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Abstract

:

Thermal barrier coatings (TBCs) and air film-cooling technology have been extensively utilized in nickel-based, single-crystal turbine blades to enhance their heat resistance. However, structural complexity and material property mismatches between layers can affect residual stresses and potentially lead to coating failure. In this study, a three-dimensional finite element model with atmospheric plasma-spraying thermal barrier coatings (APS-TBCs) deposited on air-cooled, nickel-based, single-crystal blades was established to investigate residual stress character under centrifugal load, considering the effect of temperature, crystal orientation deviation angle, oxide layer thickness, and the number of cycles. The results show that when the centrifugal load is increased from 300 MPa to 700 MPa, the absolute value of the residual stress at the crest of the interface between Top Coat (TC) and Thermally Grown Oxide (TGO) increases by only 8.5%, whereas in the region of compressive to tensile stress conversion, residual stress decreases by 100.9%. As the crystal orientation deviation angle increases, the absolute value of the residual compressive stress increases and the absolute value of the residual tensile stress decreases, but the performance is more special in the valley region, where the absolute value of the residual stress increases with the increase in the deviation angle. Special attention is required, as the increase in temperature leads to a rise in the absolute value of residual stress. For example, at the trough of the TC–TGO interface, when the temperature increases from 910 °C to 1100 °C, the residual stress increases by 9.8%. The effect of the number of cycles on residual stress is relatively weak. For instance, at the wave crest of the TC–TGO interface, the residual stress differs by only 0.6 MPa between one cycle and three cycles. The effect of oxide layer thickness on residual stress in the TBCs after a single cycle is nonlinear. When the oxide layer thickness is 0, 4, and 7 μm, the residual stress undergoes a transition between tensile and compressive directions at different locations. The exploration of these results has yielded some valuable laws that can provide a reference for the study of the damage mechanism of TBCs, as well as a guide for the optimization of nickel-based turbine blades in the manufacturing and use processes.
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1. Introduction


Turbine blades, one of the key components of aero-engines and gas turbines, are subjected to higher and higher gas temperatures with the increase in engine thrust performance, which will inevitably put forward a more serious challenge to the strength, design, and manufacture of the turbine blade. Studies have shown that when turbine blades work in extreme environments, their yield life will be halved for every 10~15 °C increase in temperature [1]. Several approaches are being explored to address this issue. First, the development of high-temperature alloys with better heat resistance. Second, advances in TBCs technology. Third, manufacturing single-crystal or directionally solidified blades. Fourth, the development of advanced cooling techniques. The BCs system has a high cooling efficiency and has been widely used to reduce the temperature of turbine blades. The failure of the thermal protection system, caused by the mismatch of the material properties of each layer of TBCs, and the structural complexity due to the combination of TBCs and air-cooling holes, has become the focus of the relevant research and difficulties [2,3,4]. Therefore, it is crucial to study the residual stresses at the core interface of thermal insulation coatings. It is necessary to analyze its failure mechanism in detail. This study will lay a theoretical foundation for understanding the damage mechanism of thermal insulation coatings. It will also provide guidance for improving the stability and reliability of turbine blades.



The failure of TBCs has been addressed, considering a number of vital and extensive aspects, including the mismatch of thermal expansion coefficients, the influence of interfacial roughness, the oxidation process, and the development of cracks at the interface between the TGO and Bond Coating (BC) on a number of key factors. Padture et al. [5,6] found that the complex stress field and thermal cycling of TBCs under service operating conditions caused a significant amount of residual stresses inside them, which was the primary cause of early cracking and the spalling of the coatings. Similarly, Qian verified this conclusion through experimental and numerical studies [7]. Hsueh [8,9] and Limarga [10] proposed a concave–convex cylinder model for describing the morphology of TGO and analyzed its stress field, which showed that TGO exhibits a significant tensile stress state in the valley region of the TC layer (concave model) as well as in the crest region of the BC layer (convex model). The results can better illustrate that cracks may be generated at the very low point of the height of the TC layer and the very high point of the height direction of the BC layer curve. Hao [11] investigated the residual deformation, stress, and high-temperature thermal shock behavior of TBC turbine blades using the finite element method. The results show that the coated blade generates complex residual stresses due to geometric curvature, and that the local compressive stress at the leaf root reaches 200 MPa. Under high-temperature service, the TBCs significantly reduce the maximum von Mises stress at the substrate by about 600 MPa, but the tailing edge thermal protection is limited, and the principal stress in the leaf back region of the leaf root tailing edge reaches 159.5 MPa, which is the critical location for crack initiation and expansion. Yu et al. [12] assumed the TGO as a sinusoidal profile and investigated the relationship between the morphology of the TGO, such as wavelength, amplitude, and thickness, and the thermal stress of the TBCs. The results show that the shape of the TGO has a great effect on the residual stress in the TBCs, and the TGO shape with different amplitudes is more realistic. Zhou [13,14] investigated the factors affecting the heat resistance performance of TBCs and the related laws from the aspects of material parameters, service environment, and turbine blade structure. Cen [15] analyzed the role of TGO depth and ceramic surface coating on the interface and found that the convex region of the BC–TGO interface was considered the most susceptible to crack formation. Guo et al. [16]. investigated the effect of CMAS (the main components are CaO, MgO, Al2O3, and SiO2, together referred to as CMAS) infiltration on interfacial crack extension and residual stresses within the TC using the finite element method. The results show that the increase in the elastic modulus of CMAS suppresses the interfacial crack extension. In addition, they observed that this inhibition is more pronounced in the case of smaller size and thickness of TGO.



