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FAILURE DEVELOPMENT IN THERMAL BARRIER COATINGS ASHER A. RUBINSTEIN & YALIANG TANG Department of Mechanical Engineering, Tulane University New Orleans, LA 70118, USA



ABSTRACT The life expectancy of thermal barrier coatings is a serious concern for industrial applications. Multiple experimental observations suggest that failure development is a continuous process that practically initiates from the moment the protective coating has been fabricated. Common features include formations of initial systems of cracks leading from the surface of the coating to the interface between the coating and the base material, and eventual failure of the segments along the interface. Identification of the timeframe of this process and its dependence on various factors is the practical aspect of the presented investigation. The objective is to determine relationships between aspects of the failure process and their associations with practical factors such as the characteristics of the thermal cycle, the relative thickness of the coating, the thermomechanical parameters of the materials involved, and other factors specific to the service conditions. To address these issues, a rigorous analytical – computational model has been developed with the capability of simulating the process of development of multi-crack systems within the coating layer in the pattern typically observed in the experiment. Specific details of the analysis concentrate on crack propagation in the vicinity of and along the interface under thermal stress. Results of the simulations reveal that special circumstances of the structure of the considered systems create a specific environment for crack path development in the vicinity of the biomaterial interface. In particular, in the case of thin thermal barrier coatings, the local stress field induced by thermal loading forces cracks to propagate along the interface, practically disregarding the relationship between the material properties of the coating and the base material. The regions where the considered material system exhibits crack growth resistance for the interface cracks were identified, as well as the regions of potentially spontaneous failure of the coating. The developed model gives insight into the processes taking place during failure development and the effect of the details of the applied thermal loading on the potential safe service life of these coatings. The model will serve as a guiding tool for service life estimation of components subjected to the described conditions.



1. INTRODUCTION One of the methods of improving engine efficiency is directed at increasing the temperature in the combustion chambers and other critical sections of the engine. To achieve that, thermal barrier coatings (TBCs) have been developed to protect structural metallic materials from extreme temperatures. The TBCs consist of a ceramic layer deposited on a metallic alloy substrate. This combination gives the engine components the benefits of the high temperature resistance of ceramics and the structural reliability of the metallic alloy. The TBCs are processed either by air plasma spray (APS) or electron beam vapor deposition (EB-PVD). The conditions of the working environment of TBCs are extreme. The thermal cycle generates high stresses due to high differences in the thermo-mechanical properties of the thermal barrier and the substrate. The thermal cycle in combination with mechanical cyclic loading creates an extreme situation at the barrier - substrate interface. Eventually, critical failure of TBCs develops near or along the interface. It is established that the failure process starts in the earlier stages of the TBCs service and some initial failure sites are developed during the fabrication of TBCs. In the course of fabrication, the formation of the surface of the coatings has a mud pie appearance with a system



of small surface cracks serving as the boundaries. In a reasonably short service period, these initial cracks propagate through the thickness of the coating layer and reach the coating substrate interface. These initial cracks through the coating layer form a network that in twodimensional illustration may be presented as a periodical crack system. The formation and propagation of the interfacial cracks connecting the initial periodical system are fundamental components of the developing failure in TBCs. The development of an analytical computational model characterizing in detail the failure process in TBCs is the primary purpose of this investigation. The developed model is planned to be used as a tool for service life prediction of components with TBCs. In the current state of understanding of the process, the critical issue is interfacial or near interfacial cracking in the TBCs. In practical terms, one needs to determine the actual fracture mechanics parameters that initiate internal microcracks and promote their growth during specific thermo-mechanical service cycles. The model development presented here is aimed at obtaining these fracture mechanics parameters and using them to determine the service life potential of TBCs. To achieve that, a coupled thermo-mechanical analysis applicable to multilayered TBCs has been developed and a sound theoretical - computational model was formed to simulate failure development in thermal barrier coating systems. The specifics of the developed analysis are directed at the effects on the TBCs’ integrity due to the transient period of the temperature change, cyclic temperature variations, and relative thickness of TBCs. The developed simulations demonstrate the crucial importance of these factors for future service duration of TBCs, estimation of potential life expectancy, and the possibility to optimize the design of the TBCs. 2. THE MODEL The computational model was developed on the basis of the experimentally observed patterns of failure development in the TBCs. Typically, after TBCs fabrication and placement in service, the granular formations on the surface are observed. These are nets of surface cracks developed due to the high temperature gradients during the fabrication process. These surface cracks may be relatively short initially but, as was observed, they may reach the interface between the ceramic coating and the base metal in a relatively low number of service cycles. Typically, these cracks do not propagate through the interface into a substrate but rather deflect and continue to grow along or near the interface. Thus, the main safe service period of TBCs is primarily dependent on the time, or number of service cycles, required for these cracks to cross the link holding the individual "grains" attached to the substrate. The two dimensional schematic illustration of this process is given in Figure 1, which illustrates the model problem. The initial interface cracks are depicted as a periodically distributed net of cracks. The practical goal is to determine the safe service time of the components with TBCs. Taking a conservative approach, the modeling effort concentrates on the time required for the cracks to bridge the interfacial link holding the coating layer. To make this determination it is necessary to evaluate all crack growth driving parameters as they develop along the crack path. Determination of the stress intensity factors and the energy release rate as the crack progresses along the interface is a necessary step toward service life prediction. Establishing an analytical computational relationship between these parameters and the thermomechanical loading parameters during the service cycle is the base of the life prediction scheme for TBCs. Although the process is three dimensional, a two dimensional problem could provide sufficient information regarding the nature of the process. The average "grain" size, that is the parameter describing the initial spacing of the net of surface cracks, determines the size of periodic crack cells in two-dimensional cross section. That is a period p, as illustrated in Figure 1. The initial spacing of the surface cracks depends on the fabrication process parameters and,



possibly, can be controlled by the manufacturing process. Model Problem



Possible Crack Path Trajectories



y L1 h Material 1



L2 x



-a L3



a p



Material 2



Figure 1. Initiation and growth of Interface cracks.



Figure 2. Illustration of possible crack path trajectories



Two alternative crack path directions are illustrated in Figure 2. Identification of a specific crack path option for a given TBS system is an important component of failure model development in this framework. The developed model is based on the method of singular integral equations using appropriate periodic dislocation density functions as influence functions. The elastic fields are generated as a result of the temperature or heat flux variation on the free surface of the ceramic coating. The results presented in the following section are based on the data for one of the typical TBC systems described by Zhu and Miller [1]. 3. COMPUTATIONAL EXAMPLES The following numerical example was computed using the data used in experiments described by Zhu and Miller [1]. The material properties are summarized in Table 1. The definitions of the stress intensity factors and the energy release rate along the interface used in the computations are consistent with the definitions introduced by Rice and Sih [2]. Table 1. Physical and Mechanical Properties of Thermal Barrier Coating System Used in Calculation (Zhu, D and Miller, R.A., 1998) Material Properties



Young’s Modulus E(GPa) Poisson Ratio ȣ Heat capacity c(J/Kg·oK) Thermal conductivity k(w/m·oK) Thermal expansion coefficient ȕ(10-61/·oK) Density ȡ(Kg/m3) Thermal diffusivity Į(10-7m2/sec) Shear Modulus µ(GPa)



Plasma Sprayed ZrO28wt%Y2O3 70.0 0.25 582 0.9 10.8 5236 2.953 28.0



4120 steel



180.0 0.25 456.4 46.7 14.2 7850 130.3 72.0



The physical parameters are presented as dimensionless values by using the following definitions
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where K - is the stress intensity factor, G – is the energy release rate, E - is Young’s modulus, µ – is shear modulus, ȕ – is thermal expansion coefficient, ǻTs – is the temperature increase at the surface, and h – the thickness of the thermal barrier coating. A few sets of numerical examples were generated to represent the stress states developed under the following conditions: a thermal load applied as constant temperature at the surface; a cyclic temperature load at the surface; constant thermal flux at the surface; and a cyclic thermal flux at the surface. These thermal loadings were applied to the cases illustrating the stress state in thin TBCs when the thickness of the coating is significantly smaller than that of the substrate, and thick TBCs where both thicknesses are comparable. The analysis of the case of a constant surface temperature plays a guiding role in understanding the cyclic temperature case and evolution of the residual stresses generated by the fabrication process. There are two loading components on the developing cracks in thin TBCs. One component is proportional to the temperature increase at the specific location, and another stress component parallel to the interface is due to the mismatch of the thermomechanical properties of the materials involved. The latter becomes especially significant after a certain time, when the temperature of the interface starts to increase. In Figure 3, the evolution of that stress component is depicted.



Figure 3. The normal stress component parallel to the interface versus time when constant temperature is applied at the surface. In the following figures the evolution of the stress intensity factors acting on growing cracks under constant temperature applied at the surface are given. These cracks are at the following locations: a crack growing from the surface toward the interface, Figure 4; a crack branched above the interface, parallel to the interface, Figure 5; and a crack branched along the interface, Figure 6. In all presented cases the data are given in dimensionless form as specified in relationships (1). The presented data clearly explain the reasons the initial cracks are developing as described earlier, and why they branch along the interface rather than above it.



Figure 4. Stress intensity factors at the crack growing from the free surface toward the interface.



Figure. 5. Stress intensity factors acting on a crack branched above the interface, parallel to the interface. The patterns of development of the stress intensity factors, as cracks are growing along the interface, are very valuable in application to the service life determinations of the TBCs. The presented case demonstrates the presence of fracture resistance on a significant portion of the



crack growing path. After a critical point on that path, the failure will become spontaneous, as is also identified in Figure 6. The presented data illustrate only a partial set of results obtained in the course of this investigation. These data address only interface crack development. The effects associated with a cyclic thermal loading, a loading due to a thermal flux instead of surface temperature, and the influence of the thickness of the TBCs were also investigated.



Figure 6. Dimensionless stress intensity factors acting on the interface cracks under constant surface temperature 4. CONCLUDING REMARKS Essential data leading toward an understanding of the interface crack driving force developed due to thermal loadings were developed using a rigorous analysis of the corresponding thermoelastic problem. The present work is a basic development toward a service life prediction model for TBCs. ACKNOWLEDGEMENT. The work presented here was supported by NASA under Grant NAG3-2689. REFERENCES [1] Zhu, D. and Miller, R. A Influence of high cycle thermal loads on thermal fatigue behavior of thick thermal barrier coatings. NASA technical report, 3 – 10, NASA TP – 3676, 1998. [2] Rice, J. R. and Sih, G. C., Plane problems of cracks in dissimilar media. Journal of Applied Mechanics. Vol.32, pp.418-423, 1965.
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