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Abstract

:

Ceramic matrix composites (CMCs) are promising materials for high-temperature applications. Environmental barrier coatings (EBCs) are needed to protect the components against water vapor attack. A new potential EBC material, YAlO3, was studied in this paper. Different plasma-spraying techniques were used for the production of coatings on an alumina-based CMC, such as atmospheric plasma spraying (APS) and very low pressure plasma spraying (VLPPS). No bond coats or surface treatments were applied. The performance was tested by pull–adhesion tests, burner rig tests, and calcium-magnesium-aluminum-silicate (CMAS) corrosion tests. The samples were subsequently analyzed by means of X-ray diffraction, scanning electron microscopy, and energy-dispersive X-ray spectroscopy. Special attention was paid to the interaction at the interface between coating and substrate. The results show that fully crystalline and good adherent YAlO3 coatings can be produced without further substrate preparation such as surface pretreatment or bond coat application. The formation of a thin reaction layer between coating and substrate seems to promote adhesion.
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1. Introduction


The efficiency of a gas turbine is determined by its pressure ratio and its maximum service temperature. A way to increase the efficiency is to increase the maximum temperature. However, the maximum service temperature is limited by the physical and chemical stability of the components in the high-temperature section. A significant temperature increase was achieved by the use of single-crystal super alloys, thermal barrier coatings, and complex cooling systems. Unfortunately, the complex cooling of the components leads to high efficiency losses. Therefore, there is a need for new high-temperature materials with higher temperature capabilities, so that the cooling of the components can be reduced or even omitted [1,2].



Ceramics, such as SiC and Al2O3, offer high temperature and chemical stability and therefore are promising materials for high-temperature applications. Reinforcing of the ceramic matrix with ceramic fibers avoids catastrophic failure due to crack deflection and bridging mechanisms and leads to a pseudo-plastic failure behavior of the ceramic material [3]. These so-called ceramic matrix composites (CMCs) combine high chemical and thermal stability with moderate creep rates and high strength. Among the CMCs, those based on SiC and Al2O3 are most common. Compared to SiC, Al2O3 offers higher resistance against oxidation and corrosion [3]. For this reason, an alumina-based CMC was chosen in this study.



Nevertheless, at temperatures above 1200 °C, the water vapor in the combustion atmosphere causes corrosion reactions and the formation of volatile hydroxides. Environmental barrier coatings (EBCs) are needed to protect the material from degradation [4].


    Al  2   O 3       ( s ) + 3 H   2   O   ( g )  ⇌ 2    Al ( OH )   3     ( g )   



(1)







An EBC should have a high resistance against water vapor at elevated temperatures; therefore, the corrosion rates of many materials were studied in the past (see Fritsch et al. [5,6,7,8], Herrmann et al. [9]). Besides the corrosion resistance, the coefficient of thermal expansion (CTE) is a crucial parameter for the performance of an EBC. Large CTE differences between substrate and EBC cause stresses during heating and cooling and may lead to premature failure. Therefore, different materials were categorized according to their corrosion rates and their CTE and presented in Figure 1. For better orientation, data for SiC/SiC and Al2O3/Al2O3 CMCs were added. It can be seen from Figure 1 that different CMCs require different type of coatings. Rare-earth disilicides are promising coating candidates for SiC/SiC composites [10,11], while rare-earth monosilicides and yttrium aluminates are potential EBC candidates for Al2O3/Al2O3 CMCs.



Some of these materials have been studied as potential EBC for oxide/oxide CMCs. Among these materials, yttria-stabilized zirconia (YSZ) coatings have been intensively investigated, since YSZ is the material of choice for thermal barrier coatings (TBCs). The suitability of plasma-sprayed, sputtered, and electron-beam physical vapor deposition (EB-PVD) YSZ coatings on wound highly porous oxide (WHIPOX) [12] has been studied by Braue et al. and Mechnich et al. [13,14,15]. To increase the bonding between substrate and coating, a reaction-bonded alumina (RBAO) [16] bond coat had to be used. Because of the CTE difference between CMC and YSZ, the coating adhesion was quite weak. Furthermore, it has been reported by Vassen et al. [17] that mechanical treatment of CMCs can cause severe damage to the matrix or even its failure.