Typical failure mechanisms have been derived without considering the influence of external loads, and scholars have mostly considered failure due to the mismatch of the material parameters of the layers, especially the differences in the coefficients of thermal expansion generating large thermal stresses, leading to the generation of cracks, extension, and coating peeling [2]. In general, the crack initiation and propagation mechanism of the coating is often closely related to the alternating thermal loads. Under the repeated action of thermal stress, cracks emerge on the surface of the TGO layer, the surface becomes uneven, and then a large tensile stress occurs on the surface. As the thickness of the TGO layer increases, it will lead to large-scale destabilization or spalling of the material, thus inducing crack initiation and propagation [17,18].



Some studies have shown that under the influence of external loads, the resistance of metal coatings to high-temperature oxidation will be significantly changed. In actual working conditions, turbine blades are subjected to a large centrifugal force when rotating at high speeds, and the resistance of TBCs is much lower than that of the substrate. The influence of external loads on TBCs will be more obvious, and the damaging modes and mechanisms will also be greatly affected. Chen [19] found that the cracks in the coating were centered on the equiaxial grain boundaries under high temperature and constant external loads for double-layer TBCs, prepared by EB-PVD technology under high-temperature creep conditions. However, it is difficult to reach the temperature of actual working conditions and long-term thermal cycling with the currently used experimental means, and the research results need to be examined by using the finite element or numerical simulation methods. Uncertainty in the service life of TBCs limits their effectiveness in safety applications. To address this issue, Yan [20] used Monte Carlo simulation to assess the reliability of TBCs and quantify their spalling risk. By combining hydrodynamic simulations and experiments, the failure mechanism of high-speed rotating TBCs under gas thermal shock was analyzed. The results show that the main failure mode of the ceramic layer is fracture, which is characterized by top-to-bottom “step-like” thinning and peeling, and that centrifugal force is the main driving force. The failure probability is higher at the top surface of the blade, indicating that the coating at this location is prone to failure, which is consistent with the experimental results. In addition, the key parameters affecting the reliability of TBCs include rotational speed, temperature, and the coefficient of thermal expansion. Liu [21] investigated the failure mechanism of the TBCs system using cyclic thermo-mechanical loading with a thermal gradient. Hollow cylindrical specimens consisting of nickel-based single-crystal alloy DD6 covered by an arc ion-plating NiCoCrAlYHf binder layer and surface electron beam physical vapor deposition (EB-PVD) yttrium oxide-stabilized zirconia TC were used. A tensile mechanical load of 200 MPa was applied to simulate centrifugal stress in the middle of a high-pressure turbine blade, and the results showed that the coupled thermo-mechanical load significantly promoted coating spalling, due to the superposition of mechanical strains that enhanced the localized tensile stresses in the peak region of the TC–TGO interface. Subsequent analysis of the interface morphology showed that the TC–TGO interface degraded in a direction parallel to the mechanical loading axis.



In view of the anisotropic properties of the single-crystal substrate, this paper establishes a three-dimensional finite element model of atmospheric plasma-sprayed thermal barrier coatings (APS-TBCs) deposited on air-cooled, nickel-based, single-crystal blades. Using this model, the distribution and evolution of residual stresses in the coating under centrifugal loading are thoroughly investigated, with a focus on the effects of factors such as temperature, crystal orientation deviation angle, oxide layer thickness, and the number of thermal cycles on coating performance. The primary objective of this study is to elucidate the mechanisms by which these factors influence the stability and residual stress distribution of the thermal barrier coatings through accurate numerical simulations. Additionally, this paper explores potential strategies to enhance coating stability and optimize coating design, to ensure reliability in high-temperature and high-load environments. This research provides theoretical support for the application of thermal barrier coatings in practical aero-engine applications, particularly in improving thermal fatigue resistance, crack propagation resistance, and extending the service life of the coatings.




2. Materials and Methods


2.1. Geometric Modeling


Due to the complexity of the structure of the TBCs system and the uncertainties in the behavior of the material, it is difficult to ideally characterize the TBCs system, and usually a simplified TBCs model is used to characterize the TBCs system.



In previous studies, segmented trigonometric curves were employed to simulate the geometry of the coating interface and analyze the impact of interface amplitude and wavelength on residual stresses. However, the results were obtained based on a two-dimensional model, which has certain limitations when compared to the actual three-dimensional scenario. In contrast, other modeling approaches, such as the one developed by Wang [22], used a three-dimensional ellipsoidal morphology to investigate the distribution of interfacial thermal stresses. However, this model is relatively simplified and lacks precision, resulting in a considerable gap when compared to the real-world model. Wang [23] used Micro-CT 3D tomography to establish a thermal barrier coating (TBC) model based on real geometry to analyze crack initiation and propagation. However, this model is expensive to develop and cannot accurately represent the coating interface roughness. Moreover, it lacks flexibility in adjusting various geometric parameters to investigate their impact on residual stress. In this study, a multilayer composite structure consisting of a TC, a TGO, a BC, and a substrate layer is proposed. In the ideal BC, TGO without defects grows uniformly. TGO formed in the form of α-Al2O3 has a very small diffusion coefficient of oxygen ions, which provides a good barrier to the oxidation of the BC. Usually, the inward diffusion of oxygen through the oxide layer makes it grow further toward the BC. Sometimes, the growth of the oxide layer is controlled by the outward diffusion of the aluminum element, leading to the formation of a new TGO at the TGO–top-coat interface or at the α-Al2O3 grain boundaries inside the TGO. Based on the previous work [12], the rough and irregular TGO morphology is described by a cosine curve containing height and spacing information, and the longitudinal profile of the TGO layer is regarded as a cosine curve of a single wavelength scanned along the same curvilinear trajectory, which is denoted in the three-dimensional coordinate system:


