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Abstract

:

The solid particle erosion behavior of electron-beam physical vapor deposition (EB-PVD) thermal barrier coatings (TBCs) was numerically evaluated under thermal cycling conditions. The erosion rates were calculated based on the mechanics-based formulae where the model parameters are fitted to the temperature-process-dependent test data available in the literature. A stochastic approach was applied to simulate the erosion behavior toward service conditions. The mechanics-based formulae were then validated by experimentally measured temperature and sintering-dependent erosion rates from the literature. The pseudoductile erosion behavior is identified for silica particles in the EB-PVD topcoat (TC) erosion system above the intermediate temperatures (~220 °C) due to the softening of partial molten silica particles, thus leading to an increase in the cutting wear and a decrease in deformation wear. The erosion rates are found to decrease versus temperature but increase versus thermal cycles. Such erosion behavior could be attributed to propagation of sintering cracks induced at elevated temperatures. The parametric calculations show that both erosion and thermal cycling parameters have a profound effect on the erosion mechanism of EB-PVD TC. The erosion rate increases at higher solid particle velocity and accumulated mass but displays a pseudoductile erosion behavior versus variation of impacting angles. Two types of erosion mechanisms were evaluated under different thermal cycling conditions. Under the burner cycling test with a short high-temperature dwell period, the erosion mechanism of EB-PVD TBCs is governed by temperature, while under an isothermal cycling test with a high-temperature long dwell period, the erosion is determined by sintering time. The failure mechanisms of EB-PVD TBCs under solid particle erosion processes are discussed combining internal cracking within topcoat and external erosion on the surface of topcoat.
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1. Introduction


Research concerning the failure mechanisms of electron-beam physical vapor deposition (EB-PVD) thermal barrier coating (TBC) systems in the hot section of gas turbine engines have been conducted for several decades [1,2,3,4,5,6,7,8]. Apart from the degradation and damage caused by residual stresses generated via bond coat (BC) oxidation and coefficient of thermal expansion (CTE) mismatch between different coating layers, the hot corrosion of TBCs under high-temperature service environment and solid particle erosion on coating systems were considered as a secondary problem in which the latter is normally described by an impact of external particles on the surface of TBC topcoat (TC) during service period [1,9,10,11,12,13,14]. The superior durability of EB-PVD TBCs compared to those of atmospheric plasma-sprayed thermal barrier coating systems (APS-TBCs) is partially due to its feathering-like columnar microstructure [15,16,17,18,19]. For solid particle erosion resistance, the columnar boundaries of EB-PVD TBCs have been shown to effectively inhibit crack propagation induced by the impact of external solid particles [10,12,20]. Under a harsh service environment, it is necessary to investigate the failure mechanism due to solid particle erosion of EB-PVD TBCs. To date, there are a number of test results on erosion rates for EB-PVD TBC versus different erodents at temperatures from room temperature (RT) up to 910 °C [21,22]. Although there are a number of theoretical and numerical models on solid particle erosion of EB-PVD TBCs [10,23,24,25], these existing modeling results on erosion are mostly qualitative and normally focus on erosion-mechanisms identification, establishing a scaling correlation law between external particle property and erosion test depth along with coating materials’ mechanical properties. In the present research, the solid particle erosion and its erosion rate of EB-PVD TBCs are quantified at elevated temperatures for two distinct thermal cycle schemes, i.e., burner cycling and isothermal cycling conditions. By using the temperature, processing and sintering-dependent coating materials’ properties, the erosion behavior is described, and soft erosion behavior of particle SiO2 at high temperature was explained. Furthermore, a stochastic approach was combined with mechanics-based formulae of erosion to evaluate erosion behavior with an aim toward real service working environments, and, finally, explanation on erosion failure was provided by using lateral cracking and sintering cracking induced by solid particle impact.



The present paper is organized as follows. In Section 2, the mechanics-based erosion formulae [26] are introduced and described in detail along with an estimation of erosion and erosion rates versus thermal cycles combining a stochastic approach. In Section 3, model parameters are then fitted to test data considering the effect of temperature variation and time-dependent sintering on erosion rate. The mechanics-based formulae are incorporated to determine the resistance of the target material against erosion, where a stochastic approach is introduced with randomly selected erosion parameters to approximate the erosion rates toward service conditions. In addition, a parametric study is conducted to evaluate the effect of erosion parameters, including impact velocity, accumulated impact mass, impact angle and thermal cycling parameters on erosion rates. In Section 4, which contains the results and discussion, two erosion modes are identified at different stages of thermal cycles versus the ratio of high-temperature dwell time over the total cycling duration. The erosion modes are further correlated to the failure mechanism of EB-PVD TBCs under different thermal cycling conditions. In Section 5, the major conclusions derived from previous sections were summarized.




2. Mechanics-Based Formulae for Evaluating Solid Particle Erosion under Thermal Cycling Environments


Experimentally measured erosion rates for EB-PVD TBCs were tabulated in [21] under various impact angles at selected temperatures. For EB-PVD TBCs, in Ref. [27], the erosion tests were conducted using spherical alumina particles of a diameter of 40 μm at 540 °C with an impact velocity of 122 m/s. In Ref. [22], the erosion tests were carried out using spherical silica particles of a diameter of 60 μm at room temperature (RT) with an impact velocity of 170 m/s and at 910 °C with an impact velocity of 300 m/s. It is evident that the measured erosion rates shown in Table S1 of the Supplementary Materials demonstrate a temperature-dependent behavior. The coatings were eroded in a brittle manner at both RT and 540 °C because the erosion rate increases monotonously with impact angle and the maximum erosion rate was found at the high impact angle (90°), Figures S1 and S2 of the Supplementary Materials. However, the coating was eroded in a pseudoductile manner, according to [22], at 910 °C because the maximum erosion rate was found at an acute impact angle (30°) and then followed a decreasing erosion rate pattern as the impact angle increased, Figures S3 and S4 of the Supplementary Materials. It should be noticed that a pasty deposit of erodent silica was identified on the surface of TC for erosion test conducted at glancing angles at elevated temperatures [22]. This result suggests that during high-temperature erosion processes, there exists a softening and/or partial melting of erodent silica particles upon impinging on the TC surface. The softened silica erodent is capable of pulling out fracture sections of coatings that are otherwise not removed at acute angles [10,21,22], which consequently results in pseudoductile erosion behavior at elevated temperatures. In the present study, because the erosion rates are calculated under thermal cycling environments, both the brittle and pseudoductile erosion behavior are expected to occur at different stages of thermal cycles.



