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Abstract An experimental study was conducted to develop an understanding of the thermal fracture behavior of plasma-sprayed yttria stabilized zirconia — NiCoCrAlY bond coat alloy compositionally graded thermal barrier coatings (TBC) when subjected to a thermal shock loading. For this purpose, two sets of two coating architectures with similar thermal resistances were studied. The thermal loading was applied using a continuous CO2 laser. The results showed that for a given thermal resistance, as the compositional gradation was increased, the maximum surface temperature at which horizontal cracks initiated in the TBC increased. Also, the final length of the horizontal cracks for a given maximum surface temperature decreased with increasing compositional gradation. It was concluded that the grading of thermal barrier coatings with similar thermal resistances brings about an increased resistance to interface cracking under thermal shock loading. 䊚 2002 Elsevier Science B.V. All rights reserved. Keywords: Thermal barrier coatings; Thermal shock; Thermal resistance; Fracture; Functionally graded materials



1. Introduction Thermal barrier coatings (TBCs) are used and being developed to increase the operating temperature of systems such as the diesel engine in order to achieve an increase in the efficiency, performance and durability of the engine. Also, with increased surface temperatures, the exhaust gases can be used for turbo-charging. However, the ceramic (usually yttria stabilized zirconia) that makes up the TBC, the MCoCrAlY bond coat layer and the substrate material (such as steel) all have different thermo-mechanical properties. This property mismatch, together with the applied temperature gradients, usually results in thermal stresses on the coating surface and at the interfaces. These stresses can be large enough to initiate surface and interface cracks. Cyclic application of thermal loads can cause these cracks to propagate resulting in delaminationyspallation of the coating and loss of thermal protection to the substrate. One method of enhancing the resistance to such damage in TBCs is to produce a compositionally graded *Corresponding author. Tel.: q1-765-494-5757; fax: q1-1-765494-0539. E-mail address: [email protected] (K. Kokini).



structure. This provides a more gradual transition in properties through the TBC thickness compared with the sudden change of properties in a monolithic ceramic TBC system w1,2x. In such systems, the composition changes through the thickness of the coating. Several investigations over the past decade have reported the beneficial effects of employing functionally graded materials in applications involving high temperature gradients w3,4x. A number of studies in this area have been presented at biannually held symposia on functionally graded materials w3,4x. Previous studies w5x have investigated the microstructure of plasma-sprayed functionally graded NiCoCrAlYy yttria-stabilized zirconia TBCs. The thermo-mechanical properties (elastic modulus, thermal-expansion coefficient and thermal conductivity) of the individual layers of such graded TBCs have been reported w1x. Further, it was shown that the bond strength and thermal cycling resistance of functionally graded coatings were superior to that of a monolithic zirconia TBC w1x. Micromechanics analyses have been carried out to understand the increased delamination resistance and lower fracture driving force in functionally graded coatings compared
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Table 1 Architecture of one and three-layer TBC specimens Layer thickness (mm)



Layer composition



100% Zirconia 75% Zirconiay25% bond coat 50% Zirconiay50% bond coat Bond coat Total thickness



One-layer specimen



Three-layer specimen



0.6



0.25 0.29 0.31 0.14 0.99



0.2 0.8



with monolithic coatings under mechanical loads w2x. It has also been demonstrated that a significant enhancement in thermal fatigue life can be achieved by introducing a graded NiCoCrAlY-zirconia interlayer between the bond coat and pure zirconia top layer in a TBC w6x. For ease and economy of fabrication, a graded TBC is comprised of a finite number of layers, each having a certain ceramic-bond coat alloy proportion. Several studies have addressed the thermal fracture and failure mechanisms in pure ceramic TBCs as well as compositionally graded TBCs w7–15x. However, the crack initiation and propagation mechanisms of graded TBC systems, with similar thermal resistance, but different architectures, have not been considered. Thermal resistance is a measure of the thermal protection offered by the TBC to the substrate. Hence, understanding the effects of varying architecture and compositional gradation at similar thermal resistance is of technological importance in TBC design. In what follows, the effect of thermal shock on graded thermal barrier coatings with four different coating architectures is studied. The morphology of surface cracks and horizontal cracks resulting from thermal shock loading are investigated as a function of increasing surface temperature.