  z = A   cos  ⁡     2 π   λ      x + A   cos  ⁡     2 π   λ      y − 2 A  



(1)




where the zero point of the 3D coordinate axis is located at the crest of the TGO layer, the Z-axis is vertically upward, and the X- and Y-axes form a horizontal plane, as shown in Figure 1.



In the design process of thermal barrier coatings, the thickness of the coating is one of the main factors affecting the performance of the coating. On this basis, the relationship between the thermal insulation performance of the ceramic layer and its service time under high temperature conditions was investigated. Although increasing the thickness of the coating enhances the thermal insulation effect, this also leads to an increase in the amplitude of the cyclic thermal stress in the coating, which can lead to cracking in the coating and shortening the service life of the coating. It has been found [24] that the bonding force between the thermal spray layer and the substrate will show a parabolic type of decreasing change when the thickness of the spray layer increases. Therefore, in the actual design, the thickness of the coating should be selected by considering its thermal insulation performance and service life. In this study, the thickness H of the ceramic coating is selected as Htgo = 250 μm.



In determining the thickness of the BC layer, its thickness has a great influence on the stress distribution. Under normal conditions, as the thickness of the BC increases, the formation stress at the ceramic layer and the interface is reduced to a certain extent, but it also increases the formation stress close to the interface. At high temperatures, the degree of oxidization of the BC layer is also one of the important considerations in the selection of the thickness of the BC. In order to ensure that a high-density, high-quality, and highly stable Al2O3 protective film can be formed at the interface between the aluminum matrix and the substrate, the outward diffusion of A1 causes a decrease in the Al content in the substrate, and if the substrate is too thin, it will not be able to maintain sufficient Al content to ensure continuous oxidation in the substrate. In order to improve the thermal shock resistance of the coating, a BC with a thicker Hbc = 120 μm was selected and used to improve the thermal shock resistance of the coating.



Because coatings work at high temperatures and high pressures, a dense oxygen extension layer dominated by Al2O3 usually forms between the BC and TC, which can prevent deeper oxidation of the coating system. The Al2O3 oxide layer is highly dense with almost no porosity, making it virtually impermeable to oxygen. The formation and thickening of this oxide layer effectively restrict the further diffusion of oxygen, providing a barrier that prevents oxygen and other corrosive substances from penetrating the coating. Moreover, if the oxide layer is locally damaged or cracked, the exposed metal surface reacts quickly with oxygen, forming a new Al2O3 layer. Due to its high chemical stability, Al2O3 maintains its structure and functionality at elevated temperatures without decomposing or reacting with other substances. This enables the Al2O3 layer to provide long-term protection even in harsh environments, effectively preventing the continuation of oxidative reactions. Considering the continuous growth of the TGO layer [25], and that the thickening of the TGO layer is one of the important reasons leading to coating spalling and damage [5], in this study, the TGO thickness is Htgo = 0, 4, 7 μm, respectively. In order to minimize the effect of roughness on the simulation results, this paper fixes the TGO curve sweeping path, in which the amplitude of the cosine curve is taken, as A = 0.04 mm, and the wavelength is taken as λ = 0.3 mm. In addition, the thickness of SUB layer was set to Hsub = 2.5 mm.




2.2. Material Parameters


The effect of creep becomes important when the system is exposed to high temperatures [26]. Also according to Biaosas [27], it was found that the creep of the nickel-based superalloy substrate is negligible, because creep has almost no effect on the stress redistribution around the rough surface. Therefore, this section applies the Norton model to characterize the creep properties of materials:


    ε  ˙  = B   σ   n    



(2)




where n denotes the creep index,   σ   denotes the stress,   B   is the creep coefficient, and     ε  ˙    is the creep strain rate.



The BC, TC, and TGO layers are regarded as viscoplastic materials. The substrate is modeled using crystal plasticity theory [28]. The temperature-dependent Young’s modulus, Poisson’s ratio, coefficient of thermal expansion, yield stress, and single crystal materials are shown in Table 1 and Table 2, and the creep parameters are shown in Table 3 in relation to temperature.




2.3. Boundary Condition


In practice, the temperature distribution on the blade surface is not uniform at different locations (leading edge, tailing edge, pressure side, and suction side) due to exposure to airflow [36,37]. It is more difficult to obtain the stress distribution by considering the effect of non-uniform temperature around the blade, and the description of the turbine blade temperature transfer is a very complex 3D problem that requires a multidisciplinary approach, including aerodynamic and structural analysis. Therefore, the effect of non-uniform temperature on stress distribution is not considered in this paper, but simply the uniform temperature near the blade cross-section.