Neilson et al. [26] proposed mechanics-based formulae in which the total erosion damage is described by accounting for both the cutting wear and deformation wear. The cutting wear is associated with eroding forces parallel to the surface under eroding attack, while the deformation wear is associated with the eroding forces normal to the surface. The kinetic energy of the impacted particles is then divided into two components that are normal and parallel to the target material surface, respectively. During the erosion process, the kinetic energy is absorbed on target material surface and accounts for both cutting wear and deformation wear. Neilson et al. [26] then quantified the cutting wear kinetic energy ϕ and deformation wear kinetic energy ε in terms of releasing a unit mass of eroded material. The formulae of total erosion are described by [26],


   W t  =       1 2  M  V 2    cos  2  α sin n α  ϕ   ⏟   ( A )   +       1 2  M   ( V sin α − K )  2   ε   ⏟   ( B )    ,   α <  α 0    



(1A)






   W t  =       1 2  M  V 2    cos  2  α  ϕ   ⏟   ( C )   +       1 2  M   ( V sin α − K )  2   ε   ⏟   ( B )    ,   α >  α 0    



(1B)




where


  n =  π  2  α 0     



(2)







Here, Wt is the total amount of erosion caused by total accumulated mass M of erodent at the attack angle α with the erodent velocity V. In Equation (1), part B accounts for the deformation wear at large angles and parts A and C account for the cutting wear occurring at small angles, respectively [26]. Wt in Equation (1) is calculated versus the attack angle α from the acute angle to the large angle. For small attack angles, the particles may sweep onto the surface and finally leave again with a residual amount of parallel kinetic energy [26]. As the attack angle α increases, there exists a critical angle called α0 at which the residual parallel component of particle velocity is zero, and then Equations (1A) and (1B) predict the same erosion (sin(nα0) = 1). For hard materials subject to deformation wear, there also exists a critical impact velocity K below which no erosion damage takes place.



Using the measured erosion rate listed in Table S1 of the Supplementary Materials in Equation (1), the model parameters characterizing the erosion behavior including α0, n, ε and ϕ are determined, and results are tabulated in Table S2 of the Supplementary Materials at selected temperatures, impact velocity as well as the type of erodent. It is noted that for the term “sin(nα)” (α varies from 0 to α0) in part A of Equation (1A), the calculated erosion from Equation (1A) is less than that calculated from Equation (1B). In other words, statistically, for a stochastic erosion process with random impact angles, the average erosion rate for a target material with large α0 is less than that with small α0, as indicated in the Figure 1 below.



According to Table S2 of the Supplementary Materials, the larger α0 is obtained at a higher temperature, which indicates that the total erosion rate is smaller than that calculated at RT. This result is in accordance with those from Ref. [28]. Therefore, α0 is approximated as a quadratic function of temperature given by


   α 0  = 8.31 ×   10   − 6    T 2  + 0.0082 T + 19.47  



(3)







Here, T is the thermal cycling temperature and is described in Section 3.1, while n is evaluated by substituting Equation (3) into Equation (2).



Unlike the parameters α0 and n, it is evident that the calculated cutting wear kinetic energy ϕ and deformation wear kinetic energy ε are more dependent on a variation in temperature, as shown in Table S2 of the Supplementary Materials. Hence, in the present study, it is suggested that the cutting wear kinetic energy ϕ and deformation wear kinetic energy ε are governed by multiple factors.



2.1. Parameters Affecting Deformation Wear Kinetic Energy ε


Sheldon et al. [29] studied the plastic deformation of target materials under eroding impact. The impact-induced plastic strain is large enough to exceed the ultimate plastic strain and results in a rupture on the surface of target materials. The authors of [29] demonstrated that the material removed by impacting particles flows out around the sides of the cavity by advancing particle until the displaced material is sufficiently strained to break off [29]. For a spherical particle of a diameter D and density ρP that impacts target material with velocity V normal to the surface and the resultant depth q, the erosion amount W removed per gram by impacting particle is proportional to q3 and is given by [29]


  W ∼  q 3  =    D 3   V 3    (  ρ P  )   1.5      H V  1.5      



(4)




where HV is the Vickers hardness of the target material.



Considering the erosion generated from a stream of erodent with the accumulated mass M, the deformation wear Wd can be approximated by the mass lost due to impact-removed material as


  W = η  ρ T   q 3   



(5)




where ρT is the surface density of target material, and η is a fitting parameter. Substituting Equation (4) into Equation (5) and considering the critical impact velocity K, the deformation wear Wd can be rewritten as


  W =  η ′  ×  ρ T  ×    ρ P       4 3  π R    3   V  ′ 2    V ′     ρ P       H V  1.5      



(6)




where V′ = V − K, and R is the radius of spherical erodent.



To describe the amount of deformation wear with Equation (1) and substituting Equation (6) in part (B) of Equation (1) using α = 90°, and accumulated total mass M = ρP(4/3πR)3, the deformation wear kinetic energy ε can be derived as


  ε =  η ″     H V  1.5     ( V − K )  ρ T     ρ P       



(7)




where the critical impact velocity K is given by [30]


  K =    π 2    2   10        σ y  2.5        ρ P            1 −  υ P 2     E P    +   1 −  υ T 2     E T       2   



(8)




   E P    and    υ P   , and    E T    and    υ T   , are elastic moduli and Poisson ratios of erodent and target materials, respectively. Note that the parameters used to describe the properties of the target material in Equations (7) and (8) are temperature-process-dependent, as the erosion rate is evaluated under thermal cycling conditions. Therefore, it is expected that the deformation wear kinetic energy ε varies depending on both temperature and process.




2.2. Parameters Affecting Cutting Wear Kinetic Energy ϕ


As for the approach to evaluating the deformation wear kinetic energy, a similar method is used to evaluate the parameters affecting the cutting wear kinetic energy ϕ. Evans [31] postulated that lateral fracture of ceramic coatings is initiated within a zone that can extend to the elastic–plastic interface under a full penetration. The maximum depth of penetration for spherical indention due to an impact, Zmax, is given by [10,21,32] as


   Z  max   =       5 π  ρ P   V 2  k   4  H V         2 5           R 3     r         2 5     



(9)




where k is a constant; r is defined as the radius of the contact point between erodent and target material [10].



For the erosion generated by a stream of erodent with the accumulated mass M, the cutting wear Wc can be approximated by the mass lost due to material removed from impact as


   W c  = ζ  ρ T   Z  max  3   



(10)







Here, ζ is a fitting parameter. Substituting Equation (9) into Equation (10), Equation (10) becomes


   W c  =  ξ ′  ×    ρ T  ×    ρ P   4 3  π  R 3     ρ P   1 5     V 2    (  V 2  )    1 5       H V   6 5      ×      R r       3 5     



(11)







To describe the amount of cutting wear using Equation (1), we substitute Equation (11) in part (A) or part (C) of Equation (1) with α =    0 °    and the total accumulated mass M = ρP(4/3πR)3. The cutting wear kinetic energy ϕ can be given by


  ϕ =  ξ ″  ×    H V   6 5       ρ T   ρ P   1 5     V   2 5      ×      r R       3 5     



(12)







In the present study, under the silica erodent with impact velocities of V = 170 m/s and V = 300 m/s and an average diameter 2R = 60 μm, the erosion regime is identified to be the Mode I (erosion-lateral cracking/near-surface plasticity) by using the erosion map [10,12,21], as indicated by the red point in Figure 2, where the lateral cracks are mostly located at the near-surface region as a result of small-particle erosion [8]. By using the erosion map, the radius of the contact point between erodent and target materials r ≈ 58.51 μm/s for V = 300 m/s and r ≈ 44.23 μm/s for V = 170 m/s is also obtained, respectively.



Rewriting Equations (7) and (12) into Equation (13), it should be noted that the term     (  H V n  /    ρ P  V   )  m    exists for both deformation wear kinetic energy ε and cutting wear kinetic energy ϕ, which indicates that both types of kinetic energies are affected by Vickers hardness, the density of target material and velocity of impacting erodent.


