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Study of microstructure and thermal shock behavior of two types of thermal barrier coatings B. Saeedi*, A. Sabour and A. M. Khoddami Gas turbines provide one of the most severe environments challenging material systems nowadays. Only an appropriate coating system can supply protection particularly for turbine blades. This study was made by comparison of properties of two different types of thermal barrier coatings (TBCs) in order to improve the surface characteristics of high temperature components. These TBCs consisted of a duplex TBC and a five layered functionally graded TBC. In duplex TBCs, 0.35 mm thick yittria partially stabilized zirconia top coat (YSZ) was deposited by air plasma spraying and 0.15 mm thick NiCrAlY bond coat was deposited by high velocity oxyfuel spraying. 0.5 mm thick functionally graded TBC was sprayed by varying the feeding ratio of YSZ/NiCrAlY powders. Both coatings were deposited on IN 738LC alloy as a substrate. Microstructural characterization was performed by SEM and optical microscopy whereas phase analysis and chemical composition changes of the coatings and oxides formed during the tests were studied by XRD and EDX. The performance of the coatings fabricated with the optimum processing conditions was evaluated as a function of intense thermal cycling test at 1100 8C. During thermal shock test, FGM coating failed after 150 and duplex coating failed after 85 cycles. The adhesion strength of the coatings to the substrate was also measured. Finally, it is found that FGM coating has a larger lifetime than the duplex TBC, especially with regard to the adhesion strength of the coatings.



1 Introduction The demands for increasing engine efficiency and performance in higher operating temperatures, extended component life and lower emissions continued to provide the driving force for the development of thermal barrier coating technology. The most industrial high-tech coating system for TBCs, used in aircraft engines, consisted of a thermally insulating ZrO2-(6–8 wt% Y2O3) ceramic top coat layer applied over an oxidation resistant MCrAlY (M ¼ Ni, Co, etc) bond coat layer. This coating system was commonly referred to as ‘‘duplex TBC’’ [1–4]. Although the number and the importance of TBC applications have dramatically increased in the past decade, the major
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limitation to use the full potential of TBC systems lies in their premature failure and as a result, their poor reliability during thermal and mechanical loading. It has been reported that the causes of the failure of the duplex TBC systems are mainly related to firstly, the thermal mismatch strains within ceramic layer and between the ceramic and metal coating layers of the systems and secondly, the stresses generated by thermally grown oxide, particularly during long time thermal cycling. These reasons may lead to poor bond strength and high residual stresses [5, 6]. One way to overcome this problem is to commence the concept of functionally gradient material (FGM) into TBCs, which are referred to as ‘‘FGM TBC.’’ The unique idea of FGM is to prepare a new composite with a gradual compositional variation from heat-resistant ceramics to tough metals [7–9]. FGM coatings can be obtained with different methods by means of thermal spraying: (a) pre-alloyed powders as feedstock in the plasma spraying, (b) powders spraying with two guns and (c) thermal spraying by means of a gun with independent powder feed [10, 11]. In this paper, a duplex and a functionally graded TBC of yittria stabilized zirconia (YSZ) and NiCrAlY were prepared by air



ß 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



695



696



Saeedi, Sabour and Khoddami



Materials and Corrosion 2009, 60, No. 9



Table 1. Specifications of the powders used for duplex and FGM coatings



Powders YSZ (AI-1075) NiCrAlY (AMDRY 962) NiCrAlY (NI-343)



composition



shape



Particle size



ZrO2-8 wt% Y2O3 Ni-22Cr-10Al-1Y Ni-22Cr-10Al-1Y



Agglomerated & Sintered Spheroidal gas atomized Atomized



45–106 mm 53–106 mm 10–45 mm



plasma and HVOF spraying methods. Then microstructure, composition, and resistance against intense thermal cycling of the coatings were evaluated.