In this study, the mechanical load of the blade is considered to be the centrifugal load with a rotational speed of 13,000 r/min. According to the simulation results of the related literature [38], the maximum stress of the blade under centrifugal load is 728 MPa, which occurs at the root of the tailing edge of the blade. As shown in Figure 2a, in order to simulate the centrifugal force on different parts of the aero-engine turbine blade in service, the time-dependent external load boundary condition is applied to the SUB layer on the x = 0.3 mm side of the model, i.e., the external load undergoes the loading history as shown in Figure 2b. The load is increased from 0 MPa to the target load state in 16 s, and after holding the load for 7200s at constant temperature, the target load state is unloaded to 0 MPa in 16 s, where the external load is a homogeneous load perpendicular to this surface, and the values are set to 700 MPa, 500 MPa, and 300 MPa, respectively, which represent the loading of centrifugal force at the root of the turbine blade and the region away from the root of the turbine blade. At the same time, taking into account the influence of the complex temperature distribution on the turbine blade, the temperatures of 1100 °C, 970 °C, and 910 °C are set, respectively, so as to better simulate and calculate the various parts of the turbine blade effectively.




2.4. Dimensionless


In order to investigate the residual stress distribution of the TBCs system, the residual stresses S33 at the TC–TGO interface (in the TC layer) as well as in the perpendicular direction at the BC–TGO interface (in the BC layer) are extracted in this paper, and the stress cloud is shown in Figure 3a. For the consideration of single-crystal material anisotropy, the paths in this section are selected to extend from one end of the wave peak to the other end of the wave peak via the valley, as shown in Figure 3b,c.



The transverse axis coordinates were processed using a dimensionless method and assigned a normalized distance (normalized distance     s  ¯   ), and the residual stress S33 was taken.




2.5. Grid Irrelevance Test


To construct an accurate and reliable finite element model, the most critical factors are the mesh division and mesh density, both of which must be carefully considered. A high-quality mesh is essential in finite element numerical simulations to ensure precise and dependable results. The meshing approach for TBC turbine blades has a direct influence on the accuracy of the calculations. In this study, eight-node linear hexahedral elements and a hexahedral structured meshing method were employed to increase the mesh density in the vicinity of the oxide layer. A detailed view of the local mesh is presented in Figure 4.



In terms of modeling accuracy, we performed grid-independence validation using different number of grids. Four distinct mesh densities, specifically the selected mesh, encrypted mesh, sparser mesh, and sparsest mesh, were designated as A, B, C, and D, respectively, and a mesh independence analysis was conducted. The analysis results are shown in Figure 5.



Figure 5b,c show the comparison of the residual stresses at the BC–TGO and TC–TGO interfaces between the C model (727,206 meshes), the D model (534,266 meshes), and the A model (108,066 meshes), and it can be found that the data curves obtained from the lower density mesh have some deviations from those of the selected mesh, especially in the peak and valley regions, which is more obvious, and it can be seen that the simulation effect of the A model is better than that of the C model and D model. Figure 5a shows a comparison of the simulation results of model A and model B (352,7026 meshes), which shows that the residual stresses on each contact surface are basically the same for both models, and therefore the selected mesh does not need to be encrypted anymore.





3. Results and Discussions


3.1. Effect of Centrifugal Load on Residual Stresses


Figure 6 shows that when the TGO thickness is Htgo = 4 μm, the loading temperature is 910 °C and the crystal orientation deviation angle β = 0°, the centrifugal force loads p = 300 MPa, 500 MPa, and 700 MPa are taken, respectively, to simulate the effect of residual stress on the interface of the single-crystal substrate atmospheric plasma-sprayed TBCs system after a single service. It can be seen from the diagram that although the influence of centrifugal force load on each interface is different, the influence of external load on residual stress is not significant in the hazardous areas involved, and the direction of the residual stress of the TBCs system at the TC–TGO interface will not change greatly under different centrifugal force loads. The compressive stress is gradually transferred to the tensile stress at the peak near the origin, and the tensile stress is gradually transferred to the compressive stress after reaching the maximum value at the trough. It is worth paying attention to the fact that in the region close to the origin, the position of the residual compressive stress to tensile stress transition gradually moves in the direction of the trough with the increase in load. However, in the region far from the origin, the nodes transformed from tensile stress to compressive stress show the opposite law under the change in load. With the increase in centrifugal force load, the transformed nodes have a tendency to gradually move away from the trough area. Figure 6a shows the effect of centrifugal load p = 300 MPa, 500 MPa, and 700 MPa on the residual stress of the TBCs system at the TC–TGO interface under the condition of keeping the crystal orientation deviation angle unchanged at 910 °C.