      ε =  η ″  ×  1   ρ T       H V   3 2         ρ P    V         ϕ =  ξ ″  ×  1   ρ T           H V 3       ρ P    V        2 5    ×      r R       3 5         



(13)







Nevertheless, the difference between the exponent n on Vickers hardness and the overall exponent m suggests its effect of each parameter on kinetic energy for cutting wear and deformation wear processes.



In summary, based on the Supplementary Materials, using the test erosion data listed in Table S1, the erosion rate was fitted to evaluate the erosion model parameters such as the cutting wear kinetic and deformation wear kinetic ε energies. Figure S1 shows the calculated erosion rate of EB-PVD TC under impact of silica particles at RT, and Figure S2 illustrates the calculated erosion rate of EB-PVD TC under impact of alumina particles at 540 °C. While in Figure S3, the test erosion rate at 910 °C was used to obtain the cutting wear kinetic energy ϕ. Using the fitted model parameters, Figure S4 presents the calculated erosion rate of EB-PVD TC under impact of silica particles at 910 °C. It is noted that these fitted model parameters listed in Table S2 will be used to evaluate the solid particle erosion behaviour for EB-PVD TBCs under thermal cycling environments.



Concerning the effect of critical impact velocity K in Equation (8) on deformation kinetic energy, its value was calculated and the result was shown in Figure S5. It shows that the critical impact velocity K has much less effect than the impact velocity applied at either RT (170 m/s) or 910 °C (300 m/s).



Up to date, there are no reliable correlations established that describe complicated interactions between the topcoat stresses with bond coat and substrates under solid particle impact for EB-PVD TBCs; thus, the present paper focuses on investigating the erosion behavior of standing-alone TBC topcoat-YSZ materials rather than the bond coat and substrate. Therefore, this study does not involve interactions such as high temperature on adhesion of coatings to the substrate, changes in the properties of the substrate or an increase in a mismatch between the properties of the substrate and the coating.




2.3. Stochastic Erosion Process for EB-PVD TBCs under Thermal Cycling Conditions


During service operations, the material properties including cutting wear kinetic energy ϕ and deformation wear kinetic energy ε, temperature-dependent n and α0 differ at each impact event during thermal cycles, which leads to different erosion rates. The erosion rate normally follows a random pattern. Therefore, the erosion rate under thermal cycling conditions is evaluated randomly (corresponding to a random temperature in the thermal cycle) with random impact angles for the given thermal cycles, where a stochastic approach is applied. It is assumed that there are P randomly selected (P ∈ [1, 3600]) impacts occurring at randomly selected times ti (I = 1, 2, 3, … P) within a thermal cycle consisting of a total of 3600 s. For each impact at a random time ti, the erosion occurs with a random mass, randomly selected impact angle αi and constant velocity V, as shown in Figure 3.



Where [ ] indicates that no erosion occurs at that time point; [i,    t i  ,    m i  ,    i   ] indicates it is the ith erosion that occurs at time ti with impact mass mi and impact angle αi. It is then assumed that the accumulated impact mass for a thermal cycle is a constant M, in which


  M =   ∑  i = 1  P    m i     



(14)







For the total accumulated erosion occurring within a specific number of cycles, the total erosion can be calculated by a sum of cutting wear including the components for αP < α0 and αP > α0, as well as the deformation wear, as shown in Equation (15).


       W c  =         ∑  i = 1    P A        1 2   m i   V 2   cos 2   α i  sin   n   T    α i     ϕ                        f o r    α i    <    α 0          ∑  i = 1    P B        1 2   m i   V 2   cos 2   α i   ϕ                                                        f o r    α i    >    α 0               W d  =   ∑  i = 1  P      1 2   m i      V sin  α i  − K    2   ε         W t  =  W c  +  W d       



(15)







Here, PA is the total times of impacts with impact angle αn < α0, and PB is the total times of impacts with angle αn > α0 (P = PA + PB). In addition, the erosion rate Wr (g/Kg) is calculated from


   W r  =  W t  / M  



(16)







The variables that need to be determined stochastically include (a) the total number of impacts P occurring within a specific number of cycles (P ∈ [1, 3600]); (b) the time ti for erosion occurring at a specific number of cycles (i = 1, 2, 3 … P); with (c) the impact mass mi and (d) the impact angle αi for erosion at each moment in a thermal cycle. The total number of stochastic simulations for erosion rate calculated at a specific number of cycles is assumed to be 106. This number is selected to make sure that there are enough stochastic simulations so that the law of large numbers applies. That is, the average of the results obtained from a large number of trials should be close to the expected value and tends to become closer to the expected value as more trials are performed. With a large number of “sampling calculations”, the final erosion rate is found to follow a normal distribution and is calculated with a mean and standard deviation of μ + 2σ using a normal distribution, as will be discussed in Section 4.2.





3. Model Parameters under Thermal Cycles


3.1. Temperature Profile under Thermal Cycling Conditions


As an example of a practical environment for EB-PVD TBCs application, the cycling temperature profile is assumed to consist of a 10-min increase from room temperature (RT) to 1400 °C, a 40-min high-temperature dwell period (tHIGH = 40) followed by 10 min of temperature drop. The cyclic temperature field pattern used to describe temperature variations within a thermal cycle was chosen as


  T =        A  I N C   × exp   −  t   W  I N C       +  T  I N C               0 < t <  t 1        1673.15                                                                                      t 1  < t <  t 2         A  D E C   × exp   −  t   W  D E C       +  T  D E C               t    2  < t <  t 3         



(17)







In Equation (17), t1, t2 and t3 represent the time at the end of heating, dwell and cooling processes, respectively. AINC = −1385.96, WINC = 110.11, TINC = 1679.11, ADEC = 1405.82, WDEC = 1405.82, WDEC = 150.11 and TDEC = 267.33 are fitting parameters for the heating and cooling process. Following Equation (17), the cycling temperature pattern is fitted by the temperature profile in [33] and is shown in Figure 4.



The effect of high-temperature dwell time on erosion rate is discussed in Section 4, in which different erosion rates are calculated based on variation of the ratio of high-temperature dwell time over the total thermal cycle time, Rt = tHIGH/tcycle. The holding time kindly reflects the thermal cycling characteristics. In the present study, two types of thermal cycling are represented by Rt parameter for EB-PVD TBCs erosion. For the burner cycling test, the holding time is relatively short, with a typical vale of Rt = 0.2, while a large value is selected for the isothermal furnace test with a value of Rt = 0.67.




3.2. Material Properties of EB-PVD TC under Thermal Cycling Conditions


The goal of the current research is to investigate the erosion rate of EB-PVD TBCs under high-temperature thermal cycling conditions. Therefore, the parameters used to evaluate the properties of the target material in Equation (13) are considered to be temperature-dependent, whereas the properties of erodent are obtained from the ambient temperature with a relatively short contact time during the erosion process. Nevertheless, there exists a variety of material properties of erodent relative to the target material in different temperature ranges, reflected by different erosion behavior observed between the low temperature (brittle erosion) and high temperature (pseudoductile erosion). The correlation of material properties between erodent and target material is described using fitting parameters for cutting and deformation wear kinetic energies and will be demonstrated in Section 3.3.