plasma sprayed with graded zirconiaybond coat layers. These plates were then cut into beam-shaped specimens using a CNC controlled water jet. These beam-shaped specimen were 31 mm wide, 32 mm high and 3 mm thick. The material for the substrates in all the specimens was Inconel steel. However, for the TBC, four different layer configurations, namely: one-, three-, six- and ninelayer TBC systems were considered. In the one-layer specimen, a bond coat layer was deposited on the steel substrate. A 100% zirconia TBC was then deposited over this bond coat layer. The thickness of ceramic layer and bond coat is shown in Table 1. The architecture of the three-layer specimen consisted of a bond coat layer deposited over the substrate. A layer of 50% zirconiay 50% bond coat was deposited over the pure bond coat layer, a 75% zirconiay25% bond coat layer was deposited next. Finally the top-layer was comprised of 100% zirconia. The thickness of each layer and the bond coat thickness are shown in Table 1. Similarly, the architectural layup for the six- and nine-layer specimens are illustrated in Table 2. 2.2. Experimental procedure



2. Materials and experimental methods 2.1. Specimen fabrication and coating architectures The specimens used in this study were manufactured by Caterpillar Incorporated. An Inconel steel plate was



Each specimen was polished on both sides in order to observe and measure cracks before, during and after the thermal shock tests. The coating surface subjected to the laser heat flux was painted with a high temperature



Table 2 Architecture of six and nine-layer TBC specimens Layer thickness (mm)



Layer composition



Six-layer specimen 100% Zirconia 90% Zirconiay10% 80% Zirconiay20% 70% Zirconiay30% 60% Zirconiay40% 50% Zirconiay50% 40% Zirconiay80% 30% Zirconiay70% 20% Zirconiay80% 10% Zirconiay90% Bond coat Total thickness



Bond Bond Bond Bond Bond Bond Bond Bond Bond



coat coat coat coat coat coat coat coat coat



0.51 0.32 0.28 0.19 0.20 0.19



0.16 1.85



Nine-layer specimen 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 2.2
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3. Results and discussion 3.1. Thermal resistance The thermal resistance of a material is related to its thermal conductivity, surface area, and thickness. When there are multiple layers of different thermal resistances in series, the total thermal resistance of the layers is the sum of each individual resistance w17x. Thus, the total thermal resistance for the graded thermal barrier coatings was calculated as: Li A k is1 i i n



Rtotals8



Fig. 1. Schematic of the experimental set-up.



paint (Pyromark Series 2500 silicon based paint) to eliminate the possibility of semi-transparency and ensure correct temperature readings by the pyrometer during testing. It was determined that the emissivity of the paint was 0.99 at the operating wavelength of the pyrometer (4.8–5.2 mm) and the temperature range (500–13008C) considered w16x. Before the specimens were subjected to the laser heating, they were observed under the microscope to ensure no cracks developed during the curing process. The thermal shock experiments were performed by applying a concentrated laser heat flux at the center of the top surface of the coating for 4 s, followed by ambient cooling (Fig. 1). A 1.5 kW CO2 laser (10.6 mm), manufactured by Covergent Energy, was used to heat the surface of the coating. At this wavelength, the absorptivity of the zirconia coating is one and the laser beam is absorbed at the surface of the coating w16x. The heat flux distribution provided on the specimen surface by the laser was found to be of Gaussian shape and is described as: 2}



qŽx.sqmaxe{y2(xyw)



(1)



In Eq. (1), q is the heat flux and w is a length parameter, which was determined by changing it in an analytical model until a close approximation to the surface temperature was achieved w15x. The surface temperature of the specimen was recorded using an Ircon infrared pyrometer (Modeline 7000). The data from the pyrometer was recorded in a personal computer using the Labview software. Following the thermal shock procedure, each of the specimens was observed under an optical microscope at 200= magnification. All of the cracks produced during testing were measured and recorded.



(2)