Mechnich et al. [19] studied the adhesion of atmospheric plasma-sprayed (APS) Y2O3 coatings on WHIPOX substrates that were previously coated with an RBAO bond coat. The coating adhesion was tested by furnace cycling tests at 1200 °C. The results showed a good adhesion and no failure after 500 cycles. SEM investigations revealed the formation of yttrium aluminates at the coating–substrate interface. The formation of this reaction layer is believed to result in a good coating performance.



Atmospheric plasma-sprayed Gd2Zr2O7 coatings on an Al2O3-based CMC has been studied by Gatzen et al. [20]. Pull adhesion tests showed weak adhesion of Gd2Zr2O7 coatings on substrates without pretreatment, while the coating adhesion on laser-structured substrates was significantly increased.



Gerendas et al. [21] published a study on the performance of several APS-coated systems (YSZ, spinel, YSZ/silicate, mullite/silicate) on different oxide/oxide CMCs (UMOXTM, WHIPOXTM, OXIPOLTM (Oxidic CMC based on Polymers)). All substrates were sandblasted before coating application, and in the case of WHIPOX, an RBAO bond coat was additionally applied. The coating performance was tested with burner rig tests, and the results suggested a strong dependence of adhesion on the used CMC material.



All of the above-mentioned coating strategies involve surface preparation by sandblasting, laser structuring, or even the application of a bond coat. Furthermore, the used coatings offer only moderate corrosion rates, but as Figure 1 suggests, there are materials with corrosion rates one or two orders of magnitude lower and with more suitable CTEs. An example is YAlO3 (YAP, yttrium aluminum perovskite), which has a very low corrosion rate and a CTE close to that of the used CMC material. Because of the great chemical similarity of YAlO3 and Y2O3 and according to the phase diagram [22], a reaction layer may be formed at the interface (Y3Al5O12, YAG, yttrium aluminum garnet). Studies on Y2O3 coatings [19] have shown that this reaction layer is very beneficial for coating adhesion. Therefore, coatings with good adhesion and long service life are expected. However, there are no studies yet on the suitability of YAlO3 either as TBC or as EBC.



In the past, the production of plasma-sprayed yttrium aluminate coatings (YAG, Y3Al5O12) proved to be particularly challenging [23]. The challenging behavior of Y3Al5O12 may also be relevant for YAlO3 coatings. Nevertheless, YAlO3 is a promising EBC candidate. Therefore, plasma-sprayed YAlO3 coatings as EBC for an Al2O3-based CMC will be discussed in this study, paying special attention to the phase evolution during plasma spraying.



Because of the expected chemical bonding between coating and substrate, which is believed to cause good coating adhesion and to minimize the processing effort, no additional bond coat or surface treatment was used in this study. The coating adhesion of the plasma-sprayed coatings was studied by means of pull–adhesion tests (PAT) and thermal cycling tests. Furthermore, the resistance of the YAlO3 coatings against CMAS corrosion was tested.




2. Materials and Methods


The CMC used for this study was the commercially available material FW12 (Pritzkow Spezialkeramik, Filderstadt, Germany), consisting of alumina fibers (Nextel 610) that are embedded in a porous matrix of 85% alumina and 15% yttria-stabilized zirconia (YSZ). Before coating application, the samples were ultrasonically cleaned.



The coatings were applied by plasma spraying. The coatings were produced by means of APS and very low pressure plasma spraying (VLPPS). The coating parameters are described in Table 1. For the production of the APS coatings, an Oerlicon Metco multicoat-facility (Wohlen, Switzerland) was used, equipped with a TriplexPro-210 gun that was mounted on a six-axis robot. The VLLPS coating runs were carried out in a vacuum chamber (2 mbar), using an O3CP gun (Oerlicon Metco, Wohlen, Switzerland). The substrate temperatures during processing were measured by IR pyrometry.



In both processes, a spray-dried YAlO3 powder with a particle size of 37 µm and a purity of 96% was used. X-ray diffraction (XRD) measurements (Figure 2) revealed the presence of Y4Al2O9 and Y3Al5O12 as secondary phases.



After coating manufacturing, the samples were furnace-cycled in air for 4 × 20 h at 1200 °C. In order to assess the thermal and chemical stability of the coatings, XRD measurements were carried out before and after thermal aging. The XRD measurements were carried out with a Bruker D4 Endeavor (Karlsruhe, Germany), using Cu-Kα-radiation (λ = 1.54187 Å). Rietveld refinements were carried out using FullProf suite [24].