The measured data in [21] showed different types of erodent applied to erosion tests at selected temperatures. Silica particles are chosen to be the erodent against EB-PVD TBCs as the target material for the present study. The parameters of erodent used in Equation (13) are tabulated in Table 1.



The mechanical properties of the target material in Equation (13) include density, Vickers hardness, yield strength and Poisson’s ratio used in the analytical expression for critical velocity in Equation (8). The measurement of such mechanical properties was conducted in past research at ambient temperature considering the reinforced method applied in the coating system. In addition to the temperature and time-dependent behavior, it is necessary to point out that these mechanical properties vary versus orientation for anisotropic TC of EB-PVD TBCs.



3.2.1. Variation of the Density of EB-PVD TBCs under Thermal Cycling Conditions


The variation of total relative density ρrl of topcoat versus sintering time is given by [15]


   ρ  r l   =  ρ i  +  ρ e  − 1  



(18)




where ρi and ρe are relative internal (intracolumnar) and external (intercolumnar) densities of YSZ TC. It is assumed that the variation of relative density is only affected by microstructure change, i.e., ρrl increases due to the sintering at elevated temperature as a consequence of pores shrinking during the high-temperature dwell period [15]. The density of the TC is given by


   ρ T  =  ρ  d e n s e   ×  ρ  r l    



(19)




where ρdense = 5650 kg/m3 is the density of full dense YSZ [35]. The variation of total density versus cycling time is calculated and illustrated in Figure 5.




3.2.2. Variation of the out-of-Plane Elastic Modulus of EB-PVD TC under Thermal Cycling Conditions


The elastic modulus of the target material is a critical parameter to evaluate the critical velocity of deformation wear in Equation (8). The out-of-plane elastic modulus is used to describe material property of anisotropic TC for EB-PVD TBCs, where the deformation wear kinetic energy in Equation (8) is used to evaluate the resistance of the target material on vertical impact. A method to evaluate the variation of elastic modulus under high-temperature thermal cycling conditions was proposed in [36,37]. Apart from the thermal gradient affecting the TC’s sintering behavior, it is assumed in the present study that sintering of EB-PVD Yttria-stabilized Zirconia (YSZ) and the consolidation of the internal pores control TC. These lead to an increase in elastic modulus Eout during high-temperature dwell period and are described by [15]


   E  o u t   ( t ) =     1 +   1.5 ( 1 −  ρ i  ) ( 1 − υ ) ( 9 + 5 υ )   7 − 5 υ       − 1    E R   



(20)







Here, ρi is the relative internal density of YSZ TC. ν is Poisson’s ratio ν = 0.2, ER is Young’s modulus of fully dense isotropic Zirconia ER = 210 GPa [38] and t is time. The calculated elastic modulus as a function of high-temperature dwell time is illustrated in Figure 6.



It is difficult to measure elastic modulus during the thermal cycling process. Therefore, in the present study, it is assumed that an increase in elastic modulus during cooling follows the same pattern as that of the elastic modulus upon heating. Additionally, within the dwell period during thermal cycling, elastic modulus is affected by high-temperature sintering. During a thermal cycling period, as the duration of both heating and cooling processes is much shorter than a high-temperature dwell period, the effect of sintering on modulus changes can be neglected for the heating/cooling process [15].



To simulate changes in elastic modulus versus temperature T during thermal cycling, the experimentally measured moduli in [39] are formulated and then fitted approximately by


   E  o u t   ( t ) = γ exp    ζ  T + ϖ     +  E 0  ( t )  



(21)




where γ, ζ and ϖ are fitting parameters with γ = 132.27, ζ = 814.8 K and ϖ = 1574.48 K. E0(t) is a process-dependent modulus of TC estimated from isothermal sintering at the end of the high-temperature thermal cycle using Equation (20). The temperature-process-dependent elastic modulus can thus be estimated from Equations (20) and (21). The pattern of the out-of-plane elastic moduli versus thermal cycle is shown in Figure 7 for a selected short period. The elastic modulus of the target material under thermal cycling conditions is evaluated by substituting Eout as ET in Equation (8).




3.2.3. Variation of Anisotropic Vickers Hardness of EB-PVD TC under Thermal Cycling Conditions


The Vickers hardness HV is required in estimating both the cutting wear and deformation wear kinetic energies ε and ϕ in Equation (13). The Vickers hardness HV in Equation (13) has different values in the in-plane and the out-of-plane directions for anisotropic TC layer of EB-PVD TBCs. The temperature and time-dependent Vickers hardness HV is evaluated using analytical models. In Ref. [40], the indentation tests were performed at a loading rate of 0.88 mN/s, with a hold period duration of 20 s at a maximum load of 50 mN.



Similar to the elastic modulus, the time-dependent Vickers hardness HV is affected by sintering of TC during high-temperature exposure period [41,42]. The intercolumnar cracks disappear from the surface of TC after TBC exposure at 1400 °C [41]. The previous clear columnar structure gap that sintered together during high-temperature dwell time leads to an increase in hardness. The HV was fitted to experimental data in [41] and is given by


   H V  i n   ( t ) =  A  1 H   sin t   exp   −  t   Q  1 H   sin t       +  A  2 H   sin t   exp   −  t   Q  2 H   sin t       +  C  i n _ 0    



(22)






   H V  o u t   ( t ) =  B  1 H   sin t   exp   −  t   W  1 H   sin t       +  B  2 H   sin t   exp   −  t   W  2 H   sin t       +  C  o u t _ 0    



(23)




   H V  i n    t    and    H V  o u t    t    are time-dependent Vickers hardness;    A  i H   s i n t    ,    Q  i H   s i n t     and    C  i n _ 0     are fitting parameters for the in-plane hardness where    B  i H   s i n t    ,    W  i H   s i n t      (i = 1, 2) and    C  o u t _ 0     are fitting parameters for the out-of-plane hardness, respectively. The values of fitting parameters are tabulated in Table 2. The calculated Vickers hardness as a function of high-temperature dwell time at 1400 °C is illustrated in Figure 8.



The temperature-dependent cycling Vickers hardness was studied in [43], where the experimentally measured Vickers hardness was obtained through temperature-variant indentation tests for EB-PVD TBCs ranging from room temperature up to 800 °C. To simulate the changes of Vickers hardness versus temperature T during thermal cycling, experimentally measured moduli in [43] are formulated and then fitted approximately as


   H V  i n   ( T ) =  A H T  exp   −   T − 273.15    Q H T      +  H  i n _ 0   ( t )  



(24)






   H V  o u t   ( T ) =  B H T  exp   −   T − 273.15    W H T      +  H  o u t _ 0   ( t )  



(25)




where    H V  i n    T    and    H V  o u t    T    are temperature-dependent Vickers hardness;    A H T   ,    Q H T    and    B H T   ,    W H T    are fitting parameters tabulated in Table 2.    H  i n _ 0    (t) and    H  o u t _ 0    (t) are the process-dependent hardness of TC estimated from isothermal sintering at the end of high-temperature thermal cycles using Equation (22) and Equation (23), respectively.



