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Abstract

:

This work designs a silica (SiO2) layer on a molybdenum metal core to provide new insights on the corrosion resistance of the silica/silicide coating in the Ni-based superalloy. The molybdenum substrate coated with MoSi2 by pack cementation was pre-oxidized to fabricate a cristobalite scale on the surface and the preoxidation specimens were chosen to examine the corrosion-resistant property by using a DSM11 superalloy at 1550 °C. In order to prepare a cristobalite layer, the microstructure evolution of a 40- µm MoSi2 coating with the different oxidation parameters (temperature and time) was investigated. After casting test, the different casting results showed that the silicide layer was dissolved in the molten superalloy. However, the molybdenum matrix was found to be protected by the cristobalite layer, as well as accompanied by the cristobalite layer partially destroyed at the core/superalloy interfaces. Furthermore, the reason for the destruction of cristobalite layer was analyzed. The failure mechanism of the cristobalite layer was proposed during the cast process.
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1. Introduction


To increase the operation temperature of a gas turbine, ceramic-metal-composite cores have attracted more attention for their excellent properties. The specific structures can be applied to fabricate gas turbine hollow blades with designed, advanced cooling passageways. The ceramic parts are usually conventional ceramic cores, including silica ceramic cores and alumina ceramic cores, while refractory metal cores are used in metal core parts. Refractory metal cores [1] are generally composed of refractory metal (molybdenum, tungsten, tantalum, niobium, etc.) with a barrier coating. The ductile metal has better mechanical properties and can be prepared into thinner structures with new features and complex geometries. Compared with ceramic cores, refractory metal cores have advantages that favor their use in small and fine sections. Thus, refractory metal cores can be used in place of the partial ceramic core in future gas-turbine blades and vanes, such as the leading edge, the trailing edge, and the pressure side wall. That is to say that metal cores are assembled with ceramic cores to form the advanced cooling structure. Therefore, ceramic-metal-composite cores would be expected to improve the gas turbine inlet temperature.



Molybdenum (2610 °C), as a refractory metal, is suitable for the metal core. However, it is catastrophically destroyed due to the vaporization of molybdenum oxide [2] during the firing shell (T > 650 °C) and reacts with the molten superalloy during the casting process (T > 1500 °C). Therefore, the protective coatings [3] are indispensable for the application of molybdenum metal cores. After the casting to form the cavity structure, the ceramic layer can be dissolved in the KOH/NaOH solution [4], then the molybdenum substrate will be removed by utilizing the thermal oxidation (Mo→volatile MoO3) or chemical corrosion (1H2SO4 + 2HNO3 + 2H2O corrosive solution) [5].



The authors believe the silica layer can protect the molybdenum substrate during the casting process. Silicon-based cores [6,7] have been commonly used in the blade production, and the matrix material is mainly composed of silicon oxide. If silica is verified to be able to resist the superalloy, the design of the metal core coatings will be broadened. In the same sense, the alumina, silica, zirconia, magnesia, and their mixed oxides can also be used as the metal core coatings. In addition, it is well-known that the silica can be considered as an easily removed core [8,9]. Therefore, in this work, the authors will focus on the design of the silicon oxide layer onto metal cores.



Among several coatings [10,11,12] on molybdenum and its alloys, the silicide coatings [13,14,15,16] showed outstanding oxidation resistance at high temperatures due to the formation of a continuous SiO2 layer. Moreover, halide-activated pack cementation exhibits several merits—such as easy fabrication, and low cost—in these coating preparation techniques, and has been employed in various alloys in engineering application. Thus, a MoSi2 (2020 °C) coating was prepared on Mo substrate using the method in this paper, and then the SiO2 layer can be generated from the silicide layer by preoxidation.



In the present work, the 27 um, 40 um, and 63 µm MoSi2 coating oxidized at isothermal 1300 °C for 20 h were compared to observe the coating structure. The 40 µm thickness diffusion coating was a preferred thickness for the molybdenum metal core. Then, the microstructures evolution of MoSi2 coatings during the preoxidation treatment under different parameters (temperature and time) was investigated, subsequently, the corrosion-resistant property of the preoxidation specimens was tested by using DSM11 superalloy at 1550 °C. During the cast process, the corrosion resistance of the silica/silicide coating was uncovered.