In Eq. (2), Rtotal is the total thermal resistance of the TBC comprised of n layers. Li, ki and Ai are the thickness, thermal conductivity and area (perpendicular to the direction of heat flow) respectively for each layer w17x. While calculating the total thermal resistance for the different coating architectures, the area perpendicular to the heat-flow direction (Ai) for each layer is the same and is the product of the width (32 mm) and depth (3 mm) of the specimen. The thickness of each layer (Li) is shown in Tables 1 and 2. The thermal conductivity (ki) for each layer depends on its composition. The values used in these calculations were experimentally measured by Caterpillar Inc., and are shown in Fig. 2 for various ceramic–bond coat alloy proportions at three different temperatures. The thermal conductivity was measured by the coating manufacturer (Caterpillar Inc.) using the laser flash diffusivity method in accordance with previously outlined procedures w18x. Previous studies w19,20x have described the theory, procedure and analysis for measuring the thermal conductivity of zirconia based TBCs using this method. Fig. 3 shows the calculated thermal resistances for the four coating architectures used in the experiments. As seen in Fig. 3, the one- and three-layer architectures have similar thermal resistances. The thermal resistance of the six- and ninelayer specimens were comparable and higher than the one- and three-layer systems. The one- and three-layer specimens were designed to have the same thermal resistance, so were the six- and nine-layer specimens. However, some differences arise due to the inherent variability associated with plasma spraying as well as the experimental measurements of layer thickness and thermal conductivity. The temperature variation as a function of time was measured at the center of the top surface of the specimen. The spatial temperature distribution throughout the specimen was calculated from an analytical model, which, was previously calibrated using experimentally measured temperatures w14x. Laser heat flux with a Gaussian profile was applied to the surface of the different models. This distribution was modeled based
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Fig. 2. Thermal conductivity of ceramic-bond coat alloy mixtures.



on the CO2 laser used for experimentation of coated specimens. Since the laser heat flux applied to the surface had a Gaussian shape, the maximum temperature occurred at the center of the top surface of the specimen (xs0). The intensity of the laser heat flux applied to the surface was varied depending upon the coating resistance and architecture to obtain a constant surface temperature. When comparing different values of total thermal resistance, a model with a high value of resistance required a smaller heat flux to obtain a surface temperature comparable with a model with lower thermal resistance. To assess the effects of architectural layup and thermal resistance on the transient temperature variation at the center of the top surface of the TBC, a thermal finite element analysis using the commercial code ABAQUS䉸 was performed. Two-, five- and ten-layer architectures were considered. The transient maximum temperature which occurs at the center of the top surface, for three different architectures, with thermal resistances of 68KyW and 188KyW is shown in Figs. 4 and 5 respectively. For a case of low thermal resistance (Fig. 4), the two-, five- and ten-layer specimen show a very similar transient temperature variation at the center of the top-surface. However, in a thicker TBC having a higher resistance (Fig. 5), the ten-layer and two-layer systems show the fastest and slowest cooling rates respectively. This is related to the fact that the ten-layer system has the thinnest ceramic top-layer and highest amount of bond coat alloy within the TBC. However, at the end of the cooling period all the systems reach similar steady state temperatures. These resistances cover the range of resistances for the experimental samples.



Fig. 3. Thermal resistances for the four TBC architectures.



It can be noted that the temperature variation in all cases are quite similar. 3.2. Surface and horizontal cracks due to the thermal shock The surface cracks resulting from the thermal shock experiments were measured for each specimen and are presented as the ‘crack ratio’, which represents the ratio of the final surface crack length to the total TBC thickness. Similarly, the horizontal cracks that formed were also measured. It must be noted that the horizontal



Fig. 4. Temperature vs. time at the center on the coating top-surface for Rs6 8KyW.
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Fig. 6. One-layer specimen after thermal shock (maximum surface temperatures1000 8C). Fig. 5. Temperature vs. time at the center on the coating top-surface for Rs18 8KyW.



cracks often formed near the TBC–bond coat interface. In order to study the effects of increasing heat flux, the power of the laser was gradually increased for different specimens. However, each specimen was subjected to only one laser exposure. 3.2.1. One- and three-layer specimens For the one-layer architecture, a photograph of a surface and interface crack is shown in Fig. 6 for a typical specimen subjected to a maximum surface temperature of 1000 8C. The crack ratio in each specimen obtained after thermal shock is presented as a function of the maximum temperature experienced by the center of the surface of the coating in Fig. 7. The letters (a– s) adjacent to the data points here denote specimen number. Thus, data points accompanied by the same letter correspond to surface cracks on the same specimen. In Fig. 7, Shc denotes surface cracks that formed in the specimens that also had horizontal cracks, whereas, Sc denotes surface cracks without the presence of horizontal cracks. It can be noted from Fig. 7 that the cracks initiate near a surface temperature of approximately 500 8C for the one-layer specimens and gradually increase in size and number with the maximum surface temperature. In most experiments, it was noted that the surface cracks formed as a single crack or as multiple cracks (two to four cracks). In order to identify this cracking behavior, each specimen was labeled with a letter as shown in Fig. 7. As seen in Fig. 7, from the 19 one-layer specimens tested, 14 specimens showed a single surface crack. The remaining five specimens had two surface cracks. Thus, for the one-layer architecture,