The assumptions are made that the hardness follows the same pattern on heating as on cooling and that the effect of sintering on hardness can be neglected during this short heating/cooling process. The temperature-process-dependent Vickers hardness can thus be estimated from Equations (22)–(25). The pattern of the out-of-plane elastic moduli versus thermal cycle is shown in Figure 9 for a selected short period. Therefore, the Vickers hardness of the target material under thermal cycling conditions is evaluated by substituting    H V  i n     into the cutting wear kinetic energy ϕ and    H V  o u t     into the deformation wear kinetic energy ε, as in Equation (13).




3.2.4. Variation of Yield Strength of EB-PVD TC under Thermal Cycling Conditions


The yield strength of the target material plays a significant role in determining the critical velocity for deformation wear in Equation (8). The temperature-dependent yield strength of 7YSZ material was used in [44], where the yield strength decreased as temperature raises. The experimentally measured yield strength with a linear fitting is illustrated in Figure 10.



In the present study, the sintering effect during high-temperature dwell time leads to a shrinkage of micropores within the columnar structure, which results in an increase in density and yield strength. Therefore, the temperature-process-dependent yield strength of EB-PVD TC is evaluated by Equation (26), associated with the pore closure as a consequence of the sintering at elevated temperatures by


   σ Y  =    ρ T     ρ  d e n s e     ×    k Y  T +  σ  Y 0      



(26)




where    k Y    = –1.029 1/K and    σ  Y 0      = 1865.51 MPa are fitting parameters in Figure 10. The density    ρ T    is given by Equation (19). The calculated cyclic yield strength and yield strength estimated during high-temperature dwell period are illustrated in Figure 11.





3.3. Characteristics of Cutting Wear and Deformation Wear Kinetic Energies of EB-PVD TC under Thermal Cycling Conditions


Using the temperature-process-dependent parameters determined in the preceding sections, it is possible to evaluate both the cutting and deformation wear kinetic energies versus thermal cycle. The erosion rates were measured at room temperature (RT), 540 and 910 °C [22,27], in which the kinetic energies were calculated as described in Sections SB and SC of the Supplementary Materials via the scheme of Tables S3 and S4. However, the difference in erosion test at these temperatures makes it a challenge to evaluate the target material properties against the erosion process. That is, the type and size of erodent for the erosion test conducted at 540 °C are different from that conducted at RT and 910 °C, in which the impact velocities are different at the three temperatures. Therefore, in the present study, the erosion rates measured at RT and 910 °C are selected to eliminate the effect of erodent type and size on target material properties. The kinetic energies for cutting wear ϕ and deformation wear ε are calibrated by calculating energies at RT and 910 °C and then fitting parameters    η ″    and    ξ ″    in Equation (13). Meanwhile, the effect of high-temperature sintering on target materials is further evaluated in kinetic energy, in which the sintering effect introduces potential intercolumnar cracks and further decreases the erosion resistance of the target material.



3.3.1. Fitting Temperature-Dependent Model Parameters η″ and ξ″


To study the effect of the time-dependent sintering on the cutting wear and deformation wear kinetic energies,    η ″    and    ξ ″    are fitted at the first thermal cycle using the scheme of Tables S3 and S4. For deformation wear kinetic energy ε, the temperature-dependent fitting parameter can be obtained by substituting the model parameters calculated at both RT and 910 °C for silica erodent into the analytical expression for deformation wear in Equation (13). The calculated results are tabulated in Table 3.



In temperatures ranging from RT to 1400 °C during thermal cycling, a linear relationship is assumed between the fitting parameter and temperature to be


   η ″  ( T ) =  A η  × T ( K ) +  B η   



(27)




where    A η     = 0.0005947 and    B η  = − 0.1454  . Therefore, the temperature-dependent deformation wear kinetic energy is obtained by substituting Equation (27) into Equation (13).



Similarly, for the cutting wear kinetic energy ϕ, the temperature-dependent fitting parameter can be obtained by substituting the model parameters into Equation (13). The calculated results are tabulated in Table 3. In temperatures ranging from RT to 1400 °C during thermal cycling, a linear relationship is assumed between the fitting parameter and temperature to be


   ξ ″  ( T ) =  C ξ  × T ( K ) +  D ξ   



(28)




where    C ζ  = − 0.0003303   and    D ζ  = 1.442  . Therefore, the temperature-dependent cutting wear kinetic energy is obtained by substituting Equation (28) into Equation (13).




3.3.2. Effect of Sintering on Cutting Wear and Deformation Wear Kinetic Energies


Wellman et al. [12,14] revealed that the high-temperature sintering plays a significant role in determining the erosion rate of EB-PVD TBCs. It was suggested that sintering on the surface of the TC during high-temperature dwell time triggers the densification of porous 7YSZ material, which potentially leads to nucleation of sintering cracks, Figure S6 of the Supplementary Materials [45]. These cracks tend to propagate within feathering-like columns at an early stage of TBC lifetime and are stopped by columnar boundaries which act as an inhibitor and potentially decrease the erosion damage by external particles [12,14]. However, as the high-temperature exposure of EB-PVD TBCs proceeds, the vertical gaps and segmentation cracks between the feather columnar structures disappear, whereas the neighbor columns tend to sinter together. This facilitates the nucleation of intercolumnar sintering cracks that propagate parallel to the surface of TC. The formation of intercolumnar cracks between neighbor columns leads to the increase in erosion rates by the impact of external particles on EB-PVD TC [12,14]. In addition, the excessive erosion process will lead to a significant decrease in erosion resistance [13], which facilitates the erosion process of EB-PVD TBCs. Therefore, it is necessary to incorporate the effect of sintering cracks on kinetic energies in order to evaluate the sintering on time-dependent thermal cycling erosion behavior. This behavior is described mathematically by Equation (29),


      ε   T , t   = ε  T  ×  1  f  a          ϕ   T , t   = ϕ  T  ×  1  g  a         



(29)




where a is the sintering crack length, and ε(T,t) and ϕ(T,t) are temperature-process-dependent deformation wear and cutting wear kinetic energies, respectively. The effect of sintering cracks on the decrease in deformation wear kinetic and cutting wear kinetic energies is described by f(a) and g(a), Equation (30). Using Table S3 of the Supplementary Materials, the fitting parameters are obtained from experimentally measured erosion rates as a function of sintering time at different elevated temperatures [12], and results are tabulated in Table 4. The details of the modeling process are described in Section SB, and model calibration is described in Section SC in the Supplementary Materials.


      f  a  =  A  c r a c k   × exp    a   Q  c r a c k       +  y ε        g  a  =  B  c r a c k   × exp    a   W  c r a c k       +  y ϕ       



(30)







The through-thickness fracture toughness and its growth behaviour normally vary with respect to the crack length [46,47,48,49] as illustrated in Figure S7 in the Supplementary Materials. This correlation of fracture toughness against crack length is then used to evaluate on the behaviour of f(a) and g(a) in Equation (30) to study their effect on both the cutting and deformation wear kinetic energies.



Substituting Equation (30) into Equation (29) gives the temperature-process-dependent cutting wear kinetic energy ϕ and deformation wear kinetic energy ε. The calculated results at impact velocity V = 300 m/s are demonstrated in Figure 12. Similar calculated results are obtained at impact velocity V = 170 m/s but with higher magnitudes of cutting wear and deformation wear kinetic energies since the lower velocity is used in Equation (13).