2. Experiment Procedures


2.1. Prepared Coating


The pure molybdenum (99.99%) sheet with a dimensions of 24 mm × 20 mm × 0.4 mm was used as the substrate of metal cores. In order to obtain fresh surfaces, specimens were ground with SiCgrit papers from 240 # to 1000 #. They were ultrasonic-cleaned in the distilled water and ethanol, and then dried. The pack mixtures contained: 15wt % Si powder, −2 wt % NH4Cl, and −83 wt % corundum powder. The average size of silicon powder as donor sources is 500 mesh with a (99.99%) purity. The average size of corundum as an inert filler is 280 mesh with a (99.9%) purity. The NH4Cl particles as an activator have analytical reagent (AR) grade (99.5%) purity. After specimens were surrounded by uniform powders, they were putted into the horizontal tube furnace with a naturally flowing argon (40 min) to exhaust the inner air. Then, the furnace was heated up to 1100 °C for 2 h under the (0.01 MPa, 0.03 MPa, and 0.07 MPa) different pressures to prepare the (27 µm, 40 µm, and 63 µm) MoSi2 coatings. When the furnace went down to room temperature, as-coated specimens were taken off from the device. The residual powder was removed by a brush, water jet, and alcohol, and then dried. After as-coated specimens being placed into the alumina crucible, the preoxidation process was carried out in a muffle furnace.




2.2. Casting Test


The preoxidation specimens underwent a standard investment casting process. They were assembled in a wax pattern and went through several steps. The processes included slurry, stucco, dried, dewax, and fire shell, in which the ceramic shell was burned at 900 °C for 6 h. After the specimen–shell couple dwelt at 1550 °C in a vacuum induction directional solidification (DS) furnace, specimens were immersed in a superalloy melt at 1550 °C for approximately one hour, then the withdrawing rate was 6 mm/min. The experimental alloy is a Ni-based DSM11 superalloy. The nominal composition is showed in Table 1.




2.3. Characterizations


The surface and cross-sectional microstructure of specimens were observed using the field emission scanning electron microscopy (SEM, FEI Inspect F50 and FEI Apro). The SEM equipment was operated with a high voltage of 20 KeV and a spot size of 4 μm. The working distance from the specimens to the electron probe is 10.5 mm. The element component was analyzed by the energy dispersive spectroscopy (EDS) detector of Oxford Instruments. X-ray diffraction (XRD, D/Max 2500PC) with a Cu target was performed to identify the phase composition. The Kα radiation generated at an acceleration voltage of 45 kV and a current of 200 mA. The scanning parameter was set at 2theta degrees from 20° to 80°, with a step size of 0.02° and a scanning speed of 10° min−1. The data of XRD spectrum was dealt with Jade 6 and origin 2018 software.





3. Results and Discussion


3.1. The Microstructure Evolution of As-Coated Specimens after Oxidation


As a diffusion coating, the thickness is highly correlated with service life. Figure 1a shows the thickness change of the (A—27 µm, B—40 µm, C—63 µm) coatings at isothermal 1300 °C for 20 h. After oxidation, the total thickness of the A-coating is 44.78 µm (Ⅰ 3.99 µm SiO2, Ⅲ 36.12 µm Mo5Si3, Ⅳ 4.67 µm Mo3Si); B-coating is 72.2 µm (Ⅰ 4.02 µm SiO2, Ⅱ 21.01 µm MoSi2, Ⅲ 47.17 µm Mo5Si3) and C-coating is 91.61 µm (Ⅰ 4.2 µm SiO2, Ⅱ 45.38 µm MoSi2, Ⅲ 42.03 µm Mo5Si3). For the A-coating, it is obvious that the formation of Mo3Si and the disappearance of MoSi2 are due to the high-temperature diffusion of silicon. In the wake of the entire degeneration from MoSi2 to low-silicon silicide (Mo5Si3, Mo3Si), MoSi3 phase will grow in the Mo5Si3/Mo diffusion couple and no other new phases are formed in the diffusion coating [17]. In spite of low-silicon silicide (Mo5Si3 (2180 °C), Mo3Si (2023 °C)) having a high melting point, low-silicon silicide with a low resistance to oxygen will accelerate the failure of the coating [18]. However, the thickness of Mo3Si in the B- and C- coatings is so small and uncritical that it can be neglected. The coating is mainly composed of SiO2, MoSi2 and Mo5Si3 after oxidation. Therefore, the phase component and thickness of the coating varies with the augmentation of original MoSi2 thickness. In addition, the development of coating structure can be inferred according to the phase component and thickness of the coating. The high silicon of MoSi2 results in the main growth of Mo5Si3. Meanwhile, the growth rate of Mo5Si3 is greater than that of Mo3Si at the initial stage of the diffusion process. When the depletion of MoSi2 is up to a certain extent, the growth rate of Mo3Si has priority over Mo5Si3 and the formation of coating is dominated by Mo3Si. Based on the above analyses, these results suggest that the MoSi2 thickness has an important effect on the service life of the coating and the conversion of coating structure. In view of the MoSi2 being brittle at low temperatures (T < 1000 °C), the total thickness of coating should be as thin as possible. For the peroxidation, 40 µm is selected as an appropriate thickness.