the majority of surface cracks occurred as single cracks across the entire temperature spectrum. The cracks that typically form in a three-layer specimen subjected to a maximum surface temperature of 1000 8C after the thermal shock, are shown in Fig. 8. The crack ratio as a function of the maximum surface temperature for this case is presented in Fig. 9. As seen in Fig. 9, for the three-layer specimens, surface cracks start forming near 550 8C and gradually become longer as the surface temperature increases. Several of the three-layer specimens were found to have two surface cracks at maximum temperatures below 1000 8C. However, above this temperature, the number of surface cracks increased to three or four for all the specimens. Of the 17 three-layer specimens tested, the number of



Fig. 7. Crack ratio for the surface cracks in one-layer specimens. SC, surface crack only, SHC, surface crack with horizontal crack.
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Fig. 8. Three-layer specimen after thermal shock (maximum surface temperatures1000 8C).



specimens showing one, two, three and four surface cracks were 2, 10, 2 and 3, respectively. Thus, most of the specimens had multiple surface cracks. The formation of multiple cracks at the higher temperatures in the three-layer specimens indicates that as the grading of the coating is introduced, and the top zirconia layer becomes thinner (Table 1), this top layer starts behaving similar to a thin single-layered zirconia coating. Such a behavior was previously observed for single-layered zirconia coatings w15x. The comparison of horizontal crack lengths for the one- and three-layer coating architectures, which have similar thermal resistances is shown in Fig. 10. Again, the horizontal cracks formed near the TBC-bond coat interface, and were not always located along the interface. As seen from Fig. 10, the first horizontal crack in the one-layer coating occurs near 500 8C, as compared to approximately 850 8C for the three-layer coating. It is also clear from Fig. 10 that, for the same surface temperature, the horizontal cracks in the three-layer coating are significantly shorter. The one-layer layer specimens predominantly had single surface cracks (Fig. 7), while the three-layer specimens had multiple surface cracks (Fig. 9). As the number of surface cracks increases, the propensity for the initiation and propagation of horizontal cracks decreases. Again, a similar behavior was shown to occur in single-layered zirconia coatings subjected to high heat fluxes w15x. Further, in the three layer specimens there is a more gradual transition in thermo-mechanical properties through the TBC thickness as compared to the one-layer specimens (Table 1). Hence, even though the three- and one-layer coating systems have similar thermal resistance, the three-layer coating system shows a greater resistance to horizontal cracking.



Fig. 9. Crack ratio for surface cracks in the three-layer specimens. SC, surface crack only, SHC, surface crack with horizontal crack.



3.2.2. Six- and nine-layer specimens The six- and nine-layer specimens had comparable thermal resistances and were higher than those of the one- and three-layer specimens (Fig. 3). The crack ratio in the six-layer specimens as a function of the maximum surface temperature is shown in Fig. 11. Again, the letters (a–u) next to the data points denote specimen number. In this case, the surface cracks initiate at a higher temperature (680 8C) compared to the one- and three-layer specimens. The crack ratio increases with the maximum surface temperature. Most of the specimens had two surface cracks below 1200 8C and three surface cracks above 1200 8C. A total of 20 six-layer specimens were tested. Single surface cracks formed on four specimens, 13 specimens had two surface cracks and three specimens had three surface cracks.



Fig. 10. Horizontal crack length (HC) for one- and three-layer specimens.
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Fig. 11. Crack ratio for surface cracks in the six-layer specimens. SC, surface crack only, SHC, surface crack with horizontal crack.



