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Abstract 
Using experimentally measured temperature-process-dependent model parameters, the 

failure analysis and life prediction were conducted for Atmospheric Plasma Sprayed 

Thermal Barrier Coatings (APS-TBCs) and electron beam physical vapor deposition 

thermal barrier coatings (EB-PVD TBCs) with Pt-modified -NiAl bond coats deposited 

on Ni-base single crystal superalloys. For APS-TBC system, a residual stress model for 

the top coat of APS-TBC was proposed and then applied to life prediction. The 

capability of the life model was demonstrated using temperature-dependent model 

parameters. Using existing life data, a comparison of fitting approaches of life model 

parameters was performed. The role of the residual stresses distributed at each individual 

coating layer was explored and their interplay on the coating’s delamination was 

analyzed. For EB-PVD TBCs, based on failure mechanism analysis, two newly 

analytical stress models from the valley position of top coat and ridge of bond coat were 

proposed describing stress levels generated as consequence of the coefficient of thermal 

expansion (CTE) mismatch between each layers. The thermal stress within TGO was 

evaluated based on composite material theory, where effective parameters were 

calculated. The lifetime prediction of EB-PVD TBCs was conducted given that the 

failure analysis and life model were applied to two failure modes A and B identified 

experimentally for thermal cyclic process. The global wavelength related to interface 

rumpling and its radius curvature were identified as essential parameters in life 

evaluation, and the life results for failure mode A were verified by existing burner rig 

test data. For failure mode B, the crack growth rate along the topcoat/TGO interface was 

calculated using the experimentally measured average interfacial fracture toughness. 
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1. Introduction 

Thermal barrier coating systems (TBCs) used as a thermal isolator between substrate 

metal and the external environment in gas turbines have been developed for decades. 

The TBC is typically applied to the inner parts of a gas turbine that undergo severe 

operating conditions, for example, a large temperature gradient in a very short time as 

well as an extremely high holding temperature. The coating system is used to sustain 

high thermal gradients and provide an adequate backside cooling, which prolongs the 

lifetime of components [1]–[8]. The TBCs typically consists of a ceramic topcoat layer, 

a metallic bond coat layer and the substrate metal that needs to be protected. Based on 

the difference of deposition methods, the ability and mechanism of the topcoat to 

sustain a high thermal gradient in the presence of backside cooling could be variable. 

As of this writing, atmospheric plasma spray (APS) as well as electron beam-physical 

vapor deposition (EB-PVD) are considered as the two main methods to fabricate the 

topcoat in TBCs. Meanwhile, strain-tolerance is also integrated into the design of the 

topcoat in order to avoid instantaneous delamination of the topcoat due to large thermal 

stress which is to be expected at the topcoat and bond coat interface during thermal 

cyclic serving conditions. The bond coat of TBCs is applied onto the substrate before 

the deposition of the topcoat. To strengthen the interfacial adhesion, the bond coat is 

used to provide sufficient chemical and mechanical bonding between the topcoat and 

substrate. Similar to the fabrication of topcoat, the material of bond coat (diffusion 

aluminide coating or MCrAlY overlay coating) and the deposition parameters (either 

heavy or light surface grit-blast) are both selected depending on topcoat deposition 
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methods. Another important feature of the bond coat is the ability to prevent oxidation 

of the substrate under extremely high temperatures by forming a thin oxide layer known 

as thermal grown oxide (TGO). The preferred α-alumina layer is mainly found at the 

interface between topcoat and bond coat due to the oxidation mechanism of TBC, and 

is governed by inward diffusion of anions (oxygen ions or oxygen). Oxidation occurs 

at the surface of the bond coat which acts as a sufficient aluminide reservoir to facilitate 

the oxidation. However, large stresses could be introduced based on the mechanism of 

TGO formation. The failure mechanism of different TBCs is also related to TGO layer 

formation as consequence of the progressive oxidation of the bond coat. It is usually 

considered that the spallation of the topcoat from the bond coat marks the failure of 

TBCs. For engineering applications, a reliable lifetime prediction model is required to 

estimate the average lifetime corresponding to various external serving conditions. 

However, the failure mechanism and related lifetime model can vary from APS to EB-

PVD TBCs since their microstructure and thermal characteristics of the topcoats do not 

possess many similarities. An analysis based on the different TBC fabrication methods 

should therefore be conducted before development of a detailed lifetime model. 

 

1.1. Atmospheric plasma sprayed thermal barrier coating system  

 

1.1.1. APS-TBCs general background (scientific background) 

The typical microstructure from a cross-section of a APS-TBC specimen is shown in 

Figure 1-1.  
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Figure 1-1 Typical microstructure of APS-TBCs, the intra/intersplat voids could be observed within topcoat that 

lower the conductivity of topcoat 

 

The geometrical parameters of splats (size and depositing position) that result from the 

impact of high speed Yttria-stabilized Zirconia (YSZ) particles to the bond coat surface 

are the most significant factors that determine the microstructure of topcoat. This, in 

turn plays a major role in the chemical and mechanical properties of the topcoat. For 

example, the intersplat pores and voids formed by overlapping splats could provide a 

high strain tolerance, the higher porosity of the topcoat also indicates a lower thermal 

conductivity implying that the capability of the thermal isolator could be improved. It 

has to be mentioned that the cost of APS-TBCs fabrication is much lower than TBCs 

deposited by EB-PVD, thus APS-TBCs is always considered as a preferred thermal 

isolator. 

The bond coat of APS-TBCs is based on the MCrAlY system, which is a bond coat 

that consists of M (M = Co, Ni or Co/Ni), Chromium, Aluminum and Yttrium. The Y 

indicates the yttrium that is used to improve the adhesion between TGO and bond coat. 
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The surface of the bond coat from APS-TBCs typically has a roughness which is 

integrated in the design since it provides sufficient mechanical bonding between the 

topcoat and substrate.  

The TGO layer is formed as a consequence of progressive oxidation of the bond 

coat. Apart from α-alumina observed between the topcoat and bond coat, it is generally 

considered heterogeneous within a TGO based on the MCrAlY system.  This is 

partially related to the oxidation of yttrium, which is easier to be oxidized compared 

with other elements. Thus, the yttrium aluminum garnet or namely, peg observed from 

a cross-section of SEM usually indicates an area with a high distribution of yttria.  

 

1.1.2. Failure mechanism analysis of APS-TBCs 

The failure mechanism of APS-TBCs is largely dependent on the thickness of the TGO. 

Based on the results from thermal cycling experiments, a crack is initiated at the peak 

location of bond coat roughness and propagates along the interface as a consequence of 

the coefficient of thermal expansion mismatch between TGO and bond coat. As 

theTGO thickens, the crack generate at a valley of the topcoat where stress inversion 

occurs. The spallation of the topcoat occurs when neighboring cracks coalescence and 

marks the failure of TBCs. The details of the failure mechanism analysis of APS-TBCs 

are described in Section 3 part 2. 

 

1.1.3. Lifetime prediction model of APS-TBCs 

The residual stress integrated model (Residual stress - crack driving force - lifetime 

prediction model) is currently considered as the preferred lifetime prediction model 

based on APS-TBCs. The residual stress is generated as consequence of either the 
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coefficient of thermal expansion (CTE) mismatch strain between topcoat, TGO and 

bond coat or as a consequence of TGO volume expansion strain. These two phenomena 

applications were considered as a significant development. The introduction of 

geometrical parameters describing the roughness profile of the interface into the stress 

model was the first essential application where the capacity of the stress model was 

improved compared with those stress models based on a flat assumption. The benefit 

of those geometrical parameter integrated stress models also resulted from their ability 

to be used in finite element analysis. The matrix could be set based on the geometrical 

parameters measured from SEM and better simulation results could thus be obtained. 

The second essential application was attributed to the integration of process and/or 

temperature dependent parameters. Compared with the average value approximated by 

a constant, the correlation of time or temperatures with model parameters could be more 

precisely described by those process/temperature dependent parameters. These two 

applications are considered in the development of stress models in the present work. 

The crack driving force is used to evaluate the effect of stress on cracking behavior, 

which is usually given by the form of energy release rate or residual stress related term. 

The correlation of those crack driving forces to the crack length related parameters is 

expressed by introducing a fitting parameter. This significant parameter will be 

discussed in later sections that relate to the lifetime prediction model.  To date, several 

attempts have been made although large discrepancy from predicted lifetime to 

experimental lifetime indicates the need for better lifetime prediction models. 
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1.2. Electron beam-physical vapor deposition 

 

1.2.1. EB-PVD TBCs general background 

A typical microstructure from a cross-section of a EB-PVD TBC specimen is shown in 

Figure 1-2. The most attractive characteristics is the columnar grain structure in the 

topcoat which, with segmentation vertical cracks, could provide a large strain tolerance. 

Similar to the topcoat fabricated by APS, multi-scale porosity is able to lower the 

thermal conductivity. However, the cost of EB-PVD fabrication is much higher 

compared to TBCs deposited by traditional APS. 

 

Figure 1-2 Typical microstructure of EB-PVD TBCs, topcoat shows the columnar structure with vertical cracks 

There are two different type of bond coats for EB-PVD TBCs, MCrAlY overlay coating 

or diffusion aluminide coating. The previous type has been discussed in the preceding 

section. For the latter, the bond coat usually consists of platinum modified diffusion 

aluminide. Platinum is used to improve the ability to provide better adhesion between 

the topcoat and TGO. The surface of the bond coat, unlike the sinusoidal interfacial 
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profile of APS-TBCs, is relative flat which is deliberately designed to reduce the effect 

of large imperfections by sand-blasting the bond coat surface before further topcoat 

deposition. 

The type of TGO layer formed between topcoat and bond coat is dependent on the 

selection of the bond coat. As described in the preceding section, apart from typical α-

alumina, the yttrium aluminum garnet is used for the Pt-Al bond coat. For the present 

research in EB-PVD, the failure mechanism analysis and lifetime prediction model are 

only conducted for the Pt-Al bond coat TBC system. 

 

1.2.2. Failure mechanism analysis of EB-PVD TBCs 

Until now, there were mainly two failure mechanisms identified for the EB-PVD TBCs 

based on the Pt-Al bond coat. For the failure mode A, the relative small rumpling effect 

from the bond coat dominates the failure process. Due to its thermal instability at high 

temperature, small downward displacements could be found at the surface of the bond 

coat and followed by TGO, leaving voids at the interface between the topcoat and TGO. 

The failure could be expected as neighboring voids expand horizontally and crack 

forms leading to spallation of the topcoat from TGO.  