After oxidation, a typical cross-sectional BSE image of specimens at 1300 °C for 10 h is presented in Figure 1c. The whole coating is relatively uniform and dense. Due to different diffusion coefficients of Mo and Si [17], the mutual diffusion results in the formation of Kirkendall effect pores shown in red arrows. In addition, a few cracks (white arrows) are generated as a result of thermal expansion coefficient (CET) mismatch (MoSi2, 8.2 × 10−6 K−1; Mo, 5.8 × 10−6 K−1) during the cooling from the oxidation temperature to room temperature. According to EDS analysis (Table 2. spot1, 2, 3, 4) and XRD pattern (Figure 1b), the multilayer structure is composed of 2.92 µm SiO2, 20.29 µm MoSi2, and 33.13 µm Mo5Si3. The SiO2 layer forms on the surface of specimens as a result of the oxidation reactions [19]. The oxidation reactions are described as the follows:


MoSi2 + 7/2O2 = MoO3 + 2SiO2.



(1)






MoSi2 + 7/5O2 = 1/5Mo5Si3 + 7/5SiO2.



(2)






Mo5Si3 + 2 1/2O2 = 5MoO3 + 3SiO2.



(3)







The formation of silica restrains the oxygen diffusion and reduces the oxygen partial pressure between SiO2 and Mo5Si3. Beneath the SiO2 layer, the white Mo5Si3 layer with low silicon is different from the Mo5Si3 phase with high silicon at the interface of MoSi2 and Mo. The former is formed by the consumption of silicon, inducing to form the growth of the low-silicon-structure Mo5Si3, and the low-silicon-structure is well-kept by the rapid diffusion of the silicon [20]. The latter can be attributed to higher silicon diffusion potential that leads to the degradation of MoSi2 into Mo5Si3 [17]. Moreover, the Mo5Si3 phase also distributes across the MoSi2 interlayer in the green arrows of Figure 1c, which implies that the degeneration of MoSi2 occurs both internally and externally.



From the cross-sectional coating structure, the silicide, by consuming itself, forms the silicon oxide to protect the Mo substrate, whereas silicon dioxide has a variety of crystalline forms, such as cristobalite, quartz glass, quartz, etc. Figure 2 shows the crystal structure change of silicon dioxide under different conditions. Considering that the sintering temperature of silicon-based core is about 1200 °C to control the transformation from the quartz glass to cristobalite, the high temperature (T > 1470 °C) further increases the content of cristobalite in the (DS) furnace. Thus, the cristobalite is expected to be the structure lattice that will protect the molybdenum core in the superalloy.



Figure 3a shows the surface morphology of specimens heated at 1100 °C for 2 h. Quite a few white particles are embedded in the surface. EDS (Table 2 spot5) reveals that the white particles are molybdenum oxide that have been incompletely oxidized. The uneven surface is due to abrasive paper scratches and the relatively thin oxide film. After the coating is oxidized at 1200 °C for 2 h, shown in Figure 3b, it is observed that the white particles (Table 2 spot6) reduce on the outside surface and the morphology of SiO2 presents the package structure. Corresponding XRD patterns (Figure 1b) indicate that the package structure SiO2 is cristobalite. When temperature remains at 1300 °C for 2 h (Figure 3c) and 10 h (Figure 3d), the white particles have vanished in virtue of the transformation into volatile molybdenum oxide. Moreover, the morphology of silica also keeps a package structure and some microcracks emerge on the surface. The cracks formed on the cristobalite layer are due to the CET mismatch between cristobalite (10.3 × 10−6 K−1) and silicide. With further increased time to 15 h (Figure 3e), some holes appeared, but with no penetration inside the oxide layer. The formation of holes may be because the oxide layer grows outward and the poor fluidity of cristobalite cannot heal in high temperatures. According to the morphology evolution of the silica and XRD patterns (Figure 1b), the external layer is composed of the cristobalite. Therefore, the service life and oxidized structure of MoSi2 coating depends on the thickness. After oxidation at 1300 °C for 10 h, the typical structure of 40 µm MoSi2 has three main-layers: SiO2, MoSi2, and Mo5Si3. Meanwhile, the external oxide layer is the cristobalite phase in 1300 °C for above 2 h.