It can be seen from the figure that the increase in centrifugal load will increase the absolute value of residual stress near the two peaks of the TC–TGO interface, but its increase is small. At the peak near the origin, it only increases from −34.38 MPa when p = 300 MPa to −37.33 MPa when p = 700 MPa, and its absolute value only increases by 8.5%. In the range of normalized distance 0.2 ≤    s ¯    ≤ 0.9, the effect of load variation on residual stresses shows more prominence. In particular, the effect reaches the maximum near the region of conversion from compressive to tensile stresses, such as at the normalized distance    s ¯    = 0.3, and when the load increases from 300 MPa to 700 MPa, the residual stress decreases from 5.13 MPa to −0.5 MPa, which is reduced by 100.9%. Figure 6b shows the effect of centrifugal load p = 300 MPa, 500 MPa, and 700 MPa on the residual stress of the TBCs system at the BC–TGO interface under the loading condition of 910 °C, and keeping the crystal orientation deviation angle unchanged. The absolute value of the residual stress at the two crests decreases with increasing load, which is favorable for the effect of residual stress at the TBCs interface.



Combined with Figure 6a,b, it can be seen that the size of the centrifugal force has a more obvious effect on the residual stress of the TBCs sector; with the increase in the centrifugal load, the absolute value of the residual stress in the TBCs system generally decreases, and the increase in the external load on the destruction of the TBCs system does not have a critical role. Since the centrifugal force external load has a more obvious effect on the residual stress of the TBCs, will the effect of the deviation angle of the single-crystal substrate on the residual stress be considered under this condition? In this section, under the same temperature and external loading conditions, the effect of the crystal orientation deviation angle on the residual stress of the nickel-based, single-crystal substrate TBCs system will be investigated more deeply.



Figure 7 shows that at the loading temperature of 910 °C, the centrifugal force p = 300 MPa is kept unchanged, and the effect of crystal orientation deviation of the nickel-based, single-crystal substrate on the residual stress of the TBCs system under service conditions, when crystal orientation deviation β = 0°, 5°, 10°, and 15°. In this section, the absolute values of the interface residual stresses at deviation angles β = 5°, 10°, and 15° are compared with those at deviation angle = 0°, and the results are analyzed by amplifying the effect of the difference. Since the presence of the deviation angle does not change the direction of the residual stresses, the change in direction is not considered in the analysis.



Figure 8 illustrates the effect of the thermal barrier coating system on the residual stress differences at the TC-TGO and BC-TGO interfaces, considering different crystal orientation deviation angles. The service environment is maintained at 910 °C, with the TGO thickness is Htgo = 4 μm, and centrifugal external loads of 300 MPa, 500 MPa, and 700 MPa, respectively. Combined with Figure 7, the variation law of the difference in residual stress of the TBCs system can be analyzed in correspondence with the variation law of the residual stress. In the same range, the residual stress value and the difference have the same change trend. The existence of the crystal deviation angle will increase the residual stress of the TBCs system at the peak. For the trough, although the crystal deviation angle will increase the residual stress under small load conditions, as the load increases, the trough area will also increase the residual stress value.



Figure 8a,c,e represent the distribution of the residual stress difference at the TC–TGO interface of the TBCs system under the temperature condition of 910 °C, with centrifugal force external loads taken as p = 300 MPa, 500 MPa, and 700 MPa, respectively. At the normalized distance    s ¯    ≤ 0.2, the residual stress at the TC–TGO interface numerically uniformly exhibits a gradual increasing trend with the increase in the deviation angle. Combined with Figure 7a, it can be seen that the residual compressive stress of the TBCs system increases in this region. In the residual tensile stress region with external load p = 300 MPa (0.2 ≤    s ¯    ≤ 0.93), the residual stress value shows a decreasing trend as a whole, and the reduction effect gradually weakens in the trough region. Even when the external load reaches 1000 MPa, the phenomenon of increasing residual tensile stress is shown in the valley region. The extent of this region also decreases with increasing external loads, which can be well explained in conjunction with Figure 6a.



In addition, with the increase in external load, the influence value of residual stress will also increase. For example, when p = 300 MPa, the residual stress difference range of the TBCs at the TC–TGO interface is only maintained between (−0.6 and 0.6). With the increase in load, the range of residual stress differences at the interface is expanded to between (−1.5 and 1.5).



Figure 8b,d,f represent the effect of the residual stress difference at the BC–TGO interface for the TBCs system at 910 °C, with centrifugal force external loads taken as p = 300 MPa, 500 MPa, and 700 MPa, respectively. Due to the expansion of the compressive stress region at the BC–TGO interface near the origin in Figure 7b, the region of increased residual stress at the BC–TGO interface also expands in Figure 8a. It can be seen that except for the change area of residual stress law, the increase and decrease in residual stress difference are closely related to the state of residual stress here.



In addition to that, comparing Figure 7a,b, it can be found that the effect of residual stress difference at the BC–TGO interface is larger than that at the TC–TGO interface. However, at the same time, it is also found that the effect on the residual stress difference in the TBCs system at p = 700 MPa is still different from that of other loads, which needs to be further analyzed and explored.




3.2. Effect of Temperature Conditions on Residual Stress


Figure 9 shows that when the thickness of TGO is Htgo = 4 μm, the centrifugal force load is kept at 300 MPa, the crystal orientation deviation angle β = 0°, and the temperature environments T = 910 °C, 970 °C, and 1100 °C are taken, respectively, as well as the distribution of residual stress in each interface of the TBCs system after single service loading of the APS-TBCs system on single-crystal substrate. The residual stresses S33 at the TC–TGO interface and BC–TGO interface were collected following a route from the peak of the wave close to the origin to the trough and finally to the peak of the wave away from the origin.