Failure mode B is similar to that of APS-TBCs, the cracks generate at a peak of 

TGO/BC interface and penetrate the TGO until reaching the voids at an interface 

between topcoat/TGO.  The failure then occurs as neighboring cracks coalescence.  

The details for the failure mechanism analysis of EB-PVD TBCs are described in 

section 5 part 2. Moreover, the relationship between failure mechanism and sand-

blasting process that is used to flatten the surface of bond coat will be discussed.  
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1.2.3. Lifetime prediction model of EB-PVD TBCs 

Although there were plenty of data for the experimental lifetime of EB-PVD TBCs 

conducted by both isothermal and thermal cycling process, it is rare that analytical 

lifetime prediction models can be found. One damage model proposed by Courcier et 

al [9] is a semi-quantitative model based on observation results from experiments where 

the elastic strain as well as TGO volume expansion were considered in order to describe 

damage related parameters. Another important model proposed by Evans [10] was 

based on film theory.  Lifetime was estimated via TGO critical thickness measured by 

experiments or calculated by a parabolic growth law. The model does not contain 

factors that describe the effect of stress on lifetime based on EB-PVD TBCs. The 

present work develops a stress model as well as a lifetime prediction model by using 

temperature and process-dependent parameters described in section 4 and section 5.  

 

1.3. Objectives and Outline of the thesis 

This thesis has three objectives that will be addressed in turn. 

1. To improve the capability of lifetime prediction models for APS-TBC systems 

by proposing a new APS-TBC stress model and incorporating temperature-

dependence into the fitting parameters. 

2. To develop stress models on different layers within EB-PVD TBC systems by 

using temperature process-dependent model parameters. 

3. To estimate the lifetime and crack growth rate for EB-PVD TBC systems by 

using the stress models and temperature process-dependent model parameters 
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developed in objective 2. 

 

Apart from the introduction of background about thermal barrier coating system, 

the development methodology to be used in this thesis for the stress model and 

lifetime prediction is presented in Chapter 2. The results for lifetime prediction by 

using temperature-dependent parameters based on atmospheric plasma sprayed 

thermal barrier coating system is described in Chapter 3 (objective 1). The stress 

modelling process is shown in Chapter 4 (objective 2) and the development of the 

proposed lifetime prediction model along with the predicted lifetime is presented in 

Chapter 5 (objective 3). A summary is given in Chapter 6. 
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2. Methodology 
 

2.1. Brief discussion of existing lifetime prediction models 

It is generally considered that the lifetime of a coating system will decrease nonlinearly 

with increasing service temperature. For engineering applications, it is necessary to 

acquire each temperature-dependent lifetime. To date, several lifetime prediction 

models have been proposed based on various assumptions of the failure mechanisms of 

the coating system or the type of data measured experimentally. A general description 

for each type of lifetime model will be discussed in the subsequent section.  

An early model developed by Miller [11][12] is considered as the first generation 

of lifetime prediction model. A significant empirical model in which the measured TGO 

thickness as well as the measured strain were used to estimate the lifetime by comparing 

with the critical TGO thickness as well as critical strain, respectively. The lifetime 

model attempt to describe an essential role of the TGO thickness in APS-TBCs life 

prediction based on experimental observation. However, the relative simple 

configuration of the lifetime function in this model indicates that the lifetime was 

estimated empirically based on a large experimental dataset as well as failure analysis.  

The TGO growth, as the source of strain generated by volume expansion, was 

recognized as a critical factor affecting the lifetime of coating system. The damage by 

interfacial rumpling was also identified as a factor and both related parameters were 

integrated into the second generation of lifetime prediction model, for example the 

model proposed by Courcier et al [9]. In this mode, the TGO growth was described by 

a parabolic law.  However, an analytical function for the rumpling effect was not 
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identified.  The rumpling effect was measured by the average roughness at the surface 

between the TGO and the bond coat in the following lifetime model.  

As can be seen in the preceding discussion, lifetime models have gradually evolved 

to relate to the identified failure mechanism for each different coating system. The 

rumpling effect, for example, is generally considered as the significant failure 

mechanism in EB-PVD TBCs with platinum modified aluminum BC. The voids formed 

within the topcoat close to the TGO are due to the rumpling effect of the bond coat at 

high hold temperature.  The failure occurs when these voids extend parallel to the 

surface of the TGO followed by separation crack formation and spallation of the topcoat. 

The function for evaluating the stress intensity factor for EB-PVD TBCs was developed 

by Mumm et al [1][13] which could be used for the third generation of lifetime 

prediction model. Another failure mechanism-dependent lifetime prediction model 

working on APS-TBCs was developed by Evans et al [10]. The remnant ligament 

theory was built into the failure mechanism described for APS-TBCs, and the 

corresponding analytical critical TGO thickness function was developed as time 

fracture occurs. The lifetime could be estimated combining the critical TGO function 

with parabolic law that was used to estimate the TGO growth. It should be remarked 

that the discrepancy between the second and third generation of lifetime prediction 

model depends on whether all parameters integrated into the lifetime model could be 

described by an analytical function, which also marks the transformation of lifetime 

prediction from an empirical model to an analytical model. 

Up to the model described above, the lifetime was estimated from the critical 
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characteristics of interfacial morphology profile (rumpling amplitude or TGO 

thickness). Nevertheless, the reason that the failure occurs in practice, as indicated by 

the spallation of the topcoat from the bond coat, is that a large radial stress is generated 

between the layers. The stress could be estimated numerically by finite element analysis 

and it is reasonable that the lifetime could also be estimated based on the stress-

dependent energy-related parameters. The fourth generation of lifetime prediction 

model, represented by the model developed by Vaßen et al [14], consists of a subcritical 

crack growth law, where the stress generated by the coefficient of thermal expansion 

mismatch is integrated into the lifetime model. The physical implication of the fitting 

parameter was illustrated and estimated by experimental lifetime measurements. This 

also marks the combination of empirical results with analytical solutions. It should be 

mentioned that the capability of lifetime models was determined by the variation of 

significant parameters involved. For example, for APS-TBCs, a regular roughness 

profile from the interface between the topcoat and BC could be expected due to the 

spray parameters controlled during TBC fabrication. The geometrical roughness of the 

interface could be estimated by a sinusoidal function with a roughness amplitude A, as 

well as wavelength L, both of which are integrated into lifetime estimation as average 

value though, the roughness amplitude A and global wavelength L vary as a function of 

temperature and cycle numbers. Thus, temperature process-dependent model parameters 

are integrated into the analytical stress function in the present research work and 

simulated stress is determined by fitting the residual stress-related parameters based on 

the FE analysis. 
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Some critical points about the lifetime prediction model discussed above are listed 

in Table 2-1. 

Table 2-1 Lifetime prediction model categorized by generations 

Generation  

Number 

Model Configuration Critical 

Parameters 
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→Analytical 
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
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Proposed lifetime prediction models started from empirical models represented by an 

early strain model and gradually transformed to semi-analytical models, such as the 

subcritical crack growth law. For the empirical model, the experimental data, such as 

measured lifetime and damage percentage to the total area, play a major role in 

evaluating the predicted lifetime. As the models approach an analytical model, the 

dependence on experimental data decreases, more analysis is put into the newly 

proposed functions that attempt to illustrate the essence of factors determining the 

lifetime of the coating system. The experimental data in the analytical model are used 

to fit the lifetime prediction model parameters as fitting parameters, as will be discussed 

in the following section. 

2.2. The use of critical parameter of analytical lifetime prediction model in 

the present work——Fitting parameter 

It should be noted that all the analytical models discussed in the preceding section 

belong to the semi-empirical model class.  Here, existing experimental data (such as 

temperature-process dependent geometrical parameters or measured lifetime from 

thermal cyclic experiments) play a significant role in affecting the estimated results of 

lifetime model related parameters or fitting parameters. These fitting parameter are used 

to equate the physical units from both sides of a lifetime prediction model, as well as 

provide a reasonable estimated value to facilitate the evaluation process of lifetime 

prediction. The fitting parameter is generated from the lifetime prediction model. 

Assume that the general form of an analytical lifetime prediction model is described by  
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( , ) ( , ) ( )  A t T B t T C T                  eq 2-1 

where A(t,T) is a temperature-process model parameter for which both analytical and 

experimentally measured data have been obtained. B(t,T) is a temperature-process 

model parameter for which only an analytical expression is obtained. For the C(T), 

neither analytical expression nor experimental measured data could be found. 

Based on these assumptions, the function C(T) is considered to be the fitting 

parameter within the presented lifetime prediction model. By integrating the 

temperature-process-dependent experimental data into the analytical expression of 

A(t,T) and related temperature-process information into the analytical expression of 

B(t,T), it is possible that the value of the temperature-dependent fitting parameter C(T) 

can be obtained and fitted by an appropriate analytical expression which is used to 

predict the temperature-dependent lifetime within the range of temperatures provided 

by the experimental measured data. 

Since the correlation between the temperature-dependent lifetimes to other 

parameters are given by eq 2-1, the fitting parameter could be directly identified by 

estimating the “unknown” part C(T) through a mathematical expression. In order to 

ensure the accuracy of predicted lifetime, it is necessary to verify the capability of the 

fitting parameters. Assume that the fitting parameter C(T) consists of D(T) and E(T) 

described as 

      )()()( TETDTC                             eq 2-2 

where the value of D(T) and E(T) could be qualitatively estimated. As C(T) is calculated 

by using the method discussed above, a comparison between the result of C(T) and 
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D(T)E(T) could be used to evaluate the capability of the fitting parameters.  

The fitting parameter discussed above was generated by a lifetime prediction model 

where the implication of the fitting parameter was identified. Researchers attempted to 

establish the lifetime prediction model by including all the lifetime related parameters, 

such as failure mode related parameters, the type of stress generated at a specific layer, 

the surface geometrical parameter to the lifetime, etc. Nevertheless, there should be 

many unexpected factors that failed to integrate into the expression of lifetime 

prediction model. It is expected that the capability of lifetime prediction model is 

determined by the number of factors involved. It has to be mentioned again that the 

fitted mathematical expression for fitting parameters only works for predicted lifetime 

within the experimental data range. 