3.2. The Microstructure of As-Coated Specimens after Casting Test


Specimens at 1100 °C for 2 h (specimen #1) and at 1300 °C for 10 h (specimen #2) were selected to test the corrosion-resistant property. The macrophotograph of specimens after the casting test is shown in Figure 4a, which, respectively, contains molybdenum metal core and a DSM11 rod. The core (specimen #1 on the left) is difficult to be distinguished near the center, whose place is merely traced in the blue rectangle. The BSE image of this region is shown in the Figure 4b. Correspondingly, Mo mapping (Figure 4) indicates that there is no regional enrichment of molybdenum elements in the position of the metal core and the distribution of molybdenum elements is uniform in the ingot. It can be deduced that the molybdenum core has dissolved into the superalloy before being withdrawn. Thus, both the silicide layer and Mo matrix have been corroded in the molten alloy. The reason of the failure is presumed to be the rupture of Mo–Mo and Mo–Si bonds in the molten metal at 1550 °C.



Specimen #2 on the right (Figure 4a) shows the fine limitations between the molybdenum metal core and superalloy. The cross-sectional BSE image, as shown in Figure 4c (5 g CuSO4 + 25 mL HCl + 50 mL H2O etch, etching time 10 s), indicates that the silica/silicide coatings are confirmed to protect the molybdenum metal core. Compared to the front result, it is attributed to the cristobalite, which plays a decisive role in protecting the metal core. The cristobalite has a more stable structure than the silicide in superalloy. The metal core has approximately 470-µm total thickness with a 500-µm cavity. As Mo substrate thickness decreases, a thinner cooling structure can be fabricated by metal core. Figure 4d shows the high-magnification BSE image of this region. There is a 15-µm gap between the cristobalite layer and DSM11. The formation is due to the cooling shrinkage (Mo, 5.8 × 10−6 K−1 and DSM11, 12.2 × 10−6 K−1). Moreover, the surface wettability may have some influence on the interface interval [21]. In the silica/silicide coating, some transverse cracks are observed in the white arrows of Figure 4d. The cracks result from the pressure stress that comes from the thermal shock of alloy melt. Figure 4e shows the BSE image of the partial core in the shell position. The coating also comprises similar multilayers including the pores and cracks. The interstice between SiO2 and silicide is obviously observed and the presence of interstice reflects that the interface force is fragile. The main reason is presumed to be that the CET (10.3 × 10−6 K−1) of cristobalite is higher than Mo5Si3 [22]. Moreover, the SiO2 layer in the DSM11 (2.16 µm) and shell (4.23 µm) have different thicknesses, which is explained later. Figure 4f shows a typical BSE image of DSM11 alloy. γ′, γ/γ′ eutectic and white irregular-shaped phases spread in cast alloy. EDS analysis (Table 2 spot9) indicates that precipitated phases mainly contain C, Ti, Ta and W elements. According to researches on the microstructure of the cast alloy [23,24], the phase is confirmed to be MC carbides. Thus, the microstructure has no other phase apart from γ′, γ/γ′ eutectic and MC carbide in γ matrix. Figure 4g shows the cross-sectional OM image (specimens2#, 5 g CuSO4 + 25 mL HCl + 50 mL H2O etch, etching time 10 s). The longitudinal dendrite is relatively fine with roughly the same orientation <001>. The core has no distinct effect on the directional grow process. Therefore, the above results reveal the different function of the silica/silicide coating. The silicide coating with high melt point merely protects the Mo matrix from being oxidized and generates a silica layer in the static air. Nonetheless, the cristobalite layer can protect the molybdenum metal core in DSM11 superalloy at 1550 °C. Meanwhile, the cooling shrinkage gives rise to a 15-µm gap during the solidification stage. In addition, there is no presence of an Si-rich phase in the DSM11 alloy and the growth orientation of primary dendrite is not affected by the molybdenum metal core.