2 Experimental procedure Commercial ZrO2-8 wt% Y2O3 (AI-1075) was used for top coat and two types of NiCrAlY, NI-343, and AMDRY962 powders were used as feedstock for duplex and FGM coatings fabrication respectively. The properties of the powders are given in Table 1. Two types of thermal barrier coatings with almost equal thickness (500 mm) were applied on Inconel 738LC alloy as a substrate. The specimens were prepared in disk shape with 20 mm in diameter and 5 mm in thickness. Prior to spray, the substrate surfaces were sand-blasted using alumina particles followed by ultrasonic cleaning in acetone. NiCrAlY bond coat layer was deposited by a commercial CDSHVOF spray system (Sulzer-Metco, AG, Switzerland) onto a number of specimens. For duplex coating, Plasma-Technique A3000 atmospheric plasma spray equipment (Sulzer-Metco, AG, Switzerland) was used for the deposition of YSZ top coat. Spray parameters are summarized respectively in Tables 2 and 3. Also several of the specimens were coated with functionally graded coating. Three functionally graded layers were sprayed on 100% NiCrAlY layer by varying the feeding ratio of YSZ/NiCrAlY powders. For this purpose, two separate feeders were coupled parallel so that the feeding lines were joined just before the APSgun. Spray parameters are listed in Table 4. The feed rate of the



Table 3. APS spray parameters for YSZ top coat



Parameter



Value



Argon flow rate (l/min) Hydrogen flow rate (l/min) Powder feed rate (g/min) Argon carrier gas flow rate (l/min) Spray distance (mm) Arc current (A) Arc voltage (V) Gun speed (mm/s)



40 12 29 2.6 120 630 60 8



YSZ powder feed rate was 21, 13, and 5 in g/min respectively for second, third, and fourth layers. The amount of zirconia was gradually increased from 30 to 100 vol% from the second to the fifth layer. The designed compositions and thicknesses of functionally graded and duplex thermal barrier coatings are given in Table 5. Thermal shock test was performed using a flame rig system. The surfaces of the coated specimens were subjected directly into an acetylene oxygen flame. The thermal cycle consisted of 90 sec heating up TTBC ¼ 1100 8C (Tsubstrate ¼ 815 8C) and holding for 200 sec at this temperature, then the front of the specimens was quenched by rapid air-jet during 60 sec to 180 8C. The surface temperature was measured with an infrared pyrometer, while the



Table 4. APS spray parameters for graded layer



Parameter



Table 2. HVOF spray parameters for NiCrAlY bond coat



Parameter



Value



Propane flow rate (l/min) Oxygen flow rate (l/min) Powder feed rate (g/min) Carrier gas (N2) flow rate (l/min) Carrier gas pressure (N2) (bar) Spray distance (mm) Gun speed (mm/s) Sample speed (rpm)



35 350 10 5 3 250 8 420



Graded Layer



Argon flow rate (l/min) Hydrogen flow rate (l/min) Argon carrier gas flow rate (for NiCrAlY) (l/min) Powder (NiCrAlY) feed rate (g/min) Argon carrier gas flow rate (for YSZ) (l/min) Spray distance (mm) Gun speed (mm/s) Arc current (A) Arc voltage (V) Sample speed (rpm)



50 13 2.6 6 2.3 130 8 600 60 420



Table 5. Thickness of different layers of FGM and duplex coatings



Coating type Duplex FGM



100%N(mm)



70%N þ 30%Z(mm)



50%N þ 50%Z (mm)



30%N þ 70%Z (mm)



100%Z (mm)



Overall thickness



150 100



– 80



– 80



– 80



350 175



500 mm 515 mm
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substrate temperature was measured using a NiCr/Ni thermocouple inside a hole back in the specimen, which was machined before deposition. The diameter and depth of the hole are 2–2.5 and 4 mm respectively such that thermocouple completely fits the hole to get the reliable results. The cycling test was stopped when obvious degradation of the coatings occurred. Microstructural characterization using optical microscopy and SEM with EDAX was conducted on the assprayed and thermally cycled samples to examine any changes in microstructure. X-ray diffraction analysis was also performed to characterize phases in the coatings. The microhardness profile in the thickness direction was obtained using a Vickers hardness tester, Mutsuzawa DMH-1, with a load of 300 g. For tinseling bond strength measurement, specimens were prepared and tested according to the ASTMC633-79 standard. A high performance epoxy adhesive, Scotch weld-2214 (3 M, USA), was used to join the two specimens. The surface of uncoated specimens was grit blasted to enhance the adhesion strength. The tensile bond strength was the maximum tensile strength measured with a Zwick/Z050 at a crosshead speed of 1 mm/min. The coated bond strength value is an average of ten measurements.