Figure 9a represents the distribution of the residual stress at the TC–TGO interface of the single-crystal-based TBCs system in different temperature environments, and it is obvious that the increase in temperature is unfavorable to the residual stress of the TBCs system, regardless of whether it is in the wave crest or the trough. It can also be observed that the residual stress in the wave crest and the trough region has a more obvious growth phenomenon compared to the other region, where the residual stress is 22.34 MPa at the temperature T = 910 °C in the trough region; when the temperature increases to T = 1100 °C, the residual stress increases to 24.64 MPa, which is an increase of 9.8%. Therefore, the attention to the hazardous regions at the TC–TGO interface under service conditions should still be mainly placed on the crest and trough regions. Meanwhile, it can be observed that with the increase in temperature, the tensile stress region of residual stress on the TC–TGO interface has a gradual increase phenomenon, and that with the increase in temperature, the asymmetric phenomenon of the tensile stress region centered on the wave valley will be more obvious, and that the increment of the residual stress in the transition region far away from the origin is much larger than that close to the origin. Figure 9b represents the variation distribution of residual stresses at the BC–TGO interface for single-crystal-based TBCs systems under different loading temperature environments, which is different from that of the TC–TGO interfacial residual stress affected by the change in temperature. Although the residual stresses in the peak and trough regions still increase with increasing temperature, the increase is significantly smaller than that in some of the transition regions (such as the transition region near the crest 0.1 ≤    s ¯    ≤ 0.243 and the valley transition region away from the origin 0.63 ≤    s ¯    ≤ 0.74), while the hazardous area of concern in the region of the wave peak close to the origin needs to be extended to the range of 0 ≤    s ¯    ≤ 0.243.



On the basis of the analysis in Section 2.1, analyzing the effects of different loading temperatures and crystal orientation deviation angles on the residual stress difference between the surfaces of the nickel-based single-crystal TBCs system under the same centrifugal loading force will make the simulation results clearer and the influence law more credible. Figure 10 shows that under the centrifugal force load of p = 300 MPa, when the service environment is 970 °C and 1100 °C, respectively, the TBCs system is affected by different crystal orientation deviation angles and residual stress differences between the TC–TGO interface and BC–TGO interface.



Figure 10a,c represent the effect of residual stress difference at the TC–TGO interface for the TBCs system under centrifugal load p = 300 MPa, and with temperatures taken as T = 970 °C and 1100 °C, respectively. Similarly, the presence of the crystal deviation angle increases the absolute value of the residual stress in the compressive residual stress region at the TC–TGO interface, and the residual stress increment near the crest region away from the origin is much larger than the residual stress increment in the crest region close to the origin, which plays a more pronounced catalytic effect on the asymmetry of the residual stresses in the TBCs. In the tensile stress region, the influence of the crystal deviation angle is different from the single influence of the compressive stress region, when the loading temperature T = 970 °C. In the range of the deviation angle β ≤ 5°, the residual stress of the TBCs in the tensile stress region at the TC–TGO interface basically maintains a negative incremental state, but when the crystal deviation angle β ≥ 10°, a positive growth of the residual stress occurs in the trough region, and with the increase in the deviation angle, residual stress increases gradually.



Figure 10a,c represent the effects of residual stress difference at the BC–TGO interface for the TBCs system under centrifugal load p = 300 MPa, and with temperatures taken as T = 970 °C and 1100 °C, respectively. The influence law is basically the same as that of the TC–TGO interface, but it can be clearly observed that the crystal orientation deviation angle has a greater influence on the BC–TGO interface than on the TC–TGO interface. Meanwhile, unlike the single nonlinear increase in the trough region on the TC–TGO interface, the residual stress difference on the BC–TGO interface has an obvious decreasing trend in the trough region. Under this rule, the attention to the dangerous area on the BC–TGO interface can be mainly placed in the peak area.




3.3. Effect of Number of Cycles on Residual Stress


From the analysis in the above two sections, it can be seen that both the centrifugal force and temperature of external loads affect the residual stresses on the interfaces of the TBCs system to a certain extent. In this section, based on the working condition that the turbine blade is constantly cycling, the number of load cycles is increased on the basis of the studies in the previous two sections, to further analyze the influence of the number of cycles on the residual stresses of the TBCs. In Figure 11, the TGO thickness Htgo = 0.4 μm, the temperature is T = 910 °C, the external centrifugal force is p = 300 MPa, the number of cycles is 1, 2, and 3, respectively, and the effect of the number of cycles on the residual stress of the interface of the TBCs system is shown.



Figure 11a shows the effect of single and multiple cycles on the residual stress at the TC–TGO interface of the TBCs system. From the figure, it can be seen that the effect of the number of cycles on the peak region of the TC–TGO interface is very small, for example, at    s ¯    = 0, the residual stress is −34.37 MPa under the action of one cycle, while the residual stress is −34.31 MPa under the action of three cycles, which is only a difference of 0.6 MPa. The effect is more obvious in the region near the trough compared with that in the peak region, and the initial residual stress of the TBCs gradually increases with the increase in the number of cycles. The tensile and compressive stress transformation position of the residual stress does not change with the increase in the number of cycles. Figure 11b shows the effect of single and multiple cycles on the residual stress at the BC–TGO interface of the TBCs system. Again, it can be observed that the number of cycles has a relatively small effect on the residual stresses, but unlike the TC–TGO interface and other regions where the effect pattern is different, at the BC–TGO interface, the residual stresses decrease as the number of cycles increases, which is undoubtedly advantageous, although the effect is not very pronounced for this hazardous location.