3.3. Interfacial Microstructure between Superalloy and Core


The gaps (Figure 4c,d) show that the core has no contact with the DS alloy. Thus, the sample #2 can be separated into two parts to analyze the interfacial surface. Figure 5a shows the BSE image of metal cores in the DSM11. A discontinuous SiO2 layer covers the surface of the sample, and the bare silicide matrix (Table 2 spot 9) can be observed in the white arrows. In addition, the block cristobalite is adhered to the outside surface. The magnified red rectangle of local region is shown in the bottom-left SEM image of Figure 5a. The surface microstructure suggests that the formation of fracture pattern is torn by the casted part [25]. Thus, the cristobalite layer has been partially destroyed. Figure 5b shows the surface SEM image of the core in the shell. The cristobalite layer remains relatively intact and the package structure of silica can be clearly seen. A few interfacial reaction products exist on the surface. EDS (Table 2 spot10) suggests that white products include Al and Cr elements. The reactions between active elements (Al, Cr) and SiO2 have been reported in the previous studies [26,27,28]. Thus, the cristobalite reacts with the active element (Al, Cr) of the alloy in the cast process. The reactions can be written as follows:


Al+3/4SiO2→1/2Al2O3 +3/4Si.



(4)






Cr+3/4 SiO2→1/2Cr2O3 +3/4Si.



(5)







By comparing the metal core in the alloy and shell, the interfacial reactions also occur in the metal core in the DSM11 position, and are more serious. The destroyed silica layer has resulted in the different thicknesses (Fig4d and e). Figure 5d shows the DSM11 superalloy surface covered with the silica, which is also confirmed by XRD pattern (Figure 5c). The enlarged magnification BSE image of the rectangle in Figure 5d is shown in Figure 5e. The elementary mappings (Si, Al, O, Ni, Cr, Ti, and Mo) reveal that the light color zone is the Ni-based alloy matrix and the silica layer is mixed with the Al, Ti, Cr, Ni elements. Mo mapping (Figure 5) indicates the white spot of the surface (Figure 5e) should be rich-Mo silicide. Therefore, a thin silicon oxide film mingling with the alloy element is attached to the DSM11 surface and the serious interfacial reactions between the alloy and cores at the temperature of about 1550 °C is demonstrated again.



Combined with the above analysis, it can be concluded that there are several reasons behind the destroyed cristobalite layer during the cast process. Firstly, as a ceramic material, the silica has poor strength, further, the cristobalite layer contains microcracks, which decrease the strength of the silica. Especially, the ceramic layer is entirely composed of the cristobalite. Previous research [4] has also revealed that the flexural strength decreases with the increase of cristobalite content in the silica-based core. Meanwhile, the transition of α-β phase generates microcracks in the ceramic cores [4] and the generated microcracks are often the source of cracks when fractures are propagated. The law in the silica-based core is analogue with the cristobalite layer. Secondly, the adhesive force between the cristobalite layer and silicide layer is relatively weak as a result of the CET mismatch. Finally, the interaction between the cristobalite and DSM11 alloy at 1550 °C makes the layer partially destroyed. Besides, we speculate the source of rupture should be close to the silicide coating. Due to the transition of the α-β phase accompanied by volume change and the relatively poor adhesive force due to the different CET between cristobalite layer and silicide layer, it will be prone to generate more microcracks near the silicide layer. The destroyed cristobalite layer (Figure 5a) presented a discontinuous SiO2 layer with the bare silicide matrix.



The interaction between the cristobalite and DSM11 alloy during the cast process is described in Figure 6. Firstly, the active elements (Al, Cr) react with SiO2 to form an interfacial layer. Other elements Ni, Ti etc, together diffuse into the reaction layer. Owing to the operating temperature of the silicon base core generally being lower than 1550 °C, the excessively high pouring temperature further accelerates the interface reactions [27]. Then, severe interface reactions produce an interface bonding, consequently, the cristobalite is attached to the surface of the cast part. Afterwards, rods are slowly withdrawn from the heating chamber to force the directional growth. The temperature goes down and the liquid becomes the directional alloy. The CET of the DSM11 and cores triggers the volume shrinkage and the contraction tension is greater than the interaction force of cristobalite. As the solidified shrinkage gradually increases, the tension tears the cristobalite layer.





4. Conclusions


From this article, the main conclusions are summarized as follows:




	
The service life and oxidized coating structure rely on the MoSi2 thickness. After oxidation, the 40-µm MoSi2 structure is composed of SiO2, MoSi2, and Mo5Si3 at 1300 °C for 10 h. Meanwhile, the silica formed on the surface is cristobalite at 1300 °C for above 2 h.



