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                    Abstract
The thermal durability of thermal barrier coatings (TBCs) obtained using feedstock powders with different purity and phase content was investigated by cyclic thermal testing, including the effects on the sintering and phase transformation behaviors. Three kinds of 8 wt.% yttria-stabilized zirconia, namely regular purity (8YSZ), high purity (HP), and no monoclinic phase (nMP), were employed to prepare top coats by atmospheric plasma spraying on a NiCoCrAlY bond coat using a high-velocity oxy-fuel system. Use of 8YSZ, HP, and nMP for plasma spraying affected the microstructure and lifetime of the TBC in furnace cyclic testing (FCT) at 1100 °C and the sintering rate during annealing at 1400 °C for 50, 100, 200, and 400 h. In FCT, the TBC formed from nMP showed the longest durability, while that formed from HP showed lifetime performance similar to that obtained with regular-purity 8YSZ. The TBC obtained with nMP also exhibited the lowest monoclinic phase transition rate, followed by those obtained using HP and 8YSZ.
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                                    Introduction
Land-based gas turbine and aviation engines might operate above superalloy melting temperatures (~1400 °C) to improve fuel efficiency and enhance engine performance. However, materials used for gas turbine engines must retain their properties under such operating conditions, including extreme temperature exposure and high speed rotation. Turbine inlet temperatures (TITs) are continuously increasing to achieve increasing efficiency levels demanded of such engines, and power generation industries have already developed and operated 1600 °C (TIT basis) gas turbine engines (Ref 1-5). Thermal barrier coatings (TBCs) and internal cooling systems can provide thermal protection for hot engine parts at higher engine TITs. Current TBCs usually enable increased operating temperatures (100-150 °C) by reducing the surface temperature of cooled components in gas turbine engines at a rate of 4 °C per 25 μm thickness in the top coat (Ref 6-12).
It has been found experimentally that yttria (Y2O3)-stabilized zirconia (YSZ) with a MCrAlY bond coat layer (M = Ni or/and Co) is the most suitable for use in TBC applications, due to its thermomechanical properties and compatibility. YSZ has three polymorphs—monoclinic, tetragonal, and cubic—depending on the Y2O3 content and temperature. In particular, 7-8 wt. (4-4.5 mol.%) Y2O3-stabilized ZrO2 (7-8YSZ) has tetragonal (t′) main phase at room temperature, which does not easily transform to the tetragonal phase, showing martensite transformation behavior depending on temperature (Ref 13, 14). 7-8YSZ also has favorable characteristics such as low thermal conductivity (K) and high coefficient of thermal expansion (CTE). 7-8YSZ coating layers are built up by continual deposition of molten splats, each of which includes many cracks due to hindered thermal contraction during quenching. The microstructure of such a TBC with intrasplat microcracks and pores strongly influences its properties and thermal conductivity, resulting in increased durability in gas turbine operating conditions. However, when 7-8YSZ coating experiences temperature above 1200 °C, sintering and phase transformation from tetragonal (t) to monoclinic (m) become major causes of TBC degradation and even spallation of the coating layer (Ref 15-18). These effects seem to be exacerbated by the considerable stiffening and shrinkage of the coating layer associated with sintering, which can also cause a significant increase in through-thickness thermal conductivity, reducing thermal barrier effects (Ref 19-21). Miller et al. first demonstrated that the metastable (t′) phase of 7-8YSZ coating undergoes phase separation by diffusion when aged above 1200 °C, which can allow t → m transformation upon cooling (Ref 22). This involves a large change in volume (4-5%) and causes extensive cracking inside the coating layer.
There are some reports related to the effects of impurities in feedstock powder, particularly presence of silica (SiO2) or/and alumina (Al2O3), on TBC lifetime performance, and these studies also indicated that sintering tends to be accelerated by higher levels of these impurities (Ref 23, 24). Wang and Steven introduced HfO2 and some elements into 8YSZ coating to decrease thermal stresses and increase the durability of TBCs (Ref 25). Most 8YSZ feedstock powders contain monoclinic phase, but some, with other refractories and manufacturing methods, do not. However, there is not enough information in literature regarding the effect of the purity and monoclinic phase content on the thermal durability of the TBC system.
Therefore, in this study, the thermomechanical properties of TBCs obtained by plasma spraying high-purity 8YSZ (HP) were evaluated and compared with those obtained from conventional 8YSZ (regular purity), through cyclic and isothermal thermal testing, including TBC obtained from 8YSZ feedstock powder without monoclinic phase (nMP). The effects of using such feedstocks with different purity and phase content on the coating microstructure and thermal durability were investigated using furnace cyclic tests at 1100 °C and isothermal heat treatment at 1400 °C.