The crack ratio for the nine-layer specimens is shown in Fig. 12. Here, the surface cracks initiate at approximately 550 8C similar to the one and three-layer specimens. The nine-layer specimen predominantly had three surface cracks below 1200 8C and four surface cracks above this temperature. From the 14 nine-layer specimens tested, two had single surface cracks. The number of specimens that had two, three and four surface cracks were four each. Further, very few of the nine-layer specimens showed horizontal cracks. A typical morphology of the surface cracks on a nine-layer specimen subjected to a maximum surface temperature of 1200 8C is shown in Fig. 13. This specimen had three surface cracks but did not exhibit any observable horizontal cracks. The final horizontal crack lengths after the thermal shock test in the six- and nine-layer specimens are compared in Fig. 14. The average thermal resistance of the nine-layer specimens was approximately 16% lower than that of the six-layer specimens (Fig. 3). The six- and nine-layer specimens were subjected to similar surface temperatures (Figs. 11 and 12). Given this, the six- and ninelayer specimen showed comparable horizontal crack lengths. In fact, the length of the horizontal cracks in the nine-layer specimens did not exceed 1.2 mm, less than half the size of the longest horizontal cracks in the six-layer specimens. The nine-layer specimens are therefore more resistant to horizontal cracking that the sixlayer specimens which were of similar thermal resistance. The ceramic rich top-layer, is much thinner in the nine-layer system as compared to the six-layer system (Table 2). As discussed earlier, it is believed that this leads to a greater density of surface cracks in the nine-
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Fig. 12. Crack ratio for surface cracks in the nine-layer specimens. SC, surface crack only, SHC, surface crack with horizontal crack.



layer specimens. This surface microcracking, together with the more gradual transition in thermo-mechanical properties in the nine-layer system, makes it more resistant to horizontal cracking than the six-layer system. This reiterates the beneficial effects of compositional gradation at constant thermal resistance discussed earlier in the comparison of the one- and three-layer specimens. The horizontal crack lengths in all four architectures are compared in Fig. 15. As seen in Fig. 15, for a given surface temperature, the horizontal cracks in the sixand nine-layer specimens are in general shorter than in the one- and three-layer specimens. The thermal resistance of the six- and nine-layer specimens is higher than



Fig. 13. Nine-layer specimen after thermal shock (maximum surface temperatures1200 8C).
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increasing gradation. Analytical and numerical models to understand these effects are currently being developed and will be reported in the future. 4. Conclusions



Fig. 14. Horizontal crack length (HC) for six- and nine-layer specimens.



the one- and three-layer specimens (Fig. 3). The insulating effect of the TBC increases with its thermal resistance, thereby, lowering the temperature near the TBC–bond coat interface for a given surface temperature. The transition in properties through the TBC thickness becomes more gradual with increasing gradation and the property mismatch between the TBC and bond coat at their interface becomes lower. These factors are mainly responsible for the shorter horizontal cracks in the six- and nine-layer specimens compared to the one- and three-layer specimens. The thermo-mechanical property mismatch between the TBC and the substrate are greatest for the one-layer TBC system. Besides, most of the one-layer specimens experienced single surface cracks (Fig. 7). Hence, for a given surface temperature the one-layer specimens had the longest horizontal cracks (Fig. 15). The formation of multiple surface cracks with compositional gradation is related to the distribution of thermal stresses on the coating surface after thermal shock. These stresses are mainly influenced by the thermally activated time-dependent (viscoplastic) deformation behavior of the top-layer as well as the subsequent lower layers w21–23x. These effects, in the graded specimens may be quite different compared to the onelayer specimen and are governed by the effective thermo-elastic and viscoplastic response of ceramic-bond coat alloy mixtures w23x. Efforts to better understand and model this phenomenon are currently underway. The transition in thermo-mechanical properties from the TBC surface to the substrate becomes more gradual with increasing compositional gradation. Moreover, the graded specimens experience multiple surface cracking. A combination of these effects is mainly responsible for the increased resistance to horizontal cracking with



Thermal shock experiments were performed with four different TBC configurations. Coating architectures with similar thermal resistance but different compositional gradation were compared. Results show that the grading affects the surface and interface cracking. In particular, multiple surface cracks form with increased compositional gradation. The horizontal cracks formed at the end of the thermal shock process also exhibit significant differences. Namely, the increased gradation increases the temperature at which horizontal cracks initiate. The final lengths of such horizontal cracks, at similar surface temperatures, are shorter for the more graded TBC architectures. This was attributed to the combined effect of a more gradual thermo-mechanical property transition and presence of multiple surface cracks. An analytical approach to facilitate a detailed understanding of the mechanisms that yield such results is currently being developed. This will enable designers of such coatings to predict their response to the application of different thermal gradients. It is clear nevertheless, that the compositional grading of TBCs especially with higher thermal resistances, reduces initiation and propagation of the horizontal cracks that control the spallation of the coating, thus resulting in a longer life. Acknowledgments The financial support of Klod Kokini and Jeffery DeJonge by Caterpillar Incorporated is gratefully acknowledged.



Fig. 15. Horizontal crack length (HC) for the four TBC architectures.
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