According to Figure 12a,b, both kinetic energies decrease versus time, which indicates that more erosion is expected with TBCs under longer sintering periods. Meanwhile, the calculated results indicate that deformation wear kinetic energy increases and cutting wear kinetic energy decreases when temperature increases. Based on experimental data, an explanation for the calculated temperature-dependent kinetic energies is given below.



The maximum erosion rates identified at acute angles at elevated temperatures were described in [10,21,22]. Softening/partial melting/pasty of erodent silica particles do more damage at glancing angles according to the erosion data at 910 °C tabulated in Table S1 of the Supplementary Materials. This may suggest an increase in cutting wear, corresponding to a decrease in cutting wear kinetic energy as temperature increases. This softening of erodent could also explain the temperature-dependent deformation wear kinetic energy, which corresponds to a decrease in erosion rate at large impact angles at elevated temperatures. The experimentally measured erosion rates at 90° for EB-PVD TC are tabulated in Table 5 [21].



It is evident that for silica erodent, deformation wear determined by erosion rate measured at large angles drops dramatically at elevated temperatures, even if a higher impact velocity was applied. Note that the erosion rate of EB-PVD TBCs under alumina particle attack increases versus temperature, which is opposite to that of silica erodent. In the present study, it is considered to treat the erodent and target material as a system, i.e., the cutting/deformation kinetic energy must be evaluated by considering the temperature-dependent material properties of both the coating system and erodent. For a silica particle–EB-PVD TC erosion system, while a softening/half-melting silica particle impacts the surface of EB-PVD TC (silica softens at 500 °C [50]) at high temperature at large angles, it is possible that a partial melting silica erodent remains at the surface of target materials, which reduces the actual measured erosion rates. This further leads to a decrease in the calculated deformation wear and a corresponding increase in deformation wear kinetic energy versus temperature. On the other hand, for an alumina particle–EB-PVD TC erosion system, it is possible that erosion rates measured at elevated temperatures reveal the actual deformation wear, considering that the alumina particles are more heat-resistant and unlikely to be stuck on the surface of TC. This explains the increasing erosion rates as temperature increases in Table 5. Nevertheless, it is reasonable to consider that the variation of cutting/deformation wear at elevated temperatures reveals the effect of different thermophysical properties of erodent on erosion rate of the target material, which is revealed by temperature-dependent fitting parameters    η ″   T    and     ξ ″     T     in evaluating the kinetic energy.






4. Results and Discussion


The calculated erosion    W C    and erosion rate    W r    under thermal cycling conditions are presented in the present section. A parametric study is conducted to evaluate the effect of impact velocity, impact angles and accumulated erodent mass on the erosion rate versus the number of thermal cycles. The effect of ratio    R t    of high-temperature dwell time over the total time of the thermal cycle on the erosion rate is also discussed.



4.1. Temperature-Time-Dependent Erosion Rate during Thermal Cycling Versus Erosion Parameters


Based on the determined temperature-process-dependent model parameters, the current mechanics-based formulae can be used to predict the erosion and erosion rate of silica particle–EB-PVD TC erosion systems under thermal cycling combining a stochastic approach. As described in Section 2.3, considering the randomly determined (a) total number of impacts P, (b) time    t i    for erosion at a specific number of cycles with (c) impact mass    m i    and (d) impact angle    α i    for erosion at each moment of a thermal cycle as an independent event, the erosion and erosion rate can be estimated by statistical methods based on a massive number of repeated independent experiments. The calculated erosion rate is shown to follow a normal distribution pattern with a mean value and standard deviation μ ± 2σ based on the 68-95-99.7 rule. An example is given in Figure 13 that shows the calculated erosion rates at the 10th cycle with impact velocities of 300 and 170 m/s, respectively.



4.1.1. The Calculated Erosion Rate vs. Thermal Cycle and Impact Velocity


The effect of impact velocity on erosion rate is evaluated using the parameters in Table 6. The calculated erosion rates are illustrated in Figure 14 versus thermal cycles at two different impact velocities.



It is evident that both erosion rates increase versus thermal cycles, and normally large impact velocity results in a heavy erosion. A particle with a larger impact velocity generates larger kinetic energy (Equation (15)), and cutting wear/deformation wear kinetic energy decrease as impact velocity increases. In addition, larger impact velocity may lead to the propagation of sintering cracks, which potentially results in propagation of delamination cracks due to the erosion impact.




4.1.2. The Calculated Erosion Rate versus Accumulated Erodent Mass under Thermal Cycles


The effect of accumulated mass on erosion is discussed based on parameters tabulated in Table 7. The erosions are calculated versus accumulated mass ranging from 1g to 1 kg at various stages of thermal cycles, as shown in Figure 15.



It is evident that a linear relationship is obtained for erosion versus accumulated mass, in which the erosion rate (slope of curves) is constant. For erosion calculated at different stages of thermal cycles, it is suggested that the growth of sintering cracks plays a significant role in lowering the magnitude of kinetic energies, as shown in Figure 12, which results in higher erosion estimated at later stages of thermal cycles.




4.1.3. The Calculated Erosion Rate versus Impact Angles under Thermal Cycles


The effect of impact angles on erosion is discussed based on the parameters used and tabulated in Table 8. The erosion rates are calculated versus impact angles ranging from 5° to 90° at various stages of thermal cycles, as shown in Figure 16.



Because of propagation of sintering cracks as shown in Figure S8 of the Supplementary Materials, the erosion rate calculated at later stages of thermal cycles is higher than that estimated from earlier stages. This is reflected by an increase in peak erosion rates, estimated at 30° as the thermal cycle proceeds. In addition, all the erosion curves estimated versus impact angle suggest that erosion of EB-PVD TC under thermal cycling occurs in a pseudoductile erosion manner. This is correlated to erosion behavior under elevated temperatures. In the present work, it is expected that the pseudoductile erosion may be estimated at temperatures above 220 °C, as shown in Figure S9 of the Supplementary Materials. Statistically, the probability for erosion occurring during high-temperature dwell time equals the ratio Rt = 2/3. Therefore, a relatively large probability of erosion occurs at elevated temperatures, making the cyclic erosion pseudoductile, where the sintering leads to an increase in the maximum erosion rate calculated at glancing angles.





4.2. Temperature-Time-Dependent Erosion Rate during Thermal Cycling Based on Variation of Thermal Cycling Parameters


Apart from the effect of erosion parameters on erosion (rates), the parameters controlling the thermal cycling conditions may also affect erosion behavior of EB-PVD TC. To date, two different thermal cycling tests were conducted in examining the performance of EB-PVD TBCs. The first is an isothermal furnace test, which consists of a slow heating/cooling period with a relatively long high-temperature dwell time. This facilitates the propagation of sintering cracks at elevated temperatures [1,4,36,37]. The second is a burner cycling test (burner rig test), which consists of rapid heating and cooling periods, but with a relatively short high-temperature dwell time. This is used to simulate a process of subsonic engine takeoff and shutdown in real service conditions [33,51,52,53]. Irrespective of the effect of temperature change rate on erosion behavior, it is expected that the ratio Rt will have a significant effect on erosion behavior of EB-PVD TC. This is evaluated and described in the following sections.