2.3. The application of lifetime prediction model used in the present work 

The generation III and IV of lifetime prediction models are the main focus of the present 

work, where the failure mechanisms related to the different topcoat fabrication method, 

i.e. APS-TBC, EB-PVD, are identified and incorporated into the lifetime model. Based 

on the analysis of the subcritical crack growth law, a lifetime prediction model for APS-

TBCs with temperature-dependent fitting parameters is presented in Chapter 3. As 

discussed in the preceding section, the stress at the interface between the topcoat, TGO 

and bond coat generated during thermal cyclic experiments plays a significant role, 

affecting cracking behavior. The analysis of thermal stress in EB-PVD TBCs which is 

generated as a consequence of the coefficient of thermal expansion mismatch is 

described in Chapter 4. A specific rumpling-dependent failure mechanism and related 

lifetime model is detailed in the Chapter 5, and based on the contribution of stress 
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analysis, a method to quantitatively evaluate the crack growth rate within layers is 

provided. 
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3. Lifetime prediction based on 

Atmospheric Plasma-sprayed Thermal 

Barrier Coating system 
 

This chapter addresses objective 1 (estimate lifetime for APS-TBC system) by using 

temperature-dependent fitting parameters. 

 

The content of this chapter has been submitted for publication to the Journal of 

Thermal Spray Technology in 2016. 
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Abstract 

The failure analysis and life prediction of Atmospheric Plasma Sprayed Thermal Barrier 

Coatings (APS-TBCs) were carried out for a thermal cyclic process. A residual stress 

model for the top coat of APS-TBC was proposed and then applied to life prediction. 

This residual stress model shows an inversion characteristic versus thickness of 

Thermally Grown Oxide (TGO). The capability of the life model was demonstrated 

using temperature-dependent model parameters. Using existing life data, a comparison 

of fitting approaches of life model parameters was performed. A larger discrepancy was 

found for the life predicted using linearized fitting parameters versus temperature 

compared to those using non-linear fitting parameters.  A method for integrating the 

residual stress was proposed by using the critical time of stress inversion.  A residual 

stress relaxation of topcoat was examined through using a viscosity parameter in the 

model, and this relaxation effect on fatigue crack growth was discussed. The role of the 

residual stresses distributed at each individual coating layer was explored and their 

interplay on the coating’s delamination was analyzed.  

 

Keywords: life prediction, CTE mismatch, fitting parameter, critical time for stress 

inversion 
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3.1. Introduction  

Thermal barrier coatings (TBCs), consisting of an Yttria partially Stabilized Zirconia 

(YSZ) topcoat and a metallic bond coat (BC) deposited onto a superalloy substrate, are 

favourably used as the protective coatings of hot section components such as 

combustion chambers, turbine nozzle guide vanes and turbine blades in advanced gas 

turbine engines. These coatings can withstand high inlet temperatures, thus increasing 

engine efficiency and improving the life of the components [5]–[8], [15]–[18]. While 

the YSZ layer has low thermal conductivity and provides thermal insulation to the 

component, the metallic bond coat enhances the adhesion of the YSZ layer to the 

substrate and also provides oxidation and corrosion protection to the substrate metal [1], 

[19]–[23].  

One general understanding about TBC failure is that biaxial compressive stresses 

are built up at the interface between the ceramic top coat and the bond coat during 

cooling from elevated to ambient temperature because of the thermal expansion 

mismatch between the two constituents. The biaxial compressive stresses produce a 

tensile stress normal to the coating plane, due to local tortuosity of the interface plane 

morphology. The tensile stress that acts on pre-existing flaws and defects and thus 

promotes crack initiation and delamination in the coating system [24]–[34]. 

It has been understood that the failure of TBC systems is largely attributed to the 

formation of Thermally Grown Oxide (TGO) as large stresses could be generated while 

TGO thickens upon progressive oxidation of the bond coat [35]–[40]. Meanwhile, 

extensive cracks nucleate from the sites where transient mixed oxides such as spinel 

form, leading to a reduction of fracture toughness [41]–[49]. Based on the identified 
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failure mechanisms, various life models of APS-TBCs have been explored. One early 

model developed by Miller[11][12] attempted to describe an essential role of the TGO 

thickness in APS-TBCs life prediction. The life of APS-TBCs was evaluated using ratios 

of TGO thickness over the critical TGO thickness, as well as the ratio of the strain over 

the critical strain.  

 

Another life model proposed by Beck et al [50] divided the entire life of APS-TBCs 

into two parts associated with crack incubation and propagation, where the trends of 

TGO thickness as well as crack length were used to define the boundary between these 

two life periods. The residual stress generated due to a difference of Coefficient of 

Thermal Expansion (CTE) between the topcoat and TGO together with TGO growth 

stress were integrated into the life model. The life in [50] was numerically evaluated by 

calculating the crack growth rate iteratively during thermal cycles up to the specific 

measured failure crack length.  

 

Busso et al. [51] developed a life model for APS TBCs on the basis of fatigue 

damage parameters. The fatigue damage is driven by the maximum out-of-plane 

interfacial stress, which was obtained from the finite element analysis of a representative 

cell of a TBC system. The maximum out-of-plane interfacial stress comprised the 

combined stresses including the thermal stress during cycles and stresses due to oxide 

growth and sintering of the top coat. In their work, the effects of thermo-elastic and 

visco-plastic deformation, bond coat progressive oxidation and topcoat sintering were 
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considered to play significant roles in evaluating the out-of-plane stress.  

 

Evans et al. [10] proposed an analytical life model in which TGO growth kinetics 

combined with the delamination of the topcoat were integrated to evaluate the life based 

on assumed cracking patterns. The physics beyond the model is that the failure of the 

TBC system occurs upon a detachment of ligament with available transverse load on the 

system. The curvature radius describing the roughness of imperfection was introduced 

into the life model.   

 

 Vaßen et al [14] investigated the life of APS-TBC systems through examining fatigue 

crack growth rate via                                                
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where  T  is the residual stress acting on the APS topcoat, a is the crack length and 

m is an exponent parameter to be fitted to experimental data. A* is a constant and KI,c is 

the critical stress intensity factors. T is the high temperature at holding period and t is 

time. In their stress model, the coating interface profile such as the roughness amplitude, 

the wavelength and TGO thickness were included in the stress model. However, in their 

life model, the fitting parameter 
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was fitted as a constant independent of testing temperatures of APS-TBCs, and 

consequently does not reflect a high temperature cyclic effect of APS-TBC systems[14].  
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In this paper, temperature-dependent model parameters are identified and fitted to 

the testing life data. A newly-proposed stress model is used to describe the stress state at 

the valley of the top coat, where a CTE mismatch strain is considered to be the main 

contributor of residual stress in the vicinity of the top coat/TGO interface. The stress 

model parameters were fitted to the 3-D FEA calculation [52], while the life model 

parameters were fitted to existing burner rig test results of APS-TBC systems [53].  

 

3.2. Failure analysis and stress  

3.2.1. Failure Analysis 

For a flat coating interface, there is no residual stress normal to the interface. However, 

the imperfection or roughness occurring in a coating redistributes the residual stress. As 

a result, at the location of both valley and peak, a tensile stress is incurred due to 

interfacial roughness, and this in turn could cause crack nucleation and subsequent 

propagation, eventually leading to coating spallation. In the present paper, the life 

prediction of APS-TBCs relies primarily on roughness analysis of the coating interface 

between the top coat and TGO, Figure 3-1.  
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Figure 3-1 Failure mechanism of APS-TBCs, the crack initiate at valley of topcoat as TGO thickens where a stress 

inversion was considered as thermal cycle proceeds [14] 

To study residual stress upon cooling and its effect on crack nucleation and propagation, 

it is assumed that the coating exhibits a stress-free state at high dwell temperatures.  

Upon cooling, a large tensile stress normal to the coating interface develops at the 

imperfection where crack nucleation is initiated, and subsequent propagation proceeds 

along the interface until inhibited at the valley of the top coat due to compressive stress. 

As the thermal cycle continues, the TGO thickens due to progressive oxidation of the 

bond coat. The compressive stress normal to the interface at the valley attenuates, and at 

a critical thickness of TGO, the top coat at the valley location is under tensile stress, 

Figure 3-1. This tensile stress will, in turn, promote fatigue crack nucleation and 

propagation. A spallation of the top coat occurs when these neighboring cracks link and 

coalescence, which indicates a failure of APS-TBCs.  
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3.2.2. Stress model  

A stress model for the top coat at the valley location is proposed as  
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              eq 3-2 

where TGO BC
 and TBC

 represent the CTEs of TGO, bond coat and top coat 

respectively, and dTGO is the TGO thickness. A is the amplitude of interfacial roughness, 

y is the valley location of the top coat, where the residual stress will be evaluated for 

crack propagation. R is the curvature radius of the roughness (radius of imperfection) in 

Figure 3-1.  In eq 3-2, Λ is a parameter describing a combination of elastic moduli and 

temperature effect, with
 3/4/4   T

,
 ,12/   TBCE  and

  213/  TBCE
, where △T is used to describe the difference between the high 

holding temperature and room temperature.   is the Poisson ratio of the topcoat. The 

sintering effect of Young’s modulus TBCE
of the top coat was also taken into 

consideration [14] when applying the crack growth rate eq 3-1, 
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       eq 3-3         

B  is the Boltzmann constant, tAsin  and tEsin  are the sintering coefficient and 

sintering activation energy of the top coat in APS-TBC, respectively. Here, t is the high 

temperature holding time,  

 

Although eq 3-1 describes the residual stress located at the topcoat, it involves the effect 

of TGO, BC and topcoat through combined parameters such as the difference of CTEs 

between TGO and topcoat, CTE difference between BC with TGO, TGO thickness, as 
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well as the elastic moduli of topcoat. In the present paper, it is assumed that TGO growth 

follows a parabolic-like law [14] given by    
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where TGOA
, TGOE

 and 
p

 are the TGO growth rate coefficient，TGO growth 

activation energy and TGO growth exponent, respectively. T is a temperature during a 

hold period, and t is an exposure holding time. B  is the Boltzmann constant. The 

interfacial profile can be approximately described as a sinusoidal curve, thus the 

curvature radius of imperfection is given as ALR 22 4/  , where L represents the 

mean value of the wavelength. The valley location of y=20μm was selected according 

to the Scanning Electron Microscope (SEM) measurement of the top coat [14].  

 

As previously explained, the radial stress at the valley of topcoat develops initially 

under compressive state for at thinner TGO. Upon TGO thickening, this stress develops 

into a tensile state at a critical TGO thickness, i.e., the sign change of residual stress 

occurs from an initially negative compressive stress to a positive tensile stress. The 

corresponding critical TGO thickness can be derived as the vanishing point of the second 

order derivative of the stress given by,   
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                 eq 3-5 

This equation is then used to predict the critical time when the stress conversion occurs.   

The physical implication of all parameters used in stress model and lifetime prediction 

are listed in Table 3-1 to Table 3-3. 
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Table 3-1 Related parameters within stress model 

Parameters A R y TGO  
BC  

Abbreviation Amplitude curvature 

radius 

valley 

location 

CTE of 

TGO 

CTE of BC 

Value 7μm 15.3μm 10μm 8×10-6K-1 1.6×10-5K-1 

Parameters TBC  α β \ \ 

Abbreviation CTE of 

TBC 

Residual stress related 

coefficient 

\ \ 

  

Value 1×10-5K-1 5.5577 0.37736 \ \ 
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Table 3-2 Temperature-dependent model parameter 

Parameters dTGO TGOA  TGOE  p  T 

Abbreviation TGO 

thickness 

TGO growth 

rate 

coefficient 

TGO 

growth 

activatio

n energy 

TGO 

growth 

expone

nt 

Temperature 

during a hold 

period 

Value \ 7.48×10-4m/sp 0.907eV 0.25 1273.15K 

Parameters t TBCE    
0

TBC
E  



TBC
E  

Abbreviation exposure 

holding time 

Young’s 

modulus of 

TBC 

Poisson 

ratio of 

TBC 

Initial 

modulu

s of 

TBC 

Bulk 

modulus of 

TBC 

Value \ \ 0.33 20GPa 136GPa 

Parameters B  tAsin  tEsin
 P 

C

TGO
d  

Abbreviation Boltzman 

constant 

sintering 

coefficient 

sintering 

activatio

n energy 

Sinterin

g 

expone

ntial 

coeffici

ent 

Critical TGO 

thickness 

Value 1.38×10-23J/K 2×1010s-P 3eV 0.25 4.4μm 
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Table 3-3 Lifetime prediction model related parameters 

Parameters a af a0  T  t0 

Abbreviation Crack 

length 

Full crack 

length(Entire 

wavelength) 

Initial crack 

length (half 

wavelength) 

Temperature-

process 

dependent 

stress 

Initial 

time that 

tensile 

stress 

developed 

Value \ 65μm 32.5μm \ 74.2358h 

Parameters tf m 
m

IC

m

K

YA *

 
\ \ 

Abbreviation Estimated 

lifetime  

Exponential 

fitting 

coefficient 

Temperature-

dependent 

fitting 

parameter 

\ \ 

Value \ 18 \ \ \ 

3.2.3. Life prediction Procedure  

Vaßen et al. [14]proposed an empirical stress model for the topcoat of APS-TBC 

system, and by combining their stress model and fatigue crack growth formula eq 3-1, 

the life was evaluated numerically. The right hand side of eq 3-1 is an integral of the 

residual stress on the topcoat from an initial time t0 to tf, the failure life time to be 

estimated. The left hand side of eq 3-1 is an integral of the crack length initially 

starting from a0, an assumed half wavelength, to the af of the entire wavelength, 

indicating the spallation of the topcoat from the bond coat completely. Equation eq 3-1 
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can be interpreted as follows: the right hand side of eq 3-1 represents a driving force of 

the fatigue crack growth during a cyclic process, while the left hand side of eq 3-1 is a 

consequence of fatigue crack growth driven by the right side during thermal cycles, 

leading to crack propagation. When the crack length a reaches the critical af, the cracks 

coalesce, resulting in spallation of the top coat, where the failure time tf can be 

consequently obtained for coating. This is the procedure that was used in estimating 

the life of APS-TBC systems [14] in this paper.  

 

3.3. Model parameters 

The burner rig test result of failure life of APS-TBC system [54] was used to fit model 

parameters of  eq 3-1, Figure 3-2.   

 
Figure 3-2 Experimental lifetime as a function of bond coat temperature, the lifetime standing by red marks was 

measured based on burner rig tests described in [54] 

Normally, a high cycle frequency of the burner rig test will cause more fatigue damage 

than using a normal cycle frequency test, which in turn shortens the APS-TBC life [53].  
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The thermal radial stress versus the TGO thickness at the valley of the top coat simulated 

using FEA [52] is shown in Figure 3-3, together with the plotted curve using the 

proposed stress model of eq 3-2.  

 

Figure 3-3 Simulated stress as a function of TGO thickness, a perfect reproduction could be made between the 

stress estimated by eq 3-2 and fitted by FEA 

It can be seen that the stress conversion takes place from compressive to tensile state at 

a TGO thickness of dTGO = 4.6μm. In this paper, the amplitude of A = 5μm and 

wavelength of  =65μm in describing the roughness interface were used to fit residual 

stress model parameters of α, β and  in eq 3-2. In this research, it is assumed that the 

residual stress model parameters of α, β, γ are temperature-independent, while the 

temperature-dependent characteristics of the life model is reflected by the fitting 

parameters
m
IC

m KYA /*

 in the fatigue crack growth formula of eq 3-1, where temperature-
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dependent life data from burner rig test was used.    

 

In Ref.[14], the fitting parameter 
m

IC

m KYA /*

 in the fatigue crack growth formula of eq 

3-1 was treated as a constant although the life data was obtained at different temperatures.  

As a result, this led to large deviations in life prediction of APS-TBCs. In the present 

paper, based on the burner rig test life results at five temperatures, the fitting parameter 

m
IC

m KYA /*

 was fitted accordingly and shows a temperature-dependent characteristic, 

Figure 3-4. This temperature-dependent parameter can be well described by an 

exponential function (straight line on a log plot).  

 
Figure 3-4 Normalized lifetime fitting parameters as function of BC temperature, the normalized fitting parameter 

decreases exponentially as temperature increases 

3.4. Life prediction and discussions 

Using this temperature-dependent model parameter, the predicted life between 1000℃ 

to 1075℃ is shown in Figure 3-5.  
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Figure 3-5 Predicted lifetime as function of BC temperatures, the general predicted lifetime drop dramatically as 

bond coat temperature increase 

The average life of the APS-TBCs decreases versus the bond coat temperatures. In order 

to examine the capability of the life model, a comparison between the experimental data 

[54] and the predicted lifetime was made, Table 3-4. A maximum error of 2-hours 

(3.72%) in life prediction was found at high temperatures.    
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Table 3-4 Comparison between the experimental data with predicted lifetime 

 

Experimental  

Temp / Kelvin 

Experimental 

lifetime / hours  

Calculated  

Temp / Kelvin 

Predicted  

lifetime / hours 

Deviation 

△t/tf 

1273.15 233 1273.15 232.9167 0.036% 

1289.99 162 1290.15 161.3333 0.412% 

1323.15 83 1323.15 81.1667 2.21% 

1334.9 66 1335.15 63.8333 3.28% 

1347.98 51.5 1348.15 49.5833 3.72% 

 

 

As analyzed in the preceding sections, the life of APS-TBCs can be evaluated by 

integrating eq 3-1, and the capability of the life model can be improved upon using 
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temperature-dependent fitting parameters in the model. Thermal cyclic testing was also 

performed on specimens of various microstructures of topcoats[14], and the life results 

are presented in Figure 3-6 versus the bond coat temperature.  

 
Figure 3-6 various lifetime for APS-TBCs as function of bond coat temperature categorized by different type of 

topcoat, two lifetimes was measured for a specific TBC system and large discrepancy of lifetime could be 

observed based on different YSZ properties [14] 

In Figure 3-6, four pairs of the selected specimens were measured for their coating’s 

evaluation, presented by specific symbols and colors. Each pair of specimens was 

assumed to have the same topcoat microstructure but measured for life at different 

bond coat temperatures. The measured life for each pair of specimens was initially 

used to evaluate the fitting parameter 
m
IC

m KYA /*

 in eq 3-1.  A linear correlation 

of the 
m
IC

m KYA /*

 with the bond coat temperature was fitted to each pair of life data.  
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Upon having the fitted linear correlation of 
m
IC

m KYA /*

with the bond coat temperature for 

each pair of tested life data, a life prediction at the testing temperatures where the model 

parameters 
m
IC

m KYA /*

were fitted can also be performed in principle by using eq 3-1.  

This procedure can be realized through the following steps using eq 3-6 and eq 3-7 by 

re-arranging eq 3-1, respectively,   

                                                    

m

cI

m
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a m K

YA

a

da
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f

,

*

2
0






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
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               eq 3-6 

                              

BdtT
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
i

0t
)(

                     eq 3-7 

Using the fitted temperature-dependent model parameter
m
IC

m KYA /*

, the B value in 

Eq. eq 3-6 can be calculated at specific temperature to within the temperature range of 

testing life data. The failure life, ti at the upper limit of the integral                     

eq 3-7 at this temperature To can be obtained through a numerical procedure that a 

tentative ti was initially set up, and then used to integrate eq 3-7 until the value of eq 3-7 

at this specific temperature equals to the B value of eq 3-6 at a given precision. However, 

this numerical procedure for a convergence life ti failed, whereas a series of ti was 

obtained resulting in the same B value in eq 3-7.  

 

To further evaluate this uncertainty of life ti, another procedure for evaluating the 

parameter 
m
IC

m KYA /*

was also performed. For a given pair of life data shown in Figure 

3-6 such as a pair of red solid circle data, if a linear correlation of life data was assumed 

within this temperature range, a temperature-dependent parameter 
m
IC

m KYA /*

can be 
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developed in principle using eq 3-1. Therefore, the temperature-dependent fitting 

parameter 
m
IC

m KYA /*

s can be calculated using  

                                                 

dtT
a

da

K

YA mta

a mm

cI

m
f
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i

00 t2

,

*

)(

               eq 3-8 

However, this numerical procedure for determining 
m
IC

m KYA /*

 also failed if the life 

data ti at the upper limit of the integral eq 3-8 was selected based on the assumed linear 

correlation for the test life, i.e., the convergence of determining 
m
IC

m KYA /*

 was not 

achieved. This failure also indicates that more test life data are required to fit the 

temperature-dependent model parameter 
m
IC

m KYA /*

so that a non-linear correlation 

for 
m
IC

m KYA /*

 with the temperature could be established, and consequently a reliable 

and convergent life can be predicted.  This result was confirmed upon using a non-

linear test life data presented in Figure 3-5, where a non-linear fitting parameter 

m
IC

m KYA /*

was also established.  

This could be explained by an integral characteristic of large negative compressive 

stress having no effect on crack nucleation and propagation at early life of cyclic process. 

At this stage, the positive tensile stress which is responsible for promoting the crack 

formation fails to play a major role in the stress integral due to its smaller amount 

compared to the negative compressive stress, Figure 3-7.  
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Figure 3-7 the schematic diagram of full-time scale stress integration, the stress estimated by eq 3-2 was integrated 

from first cycle (t =0) to assumed failure times (t=tf) 

A selected stress integral was applied to the life prediction model where only the positive 

stress is integrated starting from the critical time.  

 

The time for stress inversion at the valley of topcoat is required for integrating the 

tensile-residual stress. The critical time for stress inversion could be found by combining 

eq 3-4 and eq 3-5 is described as,  

                      𝑡0 = {𝑑𝑇𝐺𝑂
𝑐 [𝐴𝑇𝐺𝑂𝑒𝑥𝑝 (−

𝐸𝑇𝐺𝑂

𝜅𝐵𝑇
)]⁄ }

1

𝑝
            eq 3-9 

According to eq 3-9, the critical time for stress inversion shows the temperature-

dependent characteristics, which should be used in estimating each temperature-

dependent lifetime. A schematic diagram used to describe the selected stress integration 

is shown in Figure 3-8.  
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Figure 3-8 the schematic diagram of half-time scale stress integration, the stress estimated by eq 3-2 was integrated 

from critical time point that stress inversion occurred (t= t0) to assumed failure times (t= tf) 

The schematic diagram of calculated lifetime model parameters using the selected stress 

integration is shown in Figure 3-9.  

 
Figure 3-9 Fitting parameters based on unlinear assumption with half-time scale stress integration and 

corresponding predicted lifetime as function of bond coat temperatures 
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As the tensile stress plays a major role in integration of residual stress, a significant 

distinction of temperature-dependent fitting parameters could be found versus thermal 

cycles. The life could then be estimated by incorporating the specific temperature into 

life prediction model and the result is presented in Figure 3-5. 

 

3.5. Interactions between residual stresses and contributions to the life  

As analyzed before, the residual tensile stress located at the valley of the top coat/TGO 

interface promotes crack nucleation and propagation as TGO reaches a certain critical 

thickness. Calculation of the total residual stress of eq 3-1 involves properties of the 

TGO, bond coat and topcoat. This total residual stress also reflects the geometry 

characteristics of TGO/bond coat interface. It illustrates a combination of properties of 

TGO, bond coat and topcoat, it reflects interactions among these stresses. More 

importantly, this total stress can be divided into two contributions based on the CTE 

differences such as TBCTGO  
 and TGOBC  

, in which these two stresses are 

expressed as, 

                                        

    
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           eq 3-11 

Here, TGOBC
stands for the residual stress associated with the CTE difference 

between the TGO and bond coat. Similarly, TGOTBC
 represents the residual stress 

associated with the CTE difference between the topcoat and TGO. These individual 

stress components are shown in Figure 3-10.  
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Figure 3-10 Stress distribution based on CTE mismatch between different layers, the stress describing the interplay 

between the topcoat and TGO is responsible for crack initiation and propagation where the stress generated from 

interplay between TGO and bond coat inhibit the crack formation 

It was noticed that the stress representing the CTE mismatch between the topcoat/TGO 

is always tensile, while the stress due to CTE mismatch between TGO/bond coat is 

compressive. It should be pointed out that the term of  m
T  of eq 3-1 at right hand 

side can be expanded in three terms,   

                              

),()()()( BCTGOTGOTBC

m

BCTGO

m

TGOTBC

m

Valley yyy   
        eq 3-12 

 

The term 
),( BCTGOTGOTBC  

represents a combination of aforementioned two 

stresses in eq 3-10 and eq 3-11, it reflects their complicated interactions among TGO, 

bond coat and topcoat. By integrating each individual part, the effect of these stresses on 
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crack propagation can be shown in Table 3-5 and Figure 3-11. 

 

Table 3-5 Stress integration analysis, noticed that stress integration between TBC/TGO and TBC-TGO-BC play 

essential role in crack formation 

T[℃] tf[h] 

Integral results by different stress sources 

I1(σ1) 

TBC-TGO 

[10149] 

I2(σ2) 

BC-TGO 

[10147] 

I3(△σ) 

TBC-TGO-BC 

[10149] 

Total 

[10141] 

1000 232.9167 1.4620 -4.9795 -1.4122 4.9236 

1020 151.4167 9.6903 -22.922 -9.4611 126.42 

1040 99.5833 75.485 -116.90 -74.316 3183.9 

1060 66.4167 656.46 -781.60 -648.64 82078 

1075 49.5833 3383.2 -2544.8 -3357.7 902462 

 

 

Figure 3-11 Stress integration proportional analysis according to Table 3-2 as function of temperatures 
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It is interesting to note from Table 3-5 and Figure 3-11 that the residual stress due to a 

CTE mismatch between the top coat/TGO is positive, responsible for crack nucleation 

and propagation. While the residual stresses due to a CTE mismatch between the bond 

coat/TGO as well as their combination are negative, responsible for inhibiting crack 

propagation. The interaction of top coat with TGO plays a major role in promoting crack 

formation, and accounts for up to 50% of the predicted lifetime. On the other hand, the 

interplay of top coat-TGO-bond coat accounts for the other 50%, responsible for 

inhibiting crack propagation.  

3.6. Conclusions 

Life prediction of APS-TBC was conducted by using a proposed residual stress model 

and existing burner rig test life data.  The stress model demonstrates a combination of 

properties of TGO, bond coat and topcoat, the model also involves geometric 

characteristics of TGO/bond coat/topcoat interfaces. Stress model parameters were 

obtained by fitting to stress data calculated by 3-D FEA calculations. Temperature-

dependent model parameters in evaluating fatigue crack propagation were obtained by 

fitting to burner rig test data for APS-TBC systems. The life prediction was conducted 

by using temperature-dependent model parameters, and the capability for life prediction 

was improved by combining stress integration with a critical time for stress inversion. 

The interactions of residual stresses representing the top coat, TGO and bond coat were 

examined.  The residual stress associated with the top coat and TGO were identified as 

responsible for crack nucleation and propagation in the topcoat, while the residual stress 

associated with the TGO/bond coat and their interplay among TGO/bond coat/top coat 

are responsible for inhibiting crack propagation. Therefore, properly controlling the 
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stresses due to CTE mismatch between the top coat and TGO could be a way to extend 

APS-TBC life.  
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4. The development of stress models that 

used in lifetime prediction model in EB-

PVD TBCs 
 

This chapter addresses objective 2 (develop the stress model on different layers within 

EB-PVD TBC system) by using temperature process-dependent model parameters. 

 

The content of this chapter has been submitted for publication in Materials Sciences 

and Engineering A in 2016. 

Stress Models for Electron Beam-Physical Vapor Deposition 

Thermal Barrier Coatings With Temperature-process-dependent 

Model Parameters 

 

aBC. Zhang, bKY. Chen, a N. Baddour 

aDepartment of Mechanical Engineering, the University of Ottawa, Ottawa, Canada 

bStructures, Materials and Manufacturing Laboratory, Aerospace Portfolio, National 

Research Council Canada, Ottawa, Canada 
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Abstract 

 

Electron Beam-Physical Vapor Deposition Thermal Barrier Coatings (EB-PVD TBCs) 

are nowadays an essential part in gas turbines. The failure mechanism of Electron Beam-

Physical Vapor Deposition Thermal Barrier Coatings (EB-PVD TBCs) were analyzed 

for thermal cyclic process. Based on the site where cracks initiate, two newly analytical 

stress models from the valley position of the top coat and ridge of the bond coat were 

proposed describing stress levels generated as consequence of the coefficient of thermal 

expansion (CTE) mismatch between each layers. The thermal stress within TGO was 

evaluated based on composite material theory where effective parameters were 

calculated. Bond coat (BC) and thermal grown oxide (TGO) were treated as inclusion 

and matrix based on Eshelby's model described somewhere else. The capability of the 

stress model was improved by using temperature-process dependent model parameters. 

A reduction of stress levels at valley of topcoat and ridge of bond coat were explained 

due to crack formation at interface according to the failure mechanism of EB-PVD TBCs. 

A difference on stress levels was found between the peak of bond coat and within TGO, 

which was considered as result of a difference on creep properties and fracture toughness 

of bond coat and TGO. The capability of wavelength parameter in analytical models in 

EB-PVD TBC system was detailed and discussed. 

Keywords: Stress model, CTE mismatch, temperature-process dependent model 

parameters, creep behavior, wavelength. 
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4.1. Introduction 

Electron beam-physical vapor deposition Thermal Barrier Coatings (EB-PVD TBCs) 

used as thermal isolators between metallic substrates and the external environment in 

gas turbines have been developed for decades [1]–[4]. These materials consists of 8%-

YSZ topcoat, a metallic bond coat and metal substrate. Compared with the traditional 

plasma-sprayed thermal barrier coatings, a relative high strain tolerance could be 

achieved [55]–[60] by its columnar microstructure of the topcoat, especially during 

thermal cycling process where large thermal strain generated due to coefficient of 

thermal expansion mismatch (CTE mismatch) between each layer. The bond coat made 

by either Pt-modified nickel aluminide or NiCoCrAlY overlay is deposited onto the 

substrate prior to topcoat fabrication. A relative strong bonding between topcoat and 

substrate [61]–[63] could be achieved, in which the bond coat plays an essential role in 

strengthening the chemical interaction between topcoat and substrate. The bond coat is 

also used to prevent further oxidation of the substrate during high temperatures by 

forming a thin oxide layer as thermal grown oxide (TGO) [64]–[69]. It is well-known 

that failure of TBC systems is largely attributed to the formation of TGO where a large 

stress could be generated due to volume expansion, led by progressive oxidation of the 

bond coat [70]–[75]. Meanwhile, the extensive crack will nucleate from the site where 

the transient mixed oxide, for example, spinel formed due to its brittleness characteristics 

and reduced fracture toughness compared to the preferred TGO of α-alumina [76]–[83]. 

In order to improve the durability of the coating system, many efforts has been made to 

identify the basic failure mechanism of EB-PVD TBCs [84]–[87] and different possible 

crack paths have been suggested. According to the SEM measured from cross sections 

of EB-PVD TBC specimens conducted by thermal cyclic experiment, Courcier et al 

believed that cracks nucleate at voids found at the valley of the topcoat where the 
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roughness of the interfacial surface on the surface of TGO is due to the downward 

displacement of the bond coat as rumpling at high temperature and followed by 

downward growth of the TGO layer. The cracks form as voids expand parallel to the 

interface and propagate between topcoat and thermal grown oxide (TGO) [9][88][89]. 

On the other hand, Vaidyanathan et al suggested that the failure of EB-PVD TBCs was 

triggered by convergence of multi-layer cracks which nucleate from each site of the ridge 

of bond coat, two neighboring cracks convergence occur by penetrating the TGO layer 

and propagating within topcoat parallel with boundary of TGO [90][91]. Based on those 

two identified failure mechanisms, various numerical models describing stress levels at 

different layers of EB-PVD TBCs have been explored. One early model developed by 

E.P. Busso [92] simulated the stress at different positions close to the rough interface 

between each layer, where the related parameters describing the thermal dynamic 

properties of each layers, geometrical roughness of interface and volumetric strains 

associated with the formation of the thermal grown oxide (TGO) are incorporated into 

the stress analysis based on FE calculations. The position of largest out-of-plane tensile 

stress was identified either during high temperature or after cooling down to room 

temperature, and the order of magnitude of tensile stress was determined semi-

quantitatively, which large discrepancy could be found based on three elastic 

assumptions for topcoat materials which indicates that the anisotropic property of YSZ 

plays the significant role in stress levels. Vaidyanathan et al. [90]also categorized the life 

of EB-PVD TBCs into three groups corresponding to different failure crack paths, the 

radial tensile stress level was estimated at ridge top of bond coat (BC) where the failure 

crack nucleate. 

However, the models described so far were concentrated on estimating the stress 

state close to TGO within the bond coat and a generalized analytical function used to 

describe the stress level at topcoat as well as TGO was not seen. Meanwhile, as for the 
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parameters used in the previous semi-quantitative stress model, the given value, for 

example, the amplitude of interfacial roughness, the thickness of TGO as well as 

approximate curvature radius of bond coat roughness, were treated as constants 

independent of temperature and thermal cycles, which does not reflect the high 

temperature cyclic characteristics of EB-PVD systems. 

In the present paper, all temperature-process-dependent model parameters are 

identified and integrated into the newly proposed stress models which are used to 

describe the stress levels at the valley of topcoat, as well as ridge of the bond coat. The 

CTE mismatch strain is considered to be the main contributor of residual stress for all 

layers. The results of stress level showed temperature-process dependent characteristics. 

A comparison is made between stress levels on the bond coat and within the TGO. The 

reason for lower stress levels on the bond coat is attributed to increasing creep behavior 

during high temperature holding time and lower bond coat fracture toughness compared 

with TGO. The capability of wavelength parameter in stress model is briefly discussed.  

4.2. Stress model description 

As discussed in the preceding section, the failure mechanism of EB-PVD TBCs is 

partially based on the roughness of the coating interface, i.e., the cracks nucleates from 

the voids formed at the topcoat/TGO interface, or from the separation at ridge at bond 

coat/TGO interface as indicated in Figure 4-1. For the crack within the topcoat, it is 

considered that voids generated at the topcoat close to the interface are embryonic 

formations of a crack, which is introduced by the rumpling effect of the bond coat 

followed by downward displacement of TGO. As the thermal cycle proceeds, larger 

voids form and expand parallel to the interface as a consequence of the downward 

growth of the TGO. 
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Figure 4-1the ridge of bond coat and valley of topcoat could be sites where crack nucleates in EB-PVD TBCs due 

to the rumpling effect of bond coat [90] 

Once two neighboring voids coalescence, the failure-induced crack forms followed by 

spallation of topcoat. Failure is assumed when the neighboring cracks coalescence, 

Figure 4-2.  

 

Figure 4-2 Crack nucleate / propagate from the voids at topcoat and TGO interface as thermal cycle proceeds [1] 
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For the crack initiating from the ridge of the bond coat, it is considered that the crack 

nucleating from the ridge of the bond coat meets the crack generated from voids at the 

topcoat, where a large in-plane stress generated upon cooling leads to out-of-plane 

tensile stress within the TGO. As the consequence, the neighboring cracks penetrate the 

TGO layer and convergence within topcoat close to the interface, Figure 4-3.  

 

Figure 4-3 SEM indicates the failure was due to the separation generated by crack nucleating and propagating from 

the at ridge of bond coat [90] 

Based on the failure mechanism and crack paths, three stress models are outlined, which 

are used to estimate the stress level at the interface between layers as well as within the 

TGO. It should be mentioned that stress models are used to describe the CTE mismatch 

between each layer upon cooling, the additional dilatational stress generated from TGO 

formation due to progressive oxidation of BC are not taken into account as they could 

be calculated based on equations described elsewhere [1]. The model parameters are 

measured at different stages of thermal cycles which are extracted from thermal cyclic 

experimental data. The interfacial amplitude, TGO thickness, Young’s modulus for 

topcoat and bond coat are fitted by using the data for EB-PVD TBC systems [89]. The 

radius at imperfections are measured by SEM taken from cross sections on failed 

specimens [13][85][90][93][94], where those parameters plays significant role in 
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estimating stress at different positions. It is noted that the analytical stress function is 

not only used to describe the stress state for each layer, but also to be a critical part of 

work for developing the lifetime prediction model for future research. 

4.2.1. Stress within TBC close to TC/TGO interface 

As discussed in the preceding section, the stress model within the TBC close to the 

TBC/TGO interface is relying on an assumption that the spallation of the topcoat is due 

to crack nucleation from voids generated by the rumpling effect of the BC. The 

propagation of horizontal crack is only possible with radial tensile stress generated at 

the interface between topcoat and TGO. It is evident that the size of voids becomes 

larger as the thermal cycle proceeds, where these local deficiencies form as 

consequence of large CTE radial stress generate at topcoat/TGO interface. The newly 

proposed stress model for the top coat describing stress state at the valley location can 

be expressed as 

)1()()1)((valley 







 R

A
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TGO
BCTGO e

Ry

Ad 

                eq 4-1 

where TGO , BC and TBC  are temperature-dependent parameters, representing 

coefficient of thermal expansion of the TGO, bond coat and top coat. 
TGOd  is the TGO 

thickness. A  is the amplitude of BC roughness, 
TBCy  is the valley location of the top 

coat, where the samples in Figure 4-2 shows cracks running in the TBC close to the 

TBC/TGO interface at a distance close to the one selected in the stress model (20μm). 

R  is the curvature radius of the voids from the top coat. The sintering effect of Young’s 

modulus 
TBCE of the top coat was considered into the stress model. The temperature-

dependent residual stress model parameters of α, β, γ are fitted by FEA results in specific 

temperature. 

In the present stress function, it is assumed that the CTE mismatch stress between 
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topcoat and bond coat will be calculated as the TGO thickness equal to zero. On the 

other hand, it is assumed that the coating has a stress-free state at a high dwell 

temperature due to creep on both the top coat and the bond coat (BC) at the beginning 

of thermal cycles, indicated by flat interface (R tend to infinite). The exponential factor 

will lead to a fast reduction of stress state for large value of AR , which could be used to 

simulate the stress relaxation caused by creep behavior of bond coat. 

The Λ is a factor describing a combination of elastic moduli and temperature effects 

for the topcoat, where  3/4/4   T  with  ,12/   TBCE and 

  213/  TBCE . is the Poisson ratio of the topcoat. The sintering effect of 

Young’s modulus TBCE for the topcoat was considered into the stress model.  

 

4.2.2. Stress within BC close to TGO/BC interface 

According to [95] and [96], the maximum value of stress at ridge of bond coat based 

on the approximation of axisymmetric hemispherical surface is given by 

                            𝜎𝑁 =
2𝜎𝑇𝐺𝑂𝑑𝑇𝐺𝑂

𝑅
             eq 4-2 

where 
TGO  represents the in-plane stress within TGO measured using 

photoluminescence piezospectroscopy (PLPS) technique. The equation was used to 

evaluate the stress level at ridge of bond coat, where the given value of in-plane 

compressive stress, TGO thickness and curvature radius are only mean value estimated 

from experimental data [90]. The calculated residual stress at failure is nearly constant 

(approximately 0.3Gpa). However, the results of calculation using                            

eq 4-2 depend on the measured in-plane compressive stress, where the model does not 

contain factors which describe the stress (strain) introduced by CTE mismatch. With the 

presented approach, the stress level is calculated using eq 4-3 which has a similar form 
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to the stress function in topcoat: 
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It should be noted that the Λ𝐵𝐶  is a factor describing a combination of elastic moduli and 

temperature effect for bond coat, where  3/4/4
BC BCBCBCBC

T    with 

 BCBC E   12/BC and  BCBCBC E  213/  . BC
 is the Poisson ratio of the bond 

coat. Unlike the sintering effect of topcoat, the BC is dominated by high temperature 

creep behavior which is considered and integrated into the expression of BC Young’s 

modulus BCE . The temperature-dependent residual stress model parameters of BCa ,

BCb , BCc are fitted by FEA results in specific temperature. 

Similar to the stress function described by eq 4-1, it is assumed that the CTE 

mismatch stress between topcoat and bond coat will be calculated as the TGO thickness 

equals zero. On the other hand, it is assumed that the coating has a stress-free state at a 

high dwell temperature due to creep on the bond coat (BC) during the beginning of 

thermal cycles, indicated by flat interface (R tend to infinite). The exponential factor 

 RABC /exp  will lead to a fast reduction of stress state for large value of AR , which 

could be used to reflect the stress relaxation caused by creep behavior of bond coat. 

4.2.3. Stress within TGO 

The model described so far focused on the stress state within topcoat and bond coat 

close to TGO. As indicated from preceding sections, the crack nucleating from ridge of 

the BC and valley of voids within the topcoat will converge where the crack penetrates 

the TGO layer as large tensile stresses generated within TGO due to the CTE mismatch. 

The analytical function for the stress is proposed based on a composite of bond coat 

and TGO [95] is described as 
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where *  is the radial stress within bond-coat/TGO composite sphere. T  is the 

temperature difference between the high temperature during holding time and 

environmental temperature. TBC  and TBCE are Poisson’s ratio and young’s modulus for 

topcoat. The 
COMP

COMP  and
COMPE  are effective parameters where the TGO and BC 

are considered as composite materials. Their Young’s modulus and coefficient of 

thermal expansion combining with geometrical factors are incorporated into Eshelby's 

model and given in eq 4-5 to eq 4-8. The effective Poisson’s ratio followed by a rule of 

mixture relation is given in eq 4-9. 

                         )21(3 compCOMPCOMP KE                  eq 4-5 

where 
COMPK  is bulk modulus for composite material. 

                          𝛼𝐶𝑂𝑀𝑃 = 𝛼𝑇𝐺𝑂 +
𝑃3(𝛼𝐵𝐶−𝛼𝑇𝐺𝑂)

𝑃2
              eq 4-6 

The functions P2 and P3 are defined in [97] as 
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where a  is the radius of spherical inclusion in Eshelby's model, indicating the 

curvature radius for bond coat. b  is the radius of sphere in Eshelby's model, indicating 

the sum of curvature radius and TGO thickness, Figure 4-4.  
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Figure 4-4 Eshelby's model incorporated into the TGO stress function where a and b indicates the curvature radius 

of inclusion (bond coat) and matrix (bond coat plus TGO) respectively 

TGO and BC  are Poisson’s ratio for TGO and bond coat. The parameters used in the 

stress function will be discussed in following section. 

4.3. Data source 

As discussed in the preceding sections, three stress models are outlined which describe 

the CTE stress as function of thermal cycles for different layers. An essential part of 

models are temperature-process-dependent parameters which are integrated into stress 

functions. The related parameters at different layers are listed in Table 4-1. 

 

 

 

 

 

 



57 

Table 4-1 Related parameters for different layers 

TBC 

Parameters Young’s 

modulus 

Coefficient of 

thermal expansion 

Poisson’s 

ratio 

Valley position 

for stress 

calculation 

Residual stress 

model 

parameters 

Abbreviation 
TBCE  TBC  TBC  TBCy   , ,  

 

 

 

TGO 

Parameters Coefficient of 

thermal 

expansion 

TGO thickness Young’s 

modulus 

Poisson’s 

ratio 

Abbreviation 
TGO  TGOd  TGOE  TGO  

 

Bond coat 

Parameters Young’s 

modulus 

Coefficient of 

thermal expansion 

Ridge position for 

stress calculation  

Amplitude of interfacial 

roughness 

Abbreviation 
BCE  BC  BCy  A  

 

Parameters Poisson’s ratio Curvature radius Residual stress model 

parameters 

Abbreviation 
BC  R  BCa , BCb , BCc  

 

Composite materials 

Parameters Bulk modulus for 

composite material 

Effective coefficient of 

thermal expansion 

Abbreviation 
COMPK  COMP  

 

A key feature of our model is the assumption of similarities in the roughness profile 

between TC/TGO interface and TGO/BC interface, which avoids a further 

measurement for curvature radius of roughness at the TC/TGO interface as a function 

of thermal cycles and BC temperatures. The simplification is deliberately made to keep 

the number of parameters small within the stress expressions. The curvature radius was 
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measured on a cross section of a failed specimen by SEM for three different BC 

temperatures shown in Figure 4-5.  

 

Figure 4-5 Local curvature radius as function of thermal cycles, the higher temperature corresponds to lower initial 

wavelength but higher gradient as function of number of cycles 

It is expected that the microstructure for longer lifetime specimens would be observed 

to have a flatter surface (larger radius of curvature) but a slower growth rate for bond 

coat roughness, consistent with the curvature radius parameters measured on the surface 

of the bond coat as shown in Figure 4-5. It should be mentioned that the substrate of 

samples used to measure the curvature radius in [13] are made of René N5.  In 

modelling, we ignore this fact and assume CMSX-4 used as substrate for all 

calculations. The results of curvature radius are integrated into the stress model and 

with this capability, the model allows for the evaluation of the influence of interfacial 

roughness on stress levels. 
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 4.4. Model verification and discussion 

4.4.1. The results of calculated thermal stress 

The calculated thermal stress in eq 4-1, eq 4-3 and eq 4-4 are shown in Figure 4-6 to 

Figure 4-8. 

 

Figure 4-6  thermal stress at valley of topcoat close to TBC/TGO interface where higher stress level could be 

explained by larger distortion induced by rumpling effect of bond coat for higher temperatures 

 

Figure 4-7 thermal stress at ridge of bond coat close to BC/TGO interface where faster stress relaxation are 

observed due to creep behavior at higher temperature and crack formation at shorter lifetime 



60 

 

Figure 4-8 thermal stress within TGO indicates the CTE stress level is dominated by the number of thermal cycles 

 

Some observations can be drawn from Figure 4-6 to Figure 4-8. It is evident that a 

reduction of stress level could be expected in the stress at a valley of the topcoat as well 

as a ridge of the bond coat. The higher slope in the stress reduction versus thermal cycles 

plot indicates a dominating process with creep behavior at higher temperature in the 

bond coat. It is expected that the thermal instability of the bond coat at higher 

temperatures will cause more strain as a result of creep behavior [98]–[100] at a ridge 

of the bond coat. This procedure reduced the stress level considerably. However, large 

strain also facilitates the rumpling effect close to the interface, which in turn increases 

the maximum stress for higher temperatures, Figure 4-7. On the other hand, the crack 

nucleation and propagation might be responsible for stress reduction at the topcoat, i.e. 

the energy stored in the coating is released by a crack running at the interface between 

topcoat and TGO, reflected by a stress reduction as described in Figure 4-6. 

 

The calculated stress levels at the bond coat and within the TGO are presented in Figure 
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4-7 and Figure 4-8. It turns out that the stress level calculated at a ridge of the bond coat 

is smaller than that calculated with the TGO. A possible mechanism which can explain 

this effect is the difference in creep properties between bond coat and TGO. The creep 

properties obtained by E.P. Busso et al. are given in [92]. A recompilation of data is 

presented in Figure 4-9.  

 

Figure 4-9 Creep properties of different bond coats and TGO, noticed that the lowest strain rate of TGO is 

presented compared with bond coat materials as function of stress levels which indicates it is more difficult for 

stress relaxation within TGO than bond coat [92] 

The strain rate was hardly influenced by the stress state in the TGO compared with the 

typical type of bond coat characterized by (Ni, Pt) Al-1 shown in the Figure 4-9. This 

indicates that a larger stress relaxation might be possible as the thermal cycle proceeds, 

leading to a significant reduction of stress levels generated at a ridge of the bond coat. 

Additional influencing factors might be the difference in the fracture toughness. For an 

EB-PVD system, the fracture toughness for TGO measured in [32] ( mMPa3 ) is nearly 

constant during the entire lifetime of the EB-PVD specimen, and is considerably larger 
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than the interfacial fracture toughness measured at the end of lifetime for an EB-PVD 

specimen [101] ( mMPa5.0 as a mean value). Thus, it is expected that larger stress-related 

energy release rate within the TGO is necessary as a driving force for fatigue crack 

growth, compared with the parameters of the bond coat.  

4.4.2. The capability of wavelength on stress model in EB-PVD TBCs 

In the present approach, it is assumed that the curvature radius is considered to evaluate 

the width of the roughness in the thermal stress model in EB-PVD TBCs, where the 

parameter was assumed to be represented by a specific preferred wavelength in a series 

of models describing the stress distribution in APS-TBC systems. The wavelength 

given by FFT [9][13] in EB-PVD TBC system was fitted by an exponential function 

and shows temperature-process-dependent characteristics estimated by 

                           
610)exp(  NW                  eq 4-10 

where 4325.238255.1  T ; )0348.0exp(10074.2 24 T  

A comparison between the calculated curvature radius given in Figure 4-5 and 

wavelength presented in Figure 4-10 is made, and it turns out that the value of 

wavelength parameters are significantly larger than that of the radius.  
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Figure 4-10 Global wavelength as function of thermal cycles and temperature, the higher temperature corresponds 

to higher initial wavelength but lower gradient as function of number of cycles 

Based on the wavelength measuring approach and the failure mechanism of EB-PVD, 

the wavelength is considered to define the distance between positions for neighboring 

downward displacements, as shown in Figure 4-11. 

 

Figure 4-11 Global wavelength parameter which was defined by length of spacing between two imperfections 

within topcoat 

Unlike the sinusoidal interfacial profile of APS-TBCs, the failure mechanism analysis 

of EB-PVD TBCs is partially based on the flat section of the coating interface between 

the TGO and the bond coat, which was deliberately designed to reduce the effect of large 
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imperfections by sand-blasting the bond coat surface before further deposition. Thus, 

the parameter used in the stress functions should be able to describe local geometrical 

characteristics (R in the presented stress function) instead of global geometrical 

characteristics (L). In other words, there is no distinct correlation between the global 

wavelengths with local stress levels. This fact was already pointed by Mei Wen et al. 

[9] and D. R. MUMM et al. [93]. However, the redefinition of wavelength is essential 

for a good performance of a lifetime prediction model, as it gives critical parameters 

for the global profile of the interface. 

4.5. Summary 

Based on the two identified possible failure mechanisms of EB-PVD TBC system, 

imperfection-based stress functions were proposed. Temperature-dependent parameters 

including the effects of TGO growth, top coat sintering, CTE mismatch and geometrical 

parameters describing interfacial roughness profile were explored and integrated into the 

thermal stress models. The results of the stress model were briefly discussed and show 

that creep behavior and crack extension play a major role in the reduction of stress on 

the topcoat and bond coat. The difference of creep behavior as well as fracture toughness 

between TGO and bond coat are responsible for large deviations in stress levels since 

the curvature radius was approximated and integrated for both stress functions. It was 

considered that the wavelength measured in EB-PVD TBC system cannot be fully 

integrated into the stress model as it describes the global characteristics of interfacial 

profile instead of local characteristics used in stress functions. However, it is noted that 

wavelength could be essential for lifetime models as the crack length could be 

reproduced by temperature process-dependent wavelength parameters. Similarly, the 

stress functions could be taken as a basis for analytical solutions to estimate the lifetime 

for EB-PVD system. 
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5. Lifetime prediction based on Electron 

Beam - Physical Vapor Deposition 

Thermal Barrier Coating system 
 

This chapter addresses objective 3 (estimate the lifetime and crack growth rate based 

on EB-PVD TBC system) by using temperature process-dependent model parameters. 

 

The content of this chapter has been submitted for publication in Surface and 

Coatings Technology in 2016. 
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ABSTRACT 

Using experimentally measured temperature-process-dependent model parameters, the 

failure analysis and life prediction were conducted for Electron Beam Physical Vapor 

Deposition Thermal Barrier Coatings (EB-PVD TBCs) with Pt-modified -NiAl bond 

coats deposited on Ni-base single crystal superalloys. The failure analysis and life model 

were applied to two failure modes, A and B, identified experimentally for thermal cyclic 

processes. The rumpling effect and the associated roughness of the constituent coating 

layers were shown to play a key role in evaluating the coating’s failure and life. The 

experimentally-determined temperature-dependent thickness of thermally grown oxide 

(TGO), interfacial roughness, elastic moduli of constituent coatings and their 

coefficients of thermal expansion were incorporated into the life model. The maximum 

average rumpling amplitude of the bond coat/TGO interface associated with bond coat 

rumpling was used in the failure analysis and life evaluation for failure mode A. The 

maximum interface strength determined experimentally was applied to fitting stress 

model parameters of the topcoat. The global wavelength related to interface rumpling 

and its radius curvature were identified as essential parameters for life evaluation, and 

the life results for failure mode A were verified by existing burner rig test data. For 

failure mode B, the crack growth rate along the topcoat/TGO interface was calculated 

using the experimentally measured average interfacial fracture toughness.   
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Keywords: EB-PVD thermal barrier coating, life prediction, failure mechnism and 

analysis, temperature-process-dependent model parameters, stress, interfacial 

toughness.  

 

5.1. Introduction 

Electron Beam Physical Vapor Deposition Thermal Barrier Coatings (EB-PVD TBCs) 

have been used as thermal isolators between substrates and hot burning gas in turbine 

engines for decades [1]–[4]. These coating systems normally comprise 7~8 wt % yittria-

stabilized zirconia (YSZ) topcoat, a thermally grown oxide (TGO), a metallic bond coat 

(BC) and substrate. Compared with plasma-sprayed thermal barrier coatings, a relative 

high strain tolerance during thermal cyclic processes in EB-PVD TBCs can result [55]–

[60].  This is due to the columnar microstructure of the topcoat, where a large strain is 

developed because of a mismatch between the coefficients of thermal expansion of the 

top coat and substrate. Pt-modified nickel aluminide or MCrAlY (M = Ni or Co) bond 

coat deposited on the substrate provides strong mechanical bonding between the topcoat 

and substrate [61]–[63]. A TGO scale formed on the bond coat during the thermal 

exposure period prevents the bond coat from further oxidation [64]–[69]. It was realized 

that failure of TBC systems is mainly caused by the TGO scale, where a large 

compressive stress is generated due to progressive oxidation of the bond coat [70]–[75]. 

Meanwhile, cracks nucleate from sites where transient mixed oxides, for example spinel, 

are formed [76][77][79]–[83][94]. Based on the identified failure mechanisms, a number 

of life models of EB-PVD TBCs have been proposed. A recent summary given by 

Simlelark [102] suggested that the life of EB-PVD TBCs can be evaluated using an 

exponential-like formula with temperature-dependent parameters. A few cyclic life data 

of EB-PVD TBCs were collected and compiled, where a general trend of life was given 
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by a logarithmic formula at elevated temperatures. A model proposed by Courcier et al 

[9] divided the life of EB-PVD TBCs into two periods that are related to progressive 

damage generated during thermal cyclic process. Parameters describing the interfacial 

damage during both dwell period and upon cooling are integrated into the life model, 

where the TGO thickness as well as the accumulated plastic strain were used to evaluate 

the associated damage.  

 

Evans et al. [10] introduced a mechanics-based life model in which the failure of TBC 

was indicated by crack coalescence in residually-stressed film. The critical TGO 

thickness was estimated when failure occurred. The life could be evaluated by 

combining the critical thickness of TGO and parabolic TGO growth kinetics. Zhang et 

al. [103] developed an analytical life model where damage accumulation was considered 

to be the main factor of TBC failure in terms of TGO growth. The failure occurred at the 

TGO/bond coat interface, as well as within the topcoat, and fatigue stress was used as 

an essential quantity to evaluate the life during thermal cycles.  

 

In this paper, two possible failure mechanisms of EB-PVD TBCs are analyzed [10][13] 

and corresponding life models are developed. Most importantly, measured temperature-

dependent model parameters [89] are applied. It is shown that the capability of the life 

model is improved by using such temperature-process-dependent model parameters. In 

addition, a newly-proposed stress model is used to describe the stress at the valley 

location of the top coat, where both CTE mismatch strain and TGO growth strain are 

considered to be critical contributors to the residual stress in the vicinity of the top 

coat/TGO interface. The crack growth rate along the top coat/TGO interface was 

subsequently evaluated using the measured average fracture toughness.  
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5.2. Failure mechanism analysis 

5.2.1. Grit blasting process-dependent failure modes A and B 

The failure mechanism of EB-PVD TBCs with a Pt-modified bond coat depends on the 

sand blasting process involved for the bond coat, and based on that, two failure modes 

A and B are identified experimentally for Pt-modified β-NiAl bond coat of EB-PVD 

TBCs. Therefore, Prior to YSZ top coat deposition, the Pt-modified β-NiAl bond coat is 

normally treated using a grit blasting process to flatten the bond coat surface in order to 

reduce the interfacial roughness between the bond coat and the topcoat. Meanwhile, the 

sand blasting process is also used to compact the bond coat layer and substrate 

layer. For the TBCs with flattened and compacted bond coats, large roughness at the 

interface likely generated during bond coat deposition, no longer exists between the 

topcoat and TGO. As a result, large creep is hardly observed during high temperature 

dwell time. On the other hand, a small downward displacement of the TGO/bond coat 

interface due to rumpling can affect the life of EB-PVD TBC. Failure and life of EB-

PVD TBCs were analyzed on the basis of rumpling of the coating interface during the 

thermal cyclic process, during which cracks nucleate and propagate above the rumpling 

sites where voids form and grow at the topcoat/TGO interface as indicated in Figure 5-1. 

Mode A is used to describe the failure process for TBCs with grit-blasted bond coats.  
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Figure 5-1 Schematic diagram of Failure mode A, noticed that the convergence of neighboring cracks marks the 

failure of TBCs 

Based on the bond coat roughness profile measured experimentally [104], the sand-

blasted process eliminates the large peak and valley of the surface. It also generates a 

certain amount of small peaks and valleys, more so than on surfaces without sand-

blasting, Figure 5-2.  

 
Figure 5-2 BC surface roughness profile with (up) / without (down) sand blasting process [104] 
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Figure 5-2 indicates that more small rumpling behavior (downward displacement) could 

be expected at a sand-blasted bond coat surface, which will in turn increase the amount 

of voids within the topcoat/TGO interface.  

 

For failure mode A, a large number of voids are generated at the top coat/TGO interface, 

and cracks nucleate incurred by interface rumpling at the valley of the bond coat, 

followed by a downward displacement of the TGO into the bond coat. As the thermal 

cycle proceeds, larger voids form and grow as a result of increasing downward 

displacement of the TGO. Horizontal cracks start to propagate along the TGO/topcoat 

interface, and spallation of the top coat occurs when these neighboring cracks 

coalescence. This indicates failure of EB-PVD TBCs, Figure 5-3.  

 

Figure 5-3 Crack nucleate / propagate from the voids at topcoat and TGO interface as thermal cycle proceeds [1] 

For the TBCs without a sand-blasted bond coat, a relatively larger roughness can be 
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expected from the interface of the TGO/bond coat. This results in failure mode B, where 

cracks nucleate at the ridge of the bond coat due to the out-of-plane tensile stress 

generated at the rough interface. As cracks at the ridge of the bond coat meet the 

horizontal cracks from voids at the topcoat, a large in-plane stress is generated by the 

cooling process, leading to out-of-plane tensile stress within the TGO. This results in 

the cracks on the two sides of the boundaries convergence together, Figure 5-4 and 

Figure 5-5.  

 

 

Figure 5-4 the ridge of bond coat and valley of topcoat could be sites where crack nucleates in EB-PVD TBCs due 

to the rumpling effect of bond coat [90] 
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Figure 5-5 SEM indicates the failure was due to the separation generated by crack nucleating and propagating from 

the at ridge of bond coat [90] 

5.2.2. Analysis of correlation between grit blasting process-dependent failure 

modes to life of EB-PVD TBCs 

Figure 5-6 indicates a possible correlation between grit blasting process-dependent 

failure modes and life of EB-PVD TBCs [104].  

 
Figure 5-6 Life of EB-PVD TBCs measured by specimen with / without grit blasted BC [104] 
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It is evident that a relatively flattened surface is one of the essential characteristics 

that narrows the scatter of lifetime measured from failed grit-blasted TBCs and is more 

consistent with an engineering coating. The reason for the discrepancy between the life 

corresponding to respective failure mode can be explained as follows.  For the 

specimen with the grit blasting process, the crack is located within the topcoat and there 

are less layer-dependent factors that can affect the lifetime based on failure mode A, 

thus a narrow scatter for measured lifetime can be expected.  However, for the 

specimen without the grit blasting process, there are multiple-cracks that initiate from 

peaks of roughness at the TGO/bond coat interface, which then propagate and penetrate 

the TGO and finally meet the voids at the topcoat/TGO interface.  

5.3. Life model for failure mode A 

5.3.1. The life model  

As discussed in the preceding sections, the voids generated at the TGO/top coat 

interface as a result of bond coat rumpling are the major cause of horizontal crack 

nucleation and propagation. Failure mode A of an EB-PVD Pt-modified bond coat is 

schematically shown in Figure 5-1. Based on analysis of the rumpling effect, the stress 

intensity at a crack tip of the top coat near the TGO was evaluated as [1][13],  

       N
a

L

L

dNdAE

TBC

TBC

5.1

2
)1(2

)(
K 













            eq 5-1 

where K, ETBC and TBC stand for the stress intensity factor, Young’s modulus and 

Poisson’s ratio of the topcoat, while dA/dN represents the rumpling rate of the 

TGO/topcoat interface. N is the number of thermal cycles, a is the crack length within 

the topcoat above the TGO shown in Figure 5-1. L  represents the global wavelength, 
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in which dL 2 . 

In the present research, it is assumed that the rumpling rate dA/dN of the TGO/top coat 

interface follows the same rate as the dA/dN of the TGO/bond coat interface, shown in 

Figure 5-1. According to this assumption, the life model allows us to examine the 

influence of the interfacial rumpling amplitude on the life of EB-PVD TBC.  

 

It can be seen that the stress intensity K of eq 5-1 at the crack tip of the top coat does 

not depend on the properties of either TGO or bond coat. K only involves properties of 

the top coat, although both the TGO and bond coat can show a strong effect on the 

stress distribution in the top coat. This effect can be accomplished by incorporating 

temperature-process-dependent model parameters into the life model [89]. To evaluate 

TBC’s life, eq 5-1 can be rewritten as,  

     dN
NdE

Ka
dA

TBC

TBC

5.12
)1(  

                eq 5-2 

In the present life evaluation of TBC, the sintering effect of Young’s modulus, ETBC, of 

the top coat was also taken into account. Both ETBC and wavelength d are temperature-

dependent with thermal cycