure 5 gave insights into the material construction before exposure in molten salt and after pure heat treatment in Ar. It was shown that the microstructure of the ZrO2 sample was not changed after pure heat treatment in Ar. On the surface of the samples, the layer formation of the 3D printing was partially visible (the top layer did not cover the entire surface). However, the inner sample showed no cavities, irregularities or defaults. The edge area also gave insight into the grain structure. Grain boundaries were not interrupted by cavities and formed a unified solid material. The grain size was about ~600 nm, with a spherical shape.



After exposure in molten salt at 700 °C the ZrO2 samples were again analyzed. The SEM image shows no significant change throughout the material (Figure 6), whereas an obvious change in the grain shape can be observed in the surface area. The grains on the surface were transformed from round to a more angular/crystalline shape. This observation agrees with the results of the XRD analysis in Section 3.2.1, which suggested that a phase change of T→M occurred at 700 °C. Besides the phase change, the shape change of the ZrO2 grains in the surface area could be another reason for the enhancement of the mechanical strength observed in the mechanical tests.



EDX analysis was used to investigate corrosion penetration. The EDX images, such as Cl, Na, K, Mg, Y and Zr in Figure 7, show that no residual salt elements were detectable in the substrate of the 3D-printed ZrO2 ceramic after exposure, while the concentrations of the Y and Zr elements in a several-micron-thick layer on the surface of ZrO2 sample were reduced, which could be explained with the aforementioned reaction of Y2O3 and ZrO2 with gaseous MgCl2 in Equations (1) and (3). Only a small amount of salt such as NaCl and KCl could be detected on the sample surface. This implies that corrosion of the 3D-printed ZrO2 ceramic in molten MgCl2/KCl/NaCl, as metallic alloys [4,5,7] and C/C–SiC composite [16] caused by corrosive salt impurities like MgOHCl [5], does not occur at 700 °C under Ar atmosphere. This observation is supported by the literature [11,12] and the result of our thermodynamic simulations with the commercial software FactSage, which was used for a corrosion mechanism study of a C/C–SiC composite in our previous work [16], finding that the reactions of ZrO2 and Y2O3 with HCl (decomposition product of MgOHCl at >555 °C [6,27]) have a positive ∆G° of 156–182 and 88–208 kJ/mole at 500–900 °C, respectively (see Equations (5) and (6)). The thermodynamic simulations with FactSage show that the reactions of Al2O3 with HCl, gaseous MgCl2 and liquid MgCl2 have positive ∆G° values of 321–323, 11–78 and 310–231 kJ/mole at 500–900 °C, respectively (see Equations (7)–(9)), which implies that Al2O3 could theoretically also have a good chemical compatibility with the corrosive molten chlorides, supporting the results for Al2O3 in Section 3.1.


ZrO2 (s) + 4HCl (g)↔ZrCl4 (g) + 2H2O (g) ∆G° = +(156–182) kJ/mole (500–900 °C)



(5)






Y2O3 (s) + 6HCl (g)↔2YCl3 (l) + 3H2O (g) ∆G° = +(88–208) kJ/mole (500–900 °C)



(6)






Al2O3 (s) + 6HCl (g)↔2AlCl3 (g) + 3H2O (g) ∆G° = +(321–323) kJ/mole (500–900 °C)



(7)






Al2O3 (s) + 3MgCl2 (g)↔2AlCl3 (g) + 3MgO (g) ∆G° = +(11–78) kJ/mole (500–900 °C)



(8)






Al2O3 (s) + 3MgCl2 (l)↔2AlCl3 (g) + 3MgO(g) ∆G° = +(310–231) kJ/mole (500–900 °C)



(9)










4. Conclusions


The compatibility of 3D-printed ZrO2 and Al2O3 ceramics with molten chloride salt (MgCl2/NaCl/KCl 60/20/20 mole%) was investigated with immersion tests at 700 °C for 600 h under argon atmosphere. The 3PB tests and analysis via XRD and SEM-EDX were used to study the change of their mechanical properties, crystal phase and microstructure.



The main conclusions of this work are:




	
The 3D-printed oxide ceramics (ZrO2, Al2O3) showed good compatibility in molten chlorides (i.e., corrosion resistance in molten chlorides).



	
3D-printed Al2O3 maintained its mechanical properties after exposure in the strongly corrosive molten chloride salt. At 700 °C for 600 h, no indication of reaction or phase change (XRD) between the molten chloride salt and the 3D-printed Al2O3 was observed.



	
Mechanical tests showed that the 3D-printed ZrO2 had enhanced mechanical stability after exposure in molten chlorides. Material tests (XRD and SEM-EDX) showed that the 3D-printed ZrO2 on the surface changed its crystal structure and shape after exposure in the molten chloride salt due to T→M phase transformation, which may be the reason for the enhanced mechanical properties.



	
The exposure tests of the 3D-printed ceramics in Ar without molten salt at 700 °C for 600 h showed no mechanical strength changes. Thus, the change of ZrO2 crystal structure and shape is attributed to the molten chloride salt investigated in this work. The thermodynamic calculation shows that the reactions of the Y2O3 and ZrO2 with gaseous MgCl2 could be the main reason for the phase transformation.
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Figure 1. An example of a 3D-printed ceramic component: sintered alumina sample holder, which is used in our other works for molten chloride corrosion tests. 
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Figure 2. Schematic diagram of the experimental set-up for high-temperature static exposure tests. 1: Gas bottle for argon 5.0 gas, 2: glass wool heat isolator, 3: steel tubing of Incoloy 800 H, 4: furnace, 5: glassy carbon crucible, 6: molten chloride salt (Test 1) or Ar gas (Test 2), 7: coupons of 3D-printed ZrO2 ceramics, 8: coupons of 3D-printed Al2O3 ceramics, 9: Al2O3 plate, 10: thermocouple close to the molten salt, 11: vacuum pump, 12: security bottle (empty) to prevent reflux from the gas washing bottle, 13: bottle with NaOH solution for gas washing (removal of HCl and Cl2). 
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Figure 3. 3PB strength values of Al2O3 and ZrO2 in the unexposed state (G, black color), after exposure in the molten chloride salt (AS, red color) and after pure thermal treatment without molten chloride salt (AT, blue color). 
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Figure 4. XRD analysis of 3D-printed ZrO2 in three states: annealed at 700 °C (600 h) in salt melt, pristine ZrO2 serving as reference and annealed in Ar at 700 °C (600 h). All peaks were assigned to tetragonal tazheranite syn (PDF 01-072-7115), except the ones marked with an asterisk, which were assigned to monoclinic baddeleyite syn (PDF 01-081-1314) for the sample annealed at 700 °C (600 h) in salt melt. 
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Figure 5. SEM images of the cross section of ZrO2 samples before molten salt exposure (as received) and after pure heat treatment in hot Ar (temperature). 
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Figure 6. SEM images of the cross section of ZrO2 sample after molten salt exposure. 
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Figure 7. SEM-EDX images of the cross section of ZrO2 samples before (left) and after (right) molten salt exposure. After molten salt exposure, the concentrations of the Y and Zr elements on the surface of ZrO2 sample (in red and yellow circles) were reduced. 
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