4.2.1. The Calculated Erosion Rate Versus Ratio Rt


According to Figure S9 of the Supplementary Materials, the calculated erosion rate decreases as temperature increases due to the overall increase in temperature-dependent kinetic energies. The propagation of sintering cracks during high-temperature dwell time facilitates erosion at elevated temperatures, which results in an overall increase in erosion rates at later stages of thermal cycles (Figure 14, Figure 15 and Figure 16). It appears that two opposite mechanisms dominate the high-temperature erosion behavior of EB-PVD TC. The results illustrated in Figure S9 of the Supplementary Materials only consider the erosion rates estimated during temperature variation at the first cycle, without involving factors such as sintering time-dependent parameters. To investigate the effect of high temperature on erosion of EB-PVD TC, it is necessary to estimate the erosion rate versus the ratio Rt.



The effect of high-temperature dwell time on erosion is discussed based on parameters tabulated in Table 9. The erosion rates are calculated versus the ratio Rt from 0.2 to 0.67 at various stages of thermal cycles in Figure 17.



Two different erosion modes are identified with respect to different stages of thermal cycles. It is evident that at an early stage of thermal cycles, the erosion behavior is dominated by temperatures, i.e., the longer the high-temperature dwell time (so the higher the ratio Rt), the higher the probability that erosion occurs at elevated temperatures. As the sintering crack is inhibited at the early stages of thermal cycles, the estimated erosion rates follow the results indicated by the red curve in Figure 17, where the overall erosion rates decrease as high-temperature dwell time increases. At the later stage, the erosion behavior is dominated by the sintering of TC, i.e., sintering of TC at later stages of thermal cycles results in sintering cracks reorienting at deeper planes away from the surface of TC, Figure S8 of the Supplementary Materials. This in turn may further lead to a larger amount of fractured TC pulled out under cutting wear at glancing angles, thus leading to an increased erosion rate.



Figure S10a illustrates the ratio of cutting wear over deformation wear versus impacting angles at selected temperatures, in which the erosion is dominated by cutting wear at shallow angles with an increase in deformation wear as the impact angles increase. It is also found in Figure S10b that the ratio of cutting wear over deformation wear is higher at elevated temperatures compared to that at lower temperatures, which can be explained by softening/partially melting/pasty of silica erodent capable of pulling out fractured sections of coating that otherwise cannot be removed at shallow angles [10,13,21].



Using Table S4 of the Supplementary Materials, Figure S11 illustrates the calculated erosion rates for EB-PVD TC under various presintering treatments under different temperatures, together with experimentally measured erosion [12,54,55].




4.2.2. The Calculated Erosion Versus Accumulated Erodent Mass under Different Ratio Rt


The erosion was further validated by erosion rate estimated versus the accumulated mass, with selected ratios Rt at selected stages of thermal cycles, Table 10. The calculated erosion is shown in Figure 18 considering the ratio Rt from 0.2 and 0.67.



According to Figure 18a, higher erosion is obtained with a lower ratio Rt, which indicates temperature-dependent erosion at the early stages of the thermal cycles. In Figure 18b, higher erosion is obtained from a higher ratio Rt when the propagation of sintering cracks facilitates further erosion at later stages of the thermal cycles. Note that the difference between the two curves in Figure 18a is smaller than that obtained in Figure 18b. This could suggest that the effect of sintering cracks on the erosion of EB-PVD TC is higher than that dominated by the temperature at the early stage of thermal cycles.




4.2.3. The Calculated Erosion Rate Versus Impact Angles under Different Ratios Rt


The erosion rates are also investigated versus impact angles at selected ratio Rt (Table 11). The calculated erosion rates are shown in Figure 19, with Rt from 0.2 to 0.67.



Similar to the results from Figure 18, the temperature-dependent erosion behavior and sintering effect dominate at the early stages and at the late stages of thermal cycles, respectively. Pseudoductile erosion is found for the erosion curves, where the maximum erosion rates are identified at nearly 30° at either the earlier or later stages of thermal cycles.






5. Conclusions


A stochastic approach was combined with a mechanics-based erosion model to evaluate solid particle erosion behavior of EB-PVD TBCs under thermal cycling conditions. The results demonstrate that in addition to normal damage and degradation due to oxidation of bond coat under thermal cycling operation environments, the extrinsic damage due to solid particle erosion during thermal cycles needs thorough investigation, numerically. The present research achieves the following main results:



(1). For the silica particle–EB-PVD TBCs erosion system, the cutting wear and deformation wear kinetic energies can be evaluated using material properties of both erodent and target materials. A pseudoductile erosion behavior was identified at temperatures approximately above 220 °C. This behavior is attributed to an increased cutting wear at glancing impacting angles and to a decrease in deformation wear at high impacting angles due to the softening and/or partially molten silica particles at elevated temperatures.



(2). The erosion and erosion rate evaluated by using a stochastic approach was found to follow a normal distribution pattern with a mean value and standard deviation of μ ± 2σ. Additionally, it was identified that the erosion behavior of EB-PVD TBCs is dominated by either temperature at the early stages of thermal cycles or by the sintering at later stages of thermal cycles.



(3). The temperature-dependent erosion occurs, and the maximum erosion is achieved at low temperature in a brittle manner. For the isothermal furnace erosion test, there exists a significant sintering effect on the surface of the topcoat that could lead to extensive propagation of sintering cracks at deep depth within the topcoat. This potentially makes erosion occur at later stages of thermal cycles, and consequently produces considerable damage on the surface of the topcoat according to the estimated erosion (rates) for a large ratio of Rt. This facilitates the spallation of the topcoat and leads to catastrophic failure of EB-PVD TBCs.
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Figure 1. The calculated    α 0    versus temperature for EB-PVD TBCs under solid particle erosion. 
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Figure 2. Erosion map for EB-PVD TBCs eroded with silica in which the red spot marks the case for erodent with impact velocity 300 m/s and average diameter 60 μm. 
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Figure 3. The schematic diagram of the stochastic process. 3600 s for a specific cycle number N. 
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Figure 4. The pattern of surface temperature profile of EB-PVD TBCs (Two thermal cycles) [33]. 






Figure 4. The pattern of surface temperature profile of EB-PVD TBCs (Two thermal cycles) [33].



[image: Coatings 13 00156 g004]







[image: Coatings 13 00156 g005 550] 





Figure 5. Density of YSZ topcoat versus time (a) for the first three cycles and (b) full 300 cycles. 
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Figure 6. The variation of elastic modulus during high-temperature dwell period due to sintering. 
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Figure 7. Elastic modulus of YSZ topcoat versus time during the first three cycles. 
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Figure 8. The variation of Vickers hardness during high-temperature dwell period at 1400 °C due to sintering together with experimental data in [40]. 
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Figure 9. Calculated temperature-process-dependent topcoat hardness for the first three cycles; (a) in-plane Vickers hardness; (b) out-of-plane Vickers hardness. 
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Figure 10. The yield strength of 7YSZ as a function of temperature [44]. 
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Figure 11. The calculated yield strength of 7YSZ topcoat of EB-PVD TBCs versus time (a) for three cycles and (b) during high-temperature dwell period. 
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Figure 12. The variation of kinetic energy at V = 300 m/s versus time, (a) cutting wear in a full cycle, (b) deformation wear in a full cycle, (c) cutting wear with three cycles and (d) deformation wear with three cycles. 
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Figure 13. The calculated erosion rate at 10th cycle with impact velocity (a) V = 300 m/s (b) V = 170 m/s. 
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Figure 14. The calculated erosion rate versus thermal cycles at impact velocities V = 300 m/s and V = 170 m/s. 
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Figure 15. The calculated erosion versus accumulated mass at selected thermal cycles. 
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Figure 16. The calculated erosion rate versus impact angle α at selected thermal cycles. 
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Figure 17. The calculated erosion rate versus the ratio Rt. 
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Figure 18. The calculated erosion versus accumulated mass with selected ratios Rt at specific stages of thermal cycles; (a) N = 10, (b) N = 300. 
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Figure 19. The calculated erosion rate versus impact angles with various ratios Rt at selected stages of thermal cycles; (a) N = 10; (b) N = 300. 
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Table 1. Parameters of silica erodent at ambient temperatures.






Table 1. Parameters of silica erodent at ambient temperatures.





	Type of Erodent
	Density (Kg/m3)
	Radius of Particle (μm)
	Elastic Modulus (GPa)
	Poisson’s Ratio





	SiO2
	2320
	60
	65.2 [34]
	0.17 [34]
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Table 2. Fitting parameters used in calculating Vickers hardness.
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	Fitting Parameters
	Values





	    A  i H   s i n t     
	−8.99942 (I = 1)

−1.49089 (I = 2)



	    Q  i H   s i n t    K    
	126.95095 (I = 1)

9.01642 (I = 2)



	    C  i  n 0      G P a     
	13.9525



	    B  i H   s i n t     
	−14.22029 (I = 1)

−2.30728 (I = 2)



	    W  i H   s i n t    K    
	412.31215 (I = 1)

13.62966 (I = 2)



	    C  o u  t 0      G P a     
	27.1841



	    A H T    
	0.31257



	    Q H T   K    
	332.07745



	    B H T    
	0.31257



	    W H T   K    
	332.07745
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Table 3. The fitted parameters    η ″    and    ξ ″    based on deformation wear kinetic energy ϕ and cutting wear kinetic energy ε.
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	Temperature (°C)
	Impact Velocity (m/s)
	Deformation Wear Kinetic Energy (m2/s2)
	

    Calculated   Fitting   Parameters    η ″     








	Cutting Wear Kinetic Energy (m2/s2)
	

    Calculated   Fitting   Parameters    ξ ″     













	20
	170
	7.90 × 105
	0.0289
	7.90 × 105
	1.3452



	910
	300
	1.17 × 106
	910
	8.33 × 106
	1.0508
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Table 4. Fitting parameters used in calculating kinetic energies.
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	Fitting Parameters
	Values for V = 300 m/s
	Values for V = 170 m/s





	    A  c r a c k     
	9.14166 × 10−4
	1.34675 × 10−7



	    Q  c r a c k     
	−3.73973
	−1.20293



	    y ε    
	0.62356
	0.70749



	    B  c r a c k     
	2.76605 × 10−6
	6.64357 × 10−7



	    W  c r a c k     
	−1.96022
	−0.50085



	    y ϕ    
	0.60787
	0.69595
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Table 5. The experimentally measured erosion rates at an impact angle of 90° for EB-PVD TC versus temperature [21].
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Temperature (°C)

	
Erodent

	
Impact Velocity (m/s)

	
Erosion Rates (g/kg)

	
Erodent

	
Impact Velocity (m/s)

	
Erosion Rates (g/kg)






	
RT

	
40 μm alumina particles

	
/

	
/

	
60 μm silica particles

	
170

	
17.4




	
540

	
122

	
14.7

	
/

	
/




	
705

	
25.0




	
815

	
25.6




	
910

	
/

	
/

	
300

	
5.4











[image: Table] 





Table 6. Parameters used to calculate erosion rates under different impact velocities.
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	No# of Cycle
	Temperatures

(°C)
	Impact Angles

(°)
	Impact Mass

(kg)
	Impact Velocity (m/s)





	Determined cycle number N ranging from

[10, 300]
	Randomly selected T ranging from [RT, 1400]
	Randomly selected α ranging from

[5, 90]
	Randomly selected    m i    ranging from

[0, M]
	Determined V: 170,300
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Table 7. Parameters used to calculate erosion rates under different impact velocities.
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	No# of Cycle
	Temperatures

(°C)
	Impact Angles

(°)
	Impact Mass

(g)
	Impact Velocity (m/s)





	Determined cycle number N ranging from

[10, 300]
	Randomly selected T ranging from [RT, 1400]
	Randomly selected α ranging from

[5, 90]
	Determined accumulated mass M ranging from [10, 1000]
	Determined V: 300
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Table 8. Parameters used to calculate erosion rates at different impact angles.
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	No# of Cycle
	Temperatures

(°C)
	Impact Angles

(°)
	Impact Mass

(kg)
	Impact Velocity (m/s)





	Determined cycle number N ranging from

[10, 300]
	Randomly selected T ranging from [RT, 1400]
	Determined impact angles α ranging from

[5, 90]
	Randomly selected    m i    ranging from

[0, M]
	Determined V: 300
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Table 9. Parameters used to calculate erosion rates at selected high-temperature dwell period.
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	No# of Cycle
	Temperatures

(°C)
	Impact Angles

(°)
	Impact Mass

(kg)
	Impact Velocity (m/s)
	Ratio of

    R t  =  t  H I G H   /  t  c y c l e     





	Determined cycle number N ranging from

[10, 300]
	Randomly selected T ranging from [RT, 1400]
	Randomly selected α ranging from

[5, 90]
	Randomly selected    m i    ranging from

[0, M]
	Determined V: 300
	Determined

Rt ranging from

[0.2, 0.67]
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Table 10. Parameters used to calculate erosion rates versus accumulated mass with selected high-temperature dwell period and thermal cycles.
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	No# of Cycle
	Temperatures

(°C)
	Impact Angles

(°)
	Impact Mass

(g)
	Impact Velocity (m/s)
	Ratio of

    R t  =  t  H I G H   /  t  c y c l e     





	Determined cycle number N = 10,300
	Randomly selected T ranging from [RT, 1400]
	Randomly selected α ranging from

[5, 90]
	Determined accumulated mass M ranging from [10, 1000]
	Determined V: 300
	Determined

Rt = 0.2, 0.67
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Table 11. Parameters used to calculate erosion rates versus impact angles at selected high-temperature dwell period and thermal cycles.
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	No# of Cycle
	Temperatures

(°C)
	Impact Angles

(°)
	Impact Mass

(kg)
	Impact Velocity (m/s)
	Ratio of

    R t  =  t  H I G H   /  t  c y c l e     





	Determined cycle number N = 10,300
	Randomly selected T ranging from [RT, 1400]
	Determined impact angles α ranging from

[5, 90]
	Randomly selected    m i    ranging from

[0, M]
	Determined V: 300
	Determined

Rt = 0.2, 0.67
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