3.4. Effect of TGO Thickness on Residual Stresses


Figure 12 shows the continuous growth of the TGO at the interface of the TC–BC layer. When Htgo = 0, 4, 7 μm, respectively, the distribution of residual stress on each interface of the TBCs is kept under the service condition p = 300 MPa and T = 910 °C. It is found that the increase in the thickness of the oxide layer not only affects the size of the absolute value of the residual stresses in all sectors of the TBCs after service, but also has a very significant influence on the distribution range of its tensile and compressive stresses.



Figure 12a shows the comparative distribution of residual stresses at the TC–TGO interface of the TBCs on the turbine blade after a single service under different TGO thickness conditions. From the figure, it can be observed that the change in TGO thickness has the same effect at the two wave crests of the TBCs, and the absolute values of its residual stresses both increase with the increase in TGO thickness. However, the difference is from the transition from the wave crest to the wave valley region, and the transition position of tensile and compressive stresses in the transition region near the origin has a very large change due to the influence of TGO thickness. When Htgo = 0 μm, the transition in the tensile and compressive direction is realized at the normalized distance    s ¯    = 0.2; when Htgo = 4 μm, the transition in the tensile and compressive direction is realized at the normalized distance    s ¯    = 0.25; and at Htgo = 7 μm, the transition in the tensile and compressive direction is realized at the normalized distance    s ¯    = 0.16. In the transition region away from the origin, although the residual stresses of the TBCs with thicknesses of 0 μm and 7 μm have basically the same direction transition position, the direction transition position of the TBCs with Htgo = 4 μm is obviously closer to the trough direction in this transition region. As a result, the absolute value of the residual stress in the valley region is no longer affected by the TGO thickness in the same way as that in the peak region, in which the interfacial residual stress is minimized when the TGO thickness is 4 μm.



Figure 12b shows the distribution of residual stress on the BC–TGO interface of the TBCs on the turbine blade after a single service under different TGO thickness conditions. Different from the residual stress influence law on the TC–TGO interface, the influence of residual stress at the two wave crests on its interface is obviously different, and the absolute value of the residual compressive stress gradually decreases with the increase in the thickness of the oxide layer, and reaches the minimum value of the residual stress at Htgo = 4 μm, which is the same as the TC–TGO interface in the range of the normalized distance 0.1 ≤    s ¯    ≤ 0.82. It can be seen that the effect of oxide thickness on the residual stress at all interfaces of the TBCs is not linear. At the trough, the effect of oxide layer thickness on the residual stress shows an opposite trend to that at the peak, and reaches the maximum value of the residual stress at Htgo = 4 μm. Therefore, the attention to the residual stress at the trough should be increased with the increase in oxide layer thickness at the BC–TGO interface.





4. Conclusions


By simplifying the service environment of turbine blades, this study examines the evolution of residual stresses in the thermal barrier coating system of a single-crystal substrate under varying conditions of centrifugal load, crystal orientation deviation angle, temperature, cycle count, and TGO thickness. The key findings are as follows:



(1) The effects of centrifugal force loading on the residual stresses at all interfaces of the thermal barrier coatings are generally favorable. However, the residual stresses near the two wave crests at the TC–TGO interface show a slight increase with increasing load, while the absolute values of residual stresses in other critical regions of concern decrease as the load increases;



(2) The influence of the crystal orientation deviation angle on the residual stress in the thermal barrier coating under loading conditions varies depending on the stress direction. Overall, as the deviation angle of the crystal orientation increases, the absolute value of residual compressive stress increases, while the absolute value of residual tensile stress decreases. However, in the valley regions, the behavior is more distinct, with the absolute value of residual stress increasing as the deviation angle grows;



(3) The effect of temperature on the residual stresses at the interfaces of the thermal barrier coatings is quite significant, with the absolute value of residual stresses gradually increasing as the temperature rises. Notably, at the wave peaks of the BC–TGO interface farther from the origin, the residual stress values decrease, influenced by the anisotropy of the single-crystal substrate;



(4) The number of cycles has minimal impact on the direction and transition points of residual stresses in each region, but slightly increases the magnitude of the residual stresses across all sectors;



(5) The effect of TGO thickness on the residual stress at the interface of the thermal barrier coating after a single service is nonlinear. At the crest of the TC–TGO interface, the residual stress gradually increases with the increase in TGO thickness. However, the residual stress is minimized at the remaining position Htgo = 4 μm. Near the trough of the BC–TGO interface, the residual stress reaches the maximum at Htgo = 4 μm, but it is the minimum in the other positions at Htgo = 4 μm.



Based on the current research status, future improvements can focus on the experimental perspective. By leveraging the multi-parameter anisotropy characteristics of single-crystal materials, further exploration can be conducted to comprehensively assess the influence of single-crystal substrates on the residual stress behavior of thermal barrier coating systems. This would also serve as a foundation for establishing finite element models and verifying simulation results. Additionally, adopting a more precise definition of the deviation angle could help minimize errors in determining the anisotropic material parameters. Lastly, this study only considers centrifugal force in the external load simulations, excluding other forces such as aerodynamic forces. Future research could extend the residual stress analysis to account for complex stress states under combined loading conditions.
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	Complete Terminology



	TBCs
	Thermal barrier coatings
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	Atmospheric plasma spraying



	CMAS
	Calcium-magnesium-alumino-silicate



	TGO
	Thermally Grown Oxide
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	Top Coat
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Figure 1. Three-dimensional thermal barrier coating model. 
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Figure 2. Centrifugal load applied on the finite element model. 
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Figure 3. Model stress cloud. 
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Figure 4. Finite element model. 
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Figure 5. Mesh irrelevance analysis. 
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Figure 6. Influence of different load sizes on the residual stresses at the interfaces of single-crystal substrate thermal barrier coating system at the same temperature and deviation angle. 
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Figure 7. Influence of crystal orientation deviation of single-crystal substrate on the residual stresses at the interfaces of thermal barrier coating system under the same temperature and external loading conditions. 
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Figure 8. Influence of different centrifugal force external loads and crystal orientation deviation angle on the residual stress difference between various interfaces of nickel-based, single-crystal substrate thermal barrier coating system under the same temperature condition. 
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Figure 9. Effect of residual stresses at different temperatures on the interfaces of a thermal barrier coating system with the same crystal orientation under the same external loading conditions. 
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Figure 10. Influence of different crystal orientation deviation angles on the residual stress difference between the surfaces of nickel-based, single-crystal substrate thermal barrier coating system under the same centrifugal external loading temperature conditions. 
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Figure 11. Effects of single and multiple cycles on the residual stresses on all surfaces of the thermal barrier coating system under the same temperature and external load conditions. 
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Figure 12. Effect of different TGO thicknesses on the residual stresses on the interfaces of thermal barrier coatings under the same external load and temperature conditions. 
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Table 1. Table of material properties.
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Material Properties

	
Young’s Modulus (GPa) [29,30,31]

	
Poisson’s Ratio [12,32]

	
Coefficient of Thermal Expansion (×10−6/°C) [12]

	
Yield Stress (GPa) [12,33,34]






	
Temperature (°C)

	
BC

	
TGO

	
TC

	
BC

	
TGO

	
TC

	
BC

	
TGO

	
TC

	
BC

	
TGO

	
TC




	
20

	
200

	
400

	
48

	
0.30

	
0.23

	
0.10

	
13.6

	
8.0

	
9.0

	

	

	




	
25

	

	

	

	

	

	

	

	

	

	
1

	

	
1




	
100

	

	

	

	

	

	

	

	

	

	

	
10

	




	
200

	
190

	
390

	
47

	
0.30

	
0.23

	
0.10

	
14.2

	
8.2

	
9.2

	

	
10

	




	
295

	

	

	

	

	

	

	

	

	

	
1

	

	
1




	
400

	
175

	
380

	
44

	
0.31

	
0.24

	
0.10

	
14.6

	
8.4

	
9.6

	

	
10

	




	
600

	
160

	
370

	
40

	
0.31

	
0.24

	
0.11

	
15.2

	
8.7

	
10.1

	

	
10

	




	
750

	

	

	

	

	

	

	

	

	

	

	

	
0.11




	
800

	
145

	
355

	
34

	
0.32

	
0.25

	
0.11

	
16.1

	
9.0

	
10.8

	

	
10

	




	
850

	

	

	

	

	

	

	

	

	

	
0.079

	

	




	
1000

	
120

	
325

	
26

	
0.33

	
0.25

	
0.12

	
17.2

	
9.3

	
11.7

	

	
1

	
0.11




	
1100

	
110

	
320

	
22

	
0.33

	
0.25

	
0.12

	
17.6

	
9.6

	
12.2

	

	
1

	




	
1200

	

	

	

	

	

	

	

	

	

	
0.079

	

	











 





Table 2. Table of substrate properties.






Table 2. Table of substrate properties.





	
Material Properties

	
Substrate Modulus of Elasticity and Poisson’s Ratio

	
Parameters of the Substrate Ontology Model






	
Temperature (°C)

	
E (GPa)

	
ν

	
G (GPa)

	
h0 (MPa)

	
τs (MPa)

	
τ0 (MPa)




	
20

	
13.6

	
8.0

	
9.0

	
200

	
402

	
383




	
760

	
17.2

	
9.3

	
11.7

	
230

	
492

	
385




	
980

	
17.6

	
19.6

	
12.2

	
21,700

	
300

	
213











 





Table 3. Creep parameters for each layer [35].
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Temperature (°C)

	
    B     S   − 1   M P   a   − n        

	
n






	
TGO

	
1000

	
7.3 × 10−10

	
1




	
TC

	
1000

	
1.8 × 10−7

	
1




	
BC

	
≤600

	
6.54 × 10−19

	
4.75




	
700

	
2.2 × 10−12

	
2.99




	
800

	
1.84 × 10−7

	
1.55




	
≥850

	
2.15 × 10−8

	
2.45




	
SUB

	
10

	
4.85 × 10−36

	
1




	
1200

	
2.55 × 10−9

	
3
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