	
The silicide coating and Mo metal are dissolved in the alloy, whereas the cristobalite layer prevents the alloy from entering the substrate. By contrast, the primary function of intermetallic compound coating can offer the oxidation-resistant abilities and the cristobalite layer plays an important role in resisting the corrosion of superalloy.



	
Although the cristobalite layer protects the molybdenum metal core, this layer was destroyed during the casting test. Furthermore, the Si-rich phase is not formed in the DSM11 alloy and growth orientation is not affected by the molybdenum core. In addition, the formation of a 15-µm gap could be attributed to the cooling shrinkage and surface wettability.



	
The failure mechanism of the destroyed cristobalite layer is proposed during the cast process. The corrosion-resistant process of the cristobalite layer is presented in two stages: the formation of reaction layer, and the solidification shrinkage. The active elements react with cristobalite to form a reaction layer. Furthermore, the overly high temperature prompts the reactions. The reaction layer is bonded to the alloy surface. In the solidification stage, the volume shrinkage of the DSM11 and cores gives rise to the tensile forces. The cristobalite layer is torn by the tension.








The experiment results revealed the corrosion resistance of the silica/silicide coating at 1550 °C for above 1 h, which gives a primary cognition to metal cores. Meanwhile, it has paved an effective method that may be applied to alumina, zirconia, magnesia, and they mixed oxides as the coating of metal cores. Furthermore, some beneficial alloying elements can be added to improve the properties of silicide coating [18,29,30], as well as some new designs of barrier coatings.
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Figure 1. (a) The thickness change of different coatings at 1300 °C for 20 h; (b) XRD patterns of preoxidation specimens; (c) The cross-sectional BSE image of as-oxidized specimen at 1300 °C for 10 h. 
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Figure 2. SiO2 crystal transformation diagram under different conditions. 
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Figure 3. The surface SEM image of as-oxidized specimens: (a) 1100 °C, 2 h; (b) 1200 °C, 2 h; (c) 1300 °C, 2 h; (d) 1300 °C, 10 h; (e) 1300 °C, 15 h. 
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Figure 4. (a) The macro appearance of as-cast specimens;(b) The BSE image of as-cast specimen #1, corresponding Mo mapping of Figure 4 (b); (c) The low-magnification BSE image of as-cast specimen #2; (d) The high-magnification BSE image of as-cast specimen #2; (e) The BSE image of the metal core near in the shell; (f) The BSE image of DSM11 ingot; (g) The micrograph of the longitudinal cross sections of the DSM11 ingot. 
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Figure 5. (a) The surface BSE image of the metal core in the DSM11 position. (b) The surface SEM image of the metal core in the shell position. (c) XRD patterns of the metal core and DSM11 interfacial surface; BSE image of the DSM11 interfacial surface. (d) Low magnification and (e) high magnification, corresponding Si, Al, O, Ni, Cr, Ti, and Mo mappings of Figure 5e. 
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Figure 6. Schematic diagram of the corrosion resistance of cristobalite layer during the cast process at 1550 °C. 
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Table 1. The nominal composition of DSM11 superalloy.
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	Element
	C
	Cr
	Ni
	Co
	W
	Mo
	Al
	Ti
	Ta
	B





	Wt%
	0.07~0.12
	13.50~14.30
	bal.
	9.00~10.00
	3.50~4.10
	1.30~1.70
	2.80~3.40
	4.60~5.20
	2.50~3.10
	0.007~0.02
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Table 2. The detected points measured by EDS—Atom percent (at %).
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	Spot-Position
	Element Component
	Spot-Position
	Element Component





	1–Figure 1c
	48.04Si–51.96O
	6–Figure 3b
	14.38Si–10.74Mo–74.88O



	2–Figure 1c
	36.88Si–63.12Mo
	7–Figure 3b
	40.07Si–59.93O



	3–Figure 1c
	65.84Si–34.16Mo
	8–Figure 4f
	45.75C–30.84Ti–1.3Cr–2.02Ni–15.73Ta–4.37W



	4–Figure 1c
	45.73Si–54.27Mo
	9–Figure 5a
	23.01Si–27.13Mo–49.86O



	5–Figure 3a
	26.01Si–6.07Mo–67.92O
	10–Figure 5b
	4.82Al–28.26Si–22.44Cr–44.48O
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