Experimental Procedures
Sample Preparation
Button-shaped specimens of Nimonic 263 [25.4 mm(∅) × 3 mm(t)] were prepared as substrates by cleaning and grit-blasting. The bond coat was prepared by spraying CoNiCrAlY powder using a high-velocity oxy-fuel (HVOF) system with TAFA JP5000 (Praxair Surface Technology, USA) onto the blasted substrate. Three types of feedstock powder, as presented in Table 1, were used for top coat deposition using a 60-kW direct-current (DC) plasma spray torch (F4-MB XL) with 9-mm nozzle, 9MC control unit, and Twin-10-C powder feeder (Oerlikon Metco, USA). The spraying conditions for the bond and top coats are summarized in Table 2.
Table 1 Chemical composition of feedstock powders used in this studyFull size table


                           Table 2 Spraying parameters for preparing bond and top coatsFull size table


                        Characterization
A furnace cyclic test (FCT) was carried out in a box furnace (Carbolite Gero, Watertown, WI, USA) to evaluate the thermal durability of the coated samples at 1100 °C with dwell time of 23 h followed by 1 h of cooling. The failure of the top coat for each sample was checked in every cooling cycle. The failure criterion was defined as 25% spalling of the top coat. A 12.7-mm free-standing coating, produced by removing the graphite specimen from the sprayed coating layer, was used to investigate the phase stability and microstructure evolution. To investigate the cross-sectional microstructure and thermal properties before and after thermal exposure tests, each TBC sample was cold-mounted using epoxy resin. Monoclinic phase transformation was investigated by x-ray diffraction (XRD) analysis, and the microstructure was observed to confirm the sintering resistance of the coating layer at high temperature.
Samples mounted in fluid epoxy resin were polished using silicon carbide paper and 3- and 1-μm diamond pastes. The cross-sectional microstructure of the TBC specimens was observed by scanning electron microscope (S-3400N, Hitachi, Japan). Free-standing samples were annealed at 1400 °C for 50, 100, 200, and 400 h to provide clear and rapid test results under harsh condition. Phase analysis of the powders and annealed samples was carried out by x-ray diffractometer (X’Pert Pro MPD, PANalytical, The Netherlands) using Cu Kα radiation at wavelength of λ = 1.5406 Å. Data were collected over the range from 20° to 70° in 0.02° steps. The through-thickness thermal conductivity of free-standing specimens (∅12.7 mm) was measured using a FlashlineTM System X platform (Anter Corporation, Pittsburgh, PA, USA). Before measurement, a 1-2-μm-thick graphite layer was sprayed on the free-standing disk samples to increase absorption of the heating laser energy and maximize the accuracy of the temperature measurement by the infrared detector (Ref 26).


Results and Discussion
Production of Plasma-Sprayed Coating
The 8YSZ, HP, and nMP powders used in this study are shown in Fig. 1. The particle size of the three powders (Table 1) was similar, with both 8YSZ and nMP having slightly higher d
                           50 values than HP. The 8YSZ and HP powders consisted of hollow spheres, typical for spray-dried powders. The nMP powder with spheroidal particle shape is manufactured by an agglomeration and sintering method that provides greater porosity with reliable powder flow. It is well known that minimizing low-melting elements results in higher sintering resistance and extends coating lifetime (Ref 27). Due to these effects, HP can be used as feedstock powder to form TBCs for operation in moderately higher TIT conditions compared with conventional 8YSZ.
Fig. 1[image: figure 1]
Morphology of 8YSZ, HP, and nMP powders used in this study


Full size image


                        The bond coat was sprayed on Ni-based superalloy with thickness of 200-300 μm, and a top coat of 300-400 μm was formed using 8YSZ, HP, and nMP powder. In actual coating applications, the deposition rate of nMP powder is 28-30 μm per pass, slightly higher than those for 8YSZ and HP powders of 20-23 μm per pass. Top coats of the same thickness were used here to eliminate the effect of thickness in coating lifetime performance tests. As shown in Fig. 2, the microstructure of the top coats obtained using the three types of powder contained pores, interlamellar structures, and unmelted powder particles. The microstructure of the HP powder (porosity 9.5%) revealed a slightly denser coating compared with those obtained using 8YSZ or nMP powder (porosity 11.5-12%) according to image analysis, due to the smaller particle size distribution.
Fig. 2[image: figure 2]
(a) Coating thickness for each layer and (b) as-sprayed microstructure


Full size image


                        The bond coat, on the other hand, showed a dense coating layer due to the characteristics of the HVOF process.
Thermal Durability in Furnace Cyclic Test
The results of the lifetime performance test for each TBC system are shown in Fig. 3 after FCT at 1100 °C, including the fracture or delamination morphology for each specimen. For the TBC systems obtained using 8YSZ and HP powders, failure occurred after 56 cycles, while no failure occurred for the TBC system obtained using nMP powder, showing only slight edge damage up to 93 cycles. The TBC systems obtained with both 8YSZ and HP failed completely by spalling at the interface between the bond and top coats. In TBC systems, the bond coat and thermally grown oxide (TGO) also greatly affect the lifetime, but their effects were not considered in this study, since we used the same material and process condition.
Fig. 3[image: figure 3]
Results of furnace cyclic tests and morphology of failed specimens


Full size image


                        The HP powder, which was expected to result in TBCs with longer lifetime in FCT due to its greater sintering resistance, did not result in superior lifetime performance due to the denser microstructure compared with the other two TBC systems obtained using 8YSZ and nMP powders. Pores, cracks, and lamellar structures in the microstructure play a significant role in tolerance to the strain produced in engine operating conditions, and cyclic heating and cooling. Recent studies have shown that a denser buffer top coat layer (50-60 μm) can actually result in longer cyclic lifetime compared with porous TBCs due to improved fracture toughness (Ref 28, 29). Use of a buffer coating layer with specific thickness and higher fracture toughness between the bond coat and top coat helps to increase tolerance to strain during high-temperature exposure. However, a dense single top coat with thickness of 300 μm or more showed shorter lifetime than a more porous top coat. Therefore, when applying a single top coat layer for TBCs, the initial microstructure of the coating is a more critical factor than impurities when considering thermal durability.
Thermal Conductivity
Densification or sintering of splats caused by high-temperature exposure also increases the intersplat contact area (reduces interlamellar pores), raising the thermal conductivity. As seen in Fig. 4, the thermal conductivity values of the as-sprayed TBCs formed using 8YSZ and nMP were very similar, while the value for that obtained using HP was slightly higher, which seems to be due to the denser microstructure of the TBC obtained using HP compared with 8YSZ or nMP. This suggests that the coating microstructure predominately tends to control the conductivity. Presence of impurities is known to lower the lattice conductivity slightly, but this effect is not great. However, the conductivity tends to rise more rapidly during thermal exposure. While relatively large pores remained unaffected in high-temperature operating condition, fine-scale defects (pores, microcracks, and intersplat contraction), which are responsible for high compliance, tend to quickly become extinct. This leads to a rapid increase in stiffness with exposure time at high temperature (Ref 30, 31). Cipitria et al. also introduced the sensitivity to initial pore geometry. Given three pore sizes (50, 125, and 200 nm), finer pores led to faster spheroidization and more rapid surface area reduction and contact area growth (Ref 32). In practice, it seems that the thermal conductivity of the TBCs obtained using 8YSZ and HP powders showed similar rates of increase during long-term thermal exposure, while the TBC obtained using nMP showed a slightly lower rate of thermal conductivity increase. For these reasons, the thermal conductivity was determined to be most affected by the initial microstructure rather than by the purity of the feedstock powder.
Fig. 4[image: figure 4]
Through-thickness thermal conductivity of TBCs before and after high-temperature exposure at 1100 °C


Full size image


                        Phase Stability with Thermal Exposure
Destabilization of tetragonal phase occurring during heat treatment could be observed due to annealing at 1400 °C. The change in the intensity of the monoclinic phase peak for each top coat (at 27° < 2θ < 28° and 31° < 2θ < 32°) as a function of exposure time is shown in Fig. 5. The monoclinic phase rapidly increased with increasing annealing time. For the coatings annealed for 100 h or longer, the rate of increase of monoclinic phase could be distinguished from the scatter. In as-sprayed condition, the peak intensity for the monoclinic phase showed similar values for all coatings, but the TBC obtained using 8YSZ exhibited the fastest rate of monoclinic phase increase after an annealing period of 400 h. Since the TBC obtained using HP showed a lower phase transition than that obtained using 8YSZ, it was verified that impurities in the feedstock powder accelerated the phase transition. In addition, the TBC obtained using nMP exhibited the lowest phase-transition characteristics, indicating that presence of monoclinic phase in the powder or in the as-sprayed condition had little effect on the phase transition. This decomposition of the as-deposited metastable YSZ phase is accompanied by an increase in its microstrain, reaching high enough values to initiate cracks that lead to coating failure after propagation.
Fig. 5[image: figure 5]
Variation of monoclinic phase content (at 27° < 2θ < 28° and 31° < 2θ < 32°) with isothermal heat treatment


Full size image


                        Sintering Behavior
The 8YSZ and nMP powders with larger particle size distribution form splats of larger size compared with the HP powder, resulting in larger pores and more intersplat interface, as shown in Fig. 6(a). As the annealing time was extended, the top coats undergo sintering. Microstructural changes such as densification and bridging of interfaces between adjacent splats are also illustrated in Fig. 6(b). It can be seen that sintering occurred due to high-temperature exposure, regardless of impurities. This sintering phenomenon occurred easily in micropores and cracks rather than large pores in all the top coat layers. Comparing the coatings obtained using HP and nMP, the bridging phenomenon between column structures of splats indicated that impurities promote densification of the coating microstructure. Increased thermal conductivity and stiffness due to sintering are also widely reported. It has been shown that in-plane stiffening due to microcrack healing decreases strain tolerance, adversely affecting coating lifetime (Ref 33).
Fig. 6[image: figure 6]
Cross-sectional microstructure of fracture surfaces of coatings obtained using different feedstock powders: (a) as-coated and (b) annealed at 1400 °C for 400 h


Full size image


                        

Conclusions
TBCs obtained using HP showed thermal durability equal to or slightly higher than those obtained using 8YSZ according to the FCT. Denser coating layers showed shorter lifetime, regardless of impurities, and the TBC system obtained using feedstock powder without monoclinic phase showed greater thermal durability. The main factor affecting the lifetime performance of the TBCs was the as-sprayed microstructure, while the thermal conductivity was not significantly affected by impurities in the feedstock powder during high-temperature exposure. The tetragonal to monoclinic phase transition, which is one of the failure mechanisms of TBC systems, tended to increase with extended annealing time, revealing the effect of impurities on the peak intensity of the monoclinic phase. In addition, the TBC system obtained using the nMP powder containing no monoclinic phase showed the slowest phase transition. Therefore, it was confirmed that TBCs obtained using HP and nMP exhibited greater resistance to tetragonal to monoclinic phase transition at high temperature. Consequently, it can be confirmed that use of HP and nMP feedstock powders can improve the thermal durability of the TBC system by forming a similar microstructure to that obtained using conventional 8YSZ powder.
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