The coating adhesion of the as-sprayed coatings was measured with an Elcometer 510 (Aalen, Germany), according to ASTM D4541 [25]. Test dollies with a 10 mm diameter were used and glued to the sample with Araldite two-part epoxy adhesive. Furthermore, the coating performance during thermal cycling was tested by burner rig tests, using the setup described by Traeger et al. [26]. The samples were mounted in a ceramic sample holder and subjected to cycles of 5 min of heating followed by 2 min of cooling. The temperature was measured with pyrometers from the front and back sides. The used temperature program consisted of 510 cycles at 1200 °C, followed by 500 cycles at 1300 °C. The CMAS stability of the samples was tested with a special burner rig, described by Steinke et al. [27]. The surface temperature was set to 1250 °C to ensure melting of the CMAS components.



Materialographic cross sections of the samples before and after testing were prepared. For this, the samples were embedded into resin, cut, and wet-ground with successively finer abrasive paper down to a grit designation of P4000. Afterwards, the samples were polished with diamond suspensions. The polished samples were sputtered with platinum (Leica EM ACE200, Vienna, Austria) and analyzed by scanning electron microscopy (SEM) (Hitachi, TM3000, Tokyo, Japan).




3. Results and Discussion


3.1. Coating Formation


3.1.1. Atmospheric Plasma Spraying


The YAlO3 coatings were produced using APS at varying stand-off distances and resulting different coating temperatures. The XRD-measurements of the APS YAlO3 coatings before and after thermal cycling are presented in Figure 3. The coating sprayed at higher stand-off distance and thus lower substrate temperature was amorphous in the as-sprayed state. The thermal cycling led to the crystallization of the coating. Phase analysis revealed the presence of YAlO3, Y3Al5O12, and Y4Al2O9. The refined phase content of the different phases is given in Table 2. Phase analysis showed that the three yttrium aluminates occurred in almost equal fractions.



The coating sprayed at lower stand-off distance and thereby higher substrate temperature was crystalline in the as-sprayed state. The main phase was the desired YAlO3 phase, but significant amounts of Y3Al5O12 and Y4Al2O9 were present. The heat treatment led to further crystallization and phase segregation of the coating. The composition shifted in favor of the desired YAlO3 phase.



To enable crystallization of the YAlO3 coating, a certain energy level must be exceeded. Furthermore, the cooling rate should be slow, so that there is enough time for atomic rearrangement and the formation of a long-range order. The cooling rate can be lowered by using higher plasma power, by shortening the stand-off distance, or by substrate preheating. The splat solidification time [28] is a key factor. A dependence of the splat solidification time on the temperature gradient between splat and substrate has been reported [28,29]. A decreased gradient leads to a longer solidification time, consequently the splats deposited at higher temperatures have more time for crystallization. This explains why the YAlO3 coatings, sprayed at shorter distances (70 mm) and higher substrate temperatures (750 °C) were crystalline, while those sprayed at 120 mm distance and a significantly lower temperature (550 °C) were amorphous.



The formation of secondary phases can be explained by the evaporation of elements during thermal spraying, causing a shift in the phase diagram [23]. In this case, evaporation of alumina might occur, since alumina has a higher vapor pressure then yttria [30]. A more probable explanation is demixing due to rapid quenching of splats and impure base material (see Figure 2). This is supported by the fact that the coating, which was sprayed at higher distance and lower substrate temperature resulting in a larger temperature gradient between splat and substrate, differed significantly more from the desired phase composition. Furthermore, yttrium aluminates with both high alumina content and low-alumina content were found. If evaporation of alumina was the main mechanism, the phase equilibrium would be shifted to the phase with low alumina content (Y4Al2O9).



SEM images of cross sections of YAlO3 coatings before and after thermal cycling are presented in Figure 4. The amorphous coatings sprayed at higher distances (120 mm) and thus lower substrate temperatures were relatively dense and showed only few cracks. The presence of secondary phases, which was already revealed by XRD-measurements, can also be observed in the SEM images. The SEM images reveal that the coating was delaminated during thermal cycling. Coating delamination might be attributed to the occurring crystallization of the coating.



The coatings obtained at a smaller stand-off distance (70 mm) were already crystalline in the as-sprayed state. However, large pores were present in these coatings, especially at the interface between the different coating layers. Sporadic delamination was observed even in the as-sprayed state, and the coatings were prone to form segmentation cracks. Both cracks and pores have a negative effect on corrosion resistance, as they increase the permeability of the EBC to water vapor. Here, the segmentation cracks seemed to continue into the substrate, which could additionally affect the structural integrity of the material.



These results are in good agreement with the results for APS Y3Al5O12 coatings of Weyant et al. [24]. A systematic investigation of the effects of several spraying parameters on the resulting coating microstructure led to the conclusion that the used power and the stand-off distance are the determining factors. Unfortunately, increasing spraying distances led to both lower porosity and reduced crystallinity. Moreover, increased power caused increased crystallinity, but the porosity was increased as well [24]. The same behavior was found in this study for atmospheric plasma-sprayed YAlO3 coating:



The formation of pores seemed to go along with the crystallization of the as-sprayed YAlO3 phase. This can be attributed to the differences in density between melt and solid. It is assumed that the density of amorphous YAlO3 is close to that of the liquid phase, which is slightly below 4.0 g·cm−3 [31,32,33]. The density of the crystalline phase is reported to be significantly higher, at 5.35 g·cm−3 [34]. These differences lead to shrinkage during crystallization and therefore cause the formation of large pores and cracks. In the case of initially dense but amorphous coatings, the tensile stresses that occur during the crystallization processes resulting from the thermal treatment are high, and as a consequence, the coating is delaminated.



The formation of a reaction layer, as reported for Y2O3 coatings, was not observed. It is assumed that the stresses occurring in these coatings were so high that delamination occurred before the reaction could take place. Furthermore, poor wetting could also be a reason for the absence of a reaction layer.




3.1.2. Very Low Pressure Plasma Spraying


Coatings were produced with VLPPS, in order to overcome the aforementioned problems related to crystallization in the APS YAlO3 coatings. VLPPS offers high power, high temperatures and low cooling rates. The results of the VLPPS YAlO3 coatings are presented in Figure 5.



The XRD measurements showed that the YAlO3 coatings were crystalline directly after spraying. The major phase was YAlO3, and only very weak reflections of a secondary phase (yttrium aluminum monoclinic, YAM, Y4Al2O9) were visible. Due to a slight bending of the coated sample, the measured XRD signals were slightly offset from the theoretical ones. The XRD measurement of the thermally treated sample showed hardly any deviations from the original XRD. This shows that there were no phase transformations or significant crystallization processes during heating/cooling, which could cause stresses and cracks in the coating. The formation of nearly single-phase YAlO3 can be attributed to the lower cooling rate. The increased surface temperature led to an increased solidification time. Furthermore, the low chamber pressure led to significantly slower cooling rates of the coating and substrate. As a consequence, the coating had more time to crystallize. Therefore, the resulting coating had a high crystallinity and a high content of the desired YAlO3 phase. Rietveld refinements led to a phase content >88% of the desired YAlO3 phase. This represents a significant increase compared to the coatings produced under atmospheric conditions.



The SEM images of the cross sections of the VLPPS YAlO3 coatings are shown in Figure 5a. The coating had a finely distributed porosity, which was caused by not fully molten particles. The pores were distributed homogenously in the coating. In contrast to APS coatings, no vertical cracks were observed. The VLPPS YAlO3 coatings formed a reaction layer at the interface with the substrate. This reaction zone can be observed even in the as-sprayed samples (Figure 6). This implies that the energy needed for the reaction [35] was reached in these experiments. The higher temperatures might also increase the wetting of the splats and therefore increase the contact between coating and substrate, leading to the formation of a 1–2 µm-thick reaction zone. Because of the position of YAlO3 in the Y2O3–Al2O3 phase diagram [36], the formation of Y3Al5O12 is likely. In contrast to the results for the APS coatings, there was no delamination within the coating–substrate system after heat treatment. Due to the high crystallinity and the formation of chemical bonding between coating and substrate, a strong coating adhesion is expected.





3.2. Pull–Adhesion Tests


The coating adhesion was tested with pull–adhesion tests, and the results are illustrated in Figure 7. The adhesion of the APS coatings was very poor, and both coatings failed directly at the beginning of the test. High stresses in the coatings might be the reason for the bad coating adhesion. The adhesion of the VLPPS coatings was significantly higher. The measured strength was in the order of that of the CMC itself.



The samples were embedded and cut after adhesion testing. SEM images of the polished cross sections are shown in Figure 8. The high stresses in the APS coatings led to failure partly within the CMC and partly at the coating–substrate interface. It is assumed that slight reactions between coating and substrate or clamping occurred, which caused a partial failure within the matrix of the CMC.



The good adhesion between the VLPPS coating and the CMC caused a failure deep within the substrate itself. This is consistent with the measured adhesion strength, as the measured adhesion strength was in the order of the strength of the CMC itself. The high adhesion strength was attributed to the occurrence of a chemical reaction at the coating–substrate interface.




3.3. Burner Rig Tests


The pull–adhesion tests of the VLPPS YAlO3 coatings revealed a promising adhesion strength. On the basis of previous investigations on Y2O3 coatings resulting in excellent stability due to the formation of a reaction layer at the interface [20], a high thermal cycling lifetime of the VLPPS coatings was expected. The APS coatings showed poor adhesion strength, and as a consequence, these coatings were excluded from the following investigations.



The thermal cycling tests were stopped after 1010 cycles (510 cycles at 1200 °C and 500 cycles at 1300 °C), which corresponds to the upper limit of the average lifetime of standard TBC samples in this test rig. During cycling, no macroscopic failure occurred (see Figure 9). SEM images of the VLPPS YAlO3 coatings after 1010 cycles are shown in Figure 10. The coating still shows a fine distributed porosity. The Y3Al5O12 containing reaction zone at the coating substrate interface was about 1–2 µm-thick. No growth took place within the duration of the test.



No delamination or crack formation was observed after 1010 cycles of burner rig testing; therefore, a significantly longer lifetime can be expected. The long cycling lifetime of the YAlO3 coatings on the FW12-CMC is attributed to the strong bond between the coating and the substrate due to the formation of a thermodynamically stable reaction layer at the interface.




3.4. CMAS Tests


The coating’s resistance to CMAS corrosion was also investigated. The tests were stopped after 274 cycles, which corresponds to about twice the average lifetime of a typical YSZ coating in this rig. After 274 cycles, no macroscopic coating failure was observed (see Figure 11). The XRD measurements of the sample before and after the CMAS test are shown in Figure 12. Besides signals from the CMAS and the coating itself, the formation of calcium–yttrium silicate oxyapatite (Ca2Y8(SiO4)6O2) as a reaction product between YAlO3 and CMAS was observed. This phase was already observed for other Y-containing coatings [37,38]. In addition, the formation of Y-depleted yttrium aluminate Y3Al5O12 was observed accordingly. Turcer et al. [38] recently reported the excellent CMAS resistance of dense YAlO3 pellets due to the fast formation of a protective Ca–Y–Si apatite phase. Our results are in good agreement with those from Turcer et al.



The SEM images of the resulting cross sections are presented in Figure 13. No indications for crack formation or beginning delamination were found. Because of the porosity of the sample, the molten CMAS was able to infiltrate the upper part of the VLPPS YAlO3 coating (about 46 µm). The SEM images and the corresponding EDS measurements show the sharp borderline of the infiltrated zone. The reaction zone between CMAS and YAlO3 can be clearly seen. The CMAS infiltration and the following reactions led to densification of the infiltrated parts of the coating. The densification of the upper coating may hinder further infiltration and thus extend the lifetime of the coating. Furthermore, the CTE of the CMAS constituents is in the area of 9.7 × 10−6 K−1 [39,40] and close to the CTE of YAlO3 (8.9 × 10−6 K−1 [41]); thus, low stresses were expected during testing. Because of the remaining porosity of the lower coating parts, occurring stresses can be relaxed. As a consequence, even after 274 cycles, no spallation occurred.





4. Conclusions


The suitability of YAlO3 coatings as EBC for an Al2O3/Al2O3–CMC was examined. YAlO3 coatings were produced by means of APS and VLPPS, without applying any bond coats. Furthermore, no surface pretreatment was carried out. The APS YAlO3 coating trials resulted in coatings with either poor crystallinity or large pores, both of which are not favorable for an EBC.



YAlO3 coatings produced by VLPPS offered high crystallinity and purity. The VLPPS coatings showed strong adhesion, which was attributed to the formation of chemical bonding between coating and substrate. This thermodynamically stable reaction layer at the coating–substrate interface, probably consisting of Y3Al5O12, was found directly after spraying.



The VLPPS YAlO3 were chosen for further investigations. The thermal cycling lifetime was tested with burner rig tests. The coatings passed the test consisting of 1010 cycles without failure. Furthermore, the hot corrosion behavior was tested with CMAS tests. The coatings showed excellent CMAS resistance, by withstanding more than 274 cycles without failure. The high cycling lifetime was attributed to the densification of the coating due to CMAS infiltration and formation of a reaction product, blocking further infiltration.



The use of VLPPS for the production of YAlO3 coatings led to stable coatings with a microstructure with intermixed porous and dense zones. This led to a high thermal cycling lifetime and high CMAS resistance. Furthermore, the formation of a reaction zone at the interface enabled good coating adhesion. Therefore, VLPPS YAlO3 coatings are promising candidates for EBCs for Al2O3-based CMCs, as they offer high adhesion strength, high thermal stability, and high corrosion resistance.
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Figure 1. Corrosion rates and coefficient of thermal expansion of selected materials (blue boxes) and ceramic matrix composites (CMCs) (red circles) (data from references [5,7,18]). 
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Figure 2. XRD measurement (a) and SEM images (b,c) of the used YAlO3 powder. The diffraction pattern of YAlO3 is shown in red. 
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Figure 3. XRD measurements before (light) and after (dark) thermal treatment of APS YAlO3 coatings; theoretical diffraction patterns of Y4Al2O9 (black) and YAlO3 (red). 
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Figure 4. SEM images of the APS YAlO3 coatings before (Coatings sprayed at a distance of 70 mm (a) and 120 mm (b)) and after thermal treatment (Coatings sprayed at a distance of 70 mm (c) and 120 mm (d)). 
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Figure 5. (a): XRD-measurement of the VLPPS YAlO3 coatings in the as-sprayed and thermally treated state. (b,c): SEM images of the VLPPS YAlO3 coatings after thermal treatment. 
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Figure 6. SEM image of the VLPPS YAlO3 coating in the as-sprayed state, with a Y3Al5O12 reaction layer at the coating substrate interface. 
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Figure 7. Measured adhesion strength of as-sprayed APS and VLPPS YAlO3 coatings. 
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Figure 8. SEM images of the APS YAlO3 coatings sprayed at 120 mm (a) and 70 mm (b) and of the VLPPS YAlO3 coating after pull–adhesion tests PAT (c). 
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Figure 9. Photograph of VLPPS YAlO3 coating on FW12 after 1010 cycles of burner rig testing. 






Figure 9. Photograph of VLPPS YAlO3 coating on FW12 after 1010 cycles of burner rig testing.



[image: Coatings 09 00609 g009]







[image: Coatings 09 00609 g010 550] 





Figure 10. SEM images of cross sections of VLPPS YAlO3 coatings after 1010 cycles of burner rig testing (a), close up of the coating substrate interface (b). 
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Figure 11. Photograph of VLPPS YAlO3 coating on FW 12 after 274 cycles in CMAS test rig. 
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Figure 12. Measured XRD (grey) of VLPPS YAlO3 coating after 274 cycles in CMAS test and theoretical diffraction patterns of YAlO3 (black), Y3Al5O12 (blue), Ca2(Al0.92Mg0.08)((Al0.46Si0.54)2O7) (green), and Ca2Y8(SiO4)6O2 (red). 
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Figure 13. SEM images of the VLPPS YAlO3 coatings after 274 cycles in the CMAS test rig (a,b). EDS mappings for Ca (c) and Y and Al (d). 
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Table 1. Used coating parameters for the production of YAlO3 coatings.
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	Process
	Distance (mm)
	TPreheat (°C)
	TCoating (°C)
	Current (A)
	Ar (SLPM)
	He (SLPM)
	Carrier Gas (SLPM)
	Passes
	Thickness (µm)





	APS
	70

200
	600
	750

550
	520
	50
	4
	3
	2
	120



	VLPPS
	700
	1025
	1060
	2150
	110
	20
	11
	2 min
	120







SLPM = Standard Liter Per Minute.
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