3 Results and discussion 3.1 Microstructure Figure 1 shows BSE image of the duplex thermal barrier coating consisted of the NiCrAlY bond coat (150 mm in thickness) on the sand blasted substrate and YSZ top coat (350 mm in thickness). Cornered black spots at the bond coat/substrate interface may be the voids resulted from sand blasting. As shown in Fig. 1, the YSZ layer has a porous structure which uniformly distributed in the whole layer, while there is less porosity in the NiCrAlY layer which is due to high speed of particles in HVOF process. High particle velocity and hence high kinetic energy lead to extreme plastic deformation of small particles during their collision with the substrate which in turn



Figure 1. SEM image of cross-section through an as-sprayed duplexcoating
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Thermal shock behavior of thermal barrier coatings



Figure 2. SEM image (enlarged) of YSZ top coat



reduces the gaps between the deformed particles. Furthermore, because of the high velocity of powders, there is not enough time for trapping any gas inside the coating. The low amount of the oxide inclusions in the coating is probably because of the shortage of particles flying time and hence reduction of the powder reaction with oxygen. The high amount of porosity in the YSZ layer is due to the fact that during the coating process particles of zirconium oxide are not thoroughly melted which result in less plastic deformation upon collision with the substrate surface. Figure 2 (enlarged SEM picture of top coat layer) indicates that YSZ has a typical lamellar APS structure with different types of porosities. Locations A are elongated crack-like separations between flattened splats, because of thermal contraction as the splats cool. Locations B are large, more equi-axed voids. There is a thin second phase at many of the splat interfaces with contrast (locations C in Fig. 2). In the research [12], these are indicative of an amorphous silicate, but in the present research, there is no peak of this element in the XRD analysis of the YSZ surface. This phase maybe contributed to nonequilibrium phases of zirconia which result from the nonuniform distribution of yttria in the YSZ. The XRD patterns of the YSZ surface layer are shown in Fig. 3, in which very short peaks of monoclinic zirconia (i.e., m-ZrO2) and the peaks of nonequilibrium tetragonal phases (i.e.,



Figure 3. XRD patterns from the surface of the as-sprayed YSZ top coat
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Figure 4. Splat structure of NiCrAlY bond coat



t-ZrO2) exist. The formation of predominant t0 -ZrO2 maybe due to two factors: (a) the large Y2O3 amount of YSZ, almost 8 wt%, increasing the stabilization of ZrO2 high temperature phase upon cooling; (b) during the spraying process, high temperature cubic phase (c-ZrO2) is prohibited from transforming to the equilibrium t-phase owing to the high cooling rate, but forms the t’ phase [13]. Figure 4 shows the image of NiCrAlY bond coat layer after spray. It shows the splat structure. There is no unmelted particle and the structure with fine waves is because of fully melting metallic particles in the flame and completely spreading on the surface. The porosity of the NiCrAlY layer (1%) is much less than that in the APS ceramic top coat (11%). According to the EDS spot analysis [14] from the different points of the bond coat and comparison of Ni, Cr, Al contents, it can be concluded that the NiCrAlY layer composed of g-Ni (solid solution FCC structure) þ b phases (b-NiAl structure) where the b phase acts as an Al reservoir. Moreover, a small amount of oxide particles was present. These oxides were predominately Al oxides, because aluminum is preferentially oxidized due to its higher affinity for O than other constituents of the bond coat. XRD analysis result of Fig. 5, confirms the existence of g/g 0 and b phases, while there is no peak of Al2O3. It might be because



of very small amount of this oxide phase in the NiCrAlY. This may be one of the preferences of HVOF process compared to APS. For FGM coating, the first layer is 100% NiCrAlY directly deposited by HVOF on the substrate and the top coat layer is 100% YSZ, where between them there is the FGM layer of YSZ þ NiCrAlY. The characteristics of 100% NiCrAlY and 100% YSZ layers (structures and phase composition) in FGM TBC are the same as those in duplex coating, though the thicknesses of these layers are lower than that in duplex coating. Figure 6 shows the cross-sectional microstructure of the five layered FGM coating, in which the gray phase is NiCrAlY while the light phase is YSZ. From the NiCrAlY layer to the YSZ layer, NiCrAlY gradually changes its distribution from lamellar pattern to a dispersed pattern. The coatings display a typical laminar structure. In the spraying process the melted powder particles impact on the substrate surface at high speed, then flow and deform along the substrate surface, finally forming a bonding microstructure in the coating. A few holes remain in the coating because the coating



Figure 5. XRD pattern from as-sprayed NiCrAlY layer



Figure 6. The phases present in the five-layered FGM TBC (BSE image)
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Thermal shock behavior of thermal barrier coatings



consisted of melted and half melted particles heaped up layer by layer and since the thermal expansion characteristics of the metal and ceramic are obviously different. Of course, it is not easy to control the spray parameters to form uniform coating layers since the two kind of starting powders may have different densities, sizes, morphologies, melting points, and flowability. Thus the spraying parameters must be optimized. The area of graded layer appears to be a poor mixture of YSZ and NiCrAlY with veins of NiCrAlY deposited due to the lamellar characteristics of thermally sprayed coatings, but the enlarged picture from cross-sectional view point shows that ceramic and metallic phases of the FGM layer are finely mixed on the level of each particle splat, as shown in Fig. 7. (Gray phase is NiCrAlY and light phase is YSZ) The gradient distribution of the two phases in the FGM coating can significantly eliminate the sharp interface of conventional duplex ceramic/metal coating and decrease the large thermal stresses resulted from different thermal expansion coefficient and elastic module between NiCrAlY and YSZ phases [15]. 3.2 Microhardness Figure 8 illustrates the microhardness profile across the duplex and FGM-TBC coatings plotted as a function of distance from the substrate. In the duplex thermal barrier coating, a significant leap of hardness is observed across the interface, i.e., from 400 HV in the bond coat to 700 HV in the YSZ top coat, while it can be observed that the microhardness increases linearly and gradually from the NiCrAlY layer through the FGM layer. The gradient distribution of the microhardness can reduce the large difference in the elastic modulus between ceramic and metal layers, which is better for the bond strength between coating and substrate under bending or tensile stresses as reported in some other researches [15]. 3.3 Thermal shock behavior According to the observations of this research, failure behavior of duplex and FGM TBCs as a result of thermal shock tests was different. As seen in Fig. 9, spallation in duplex coating occurred in more extreme area than the FGM coating (in large part from



Figure 7. Enlarged image from the combination of NiCrAlY and YSZ phases
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Figure 8. Hardness values versus distance from the substrate through to the ceramic top coat



edge to the center, while of the FGM coating, it occurred only in edges). It could be confirmed that duplex coating has less resistance to the spallation than FGM coating, while the large part of FGM coating is intact except for the edges. Table 6 shows the thermal shock results of duplex and five-layered FGM coating. In Fig. 10, the presence of vertical cracks can be interpreted that, first, an initial crack was formed in the YSZ ceramic layer, then the crack propagated deeply in the YSZ layer and then into the graded layer. It seems that when the crack reaches an obstacle



Figure 9. Coatings after thermal shock test: (a) FGM TBC, (b) duplex TBC
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Table 6. Thermal shock resistance of FGM and duplex coatings



Number of cycles to 20% failure



Duplex coating



FGM coating



85



150



Figure 11. Crack at the edge of the interface in FGM coating after thermal shock test



Figure 10. Vertical crack in the YSZ layer which propagates through the graded layer in FGM coating



(or meets the pore or defect of the coating), it propagates horizontally. The existence and growth of the vertical cracks was reported in some other researches [16–18]. It is supposed that the existence of unmelted ceramic particle in Fig. 10-a, and the NiCrAlY particle in Fig. 10-b, can be the reason for branching and/or changing the growth path of the crack. It looks like that the crack takes a roundabout flattened NiCrAlY particle and



propagates through the YSZ particles or interface between NiCrAlY/YSZ particles. These horizontal cracks were mainly spread inside the ceramic-rich area of the FGM layer, as indicated by arrows in Fig. 10-b, because metal particles can accommodate the thermal strain developed by a thermal load [19]. According to Fig. 9, it seems that the FGM coating is not prone to spallation but another kind of crack is observed in it. As seen in Fig. 11, horizontal crack occurred at the edge of the interface of different layers. The crack at the edge of the 70%YSZ/ 50%YSZ layers interface has more spread than that of 50%YSZ/ 30%YSZ layers’ interface. The reason for this phenomenon might be that more amount of ceramic makes the coating susceptible to the crack propagation. On the other hand, the horizontal edge cracks probably occurred first in upper layer, so it has more time to propagate. In a general view, according to Fig. 12-a, the vertical cracks initiated from the surface propagate into the graded layer. Also in Fig. 12-b, the spalled part of the coating induced by horizontal cracks in the interface of different layers is observed. By comparison of these pictures, it can be concluded that the edge cracks are the main cause of spallation and the vertical cracks in the YSZ layer have the secondary role in the spallation of the FGM coating. After these cracks are connected to each other, failure of the coating would happen. According to these observations, maybe the failure mechanism of the FGM coating due to thermal shock condition can be



Figure 12. Overall view of the spallation of the FGM coating at the edges after thermal shock test; (a) progressive vertical cracks and (b) spalled section due to interfacial cracks
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Thermal shock behavior of thermal barrier coatings



Figure 13. Horizontal cracks in duplex coating after thermal shock test



Figure 15. XRD pattern of fracture surface underside of top coat



explained by the model presented by Khor et al. [20]. Due to the differences in the thermal expansion coefficient of different layers of the coating during the thermal shock, there exists a tensile stress in the YSZ layer and a shear stress between the interfaces. Finite element analysis results [21] showed that the large tensile stresses occurred at the onset of the cooling process could cause these vertical cracks. The large tensile axial stress and the shear stress at the interface cause the interface cracks and spallation. This mechanism is reasonably confirmed by Fig. 9. By examination of the cross-section morphology of duplex coating under SEM, just horizontal cracks are observed. As shown in Fig. 13, the cracks in duplex coating primarily occurred along the YSZ/NiCrAlY interface. During short-time thermal shock, there is not enough time for TGO to grow as volumous as possible. In contrast to isothermal oxidation or thermal cycling tests, the heating period is short. It seems in this situation that thermomechanical mechanism overcomes thermochemical mechanism. Therefore, the predominant origin of the horizontal cracks near the interface is the thermal stress resulting from the difference in the thermal expansion properties between the YSZ and NiCrAlY layers, whilst the stresses resulted from TGO have fewer roles in coating failure. After thermal shock, in some areas, the YSZ layer in the duplex coating spalled off completely from the NiCrAlY bond coat, as seen in Fig. 14. The reason for the spallation of the coating is that the internal cracks propagate through the coating and the unstable crack propagation occurs suddenly when the crack reaches a critical length. In accordance with [21] there are higher



axial and shear stresses in the duplex coatings resulted from the sharp drop of the thermal expansion coefficient from the bond coat layer to the ceramic layer. This indicated that the duplex coating easily spalled during the cooling process. It can also be observed in Fig. 9. Pieces of the top coat (from back side of the top layer in duplex coating) were examined by X-ray diffraction to determine the phases present in the top coat at the time of failure. Due to the results given in Fig. 15, very small peaks of Ni-alloy are also observed. Probably in several points (areas), the coating spalled off the substrate. Comparing Figs. 15 and 5, it can be concluded that there were only g-Ni(Cr) and b-NiAl phases in the bond coat layer before the thermal shock, while after the test at 1100 8C, Ni(Cr,Al)2O4 spinels are also formed. As the spinels have a rapid growth rate, stresses induced by the volume increase of TGO layer into the ceramic top coat added to the thermal stresses induced during thermal cycling accelerating spallation of the coating.



Figure 16 shows the bond strength of duplex and FGM coatings. The mean strength for duplex coating was measured about 37.9 MPa, while the figure for FGM coating was determined to be about 57.8 MPa (1.5 times of duplex coating) [22]. This improvement in the bond strength is believed to be due to the lower internal tensile stress in FGM coating compared with what is in duplex coating, as Khor and others reported [10, 23]. Furthermore, as layers are deposited on the surface with different



Figure 14. The portion of the duplex coating in which YSZ layer completely spalled from bond coat layer.



Figure 16. Comparison of bond strength in functionally graded and duplex thermal barrier coatings
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chemical compositions, which gradually change from ceramic to metallic nature, thermal stresses in the coating decrease, and therefore, the bonding strength increases. It should be noted that as the chemical composition of layers in FGM coating varies gradually, the tensile stresses due to the composition mismatch in interface decrease. Due to the metallic behavior of the NiCrAlY layer, its fracture toughness is much more than that of zirconium oxide, which possesses ceramic characteristics. As a result, the presence of the NiCrAlY layer in the FGM layer improves total coating fracture toughness and decreases the crack growth rate. The same argument is published by others [24, 25]. The topographic structure of the fractured samples showed that in duplex coating the fracture is in a complex adhesive/ cohesive mode. It means that in this type of coating, adhesive fracture occurred at the NiCrAlY/YSZ interface, whereas cohesive fracture occurred within the YSZ layer. In the case of FGM coating, rupture was seen within the glue or cohesive fracture within the ceramic layer. It is interesting to know that in none of the cases, the fracture occurred at the NiCrAlY/substrate interface. This is certainly due to the high adhesion strength of the NiCrAlY layer applied by HVOF method (Figs. 17 and 18).
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4 Conclusion In the present study, a five layered functionally graded and a duplex thermal barrier coating of YSZ and NiCrAlY were successfully produced using HVOF and APS systems. Microstructure and microhardness of different compositions of the NiCrAlY/YSZ coatings were studied. The microstructure, chemical composition, microhardness, and phase composition changed gradually in the functionally graded coating. The gradient distribution of the two phases in the FGM TBC can significantly eliminate the sharp interface of the conventional duplex ceramic/metal coating and decrease the thermal stresses. Also thermal shock tests are carried out for the evaluation of fabricated TBCs. After the tests, surface and internal cracks resulted from high tensile stresses during thermal cycling can be seen from the cross-section of both duplex and FGM TBC coatings. In the failed samples after approximately 150 cycles, the vertical cracks (supposed to be induced by large surface radial and tangential stresses) are seen in the YSZ layer in FGM thermal barrier coating. In the conventional two-layered coating, thermal stress caused by the mismatch of the thermal expansion is concentrated on the interface between ceramic and metal layers, so the coatings are spalled through the fast and continuous horizontal crack propagation. It is supposed that the volume increase in the thermally grown oxide layer especially that associated with the growth of spinels into the ceramic top coat caused stresses in the YSZ, which are superimposed on the thermally induced stresses during high temperature thermal cycling. Generally in FGM TBC specimens, the cracks were formed in much less quantity compared to the duplex TBCs with the aid of the accommodation of thermal stresses by the functionally graded structure. The average bond strength of the FGM thermal barrier coating is superior to that of the duplex coating. The bond strength of as-sprayed duplex coating was 37.9 MPa whereas that of the FGM coating was much higher than 57.8 MPa, i.e., about 1.5 times of duplex coating.



Figure 17. Fracture topography of two-layered coating after cohesion strength evaluation test
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Figure 18. Fracture topography of FGM coating after cohesion strength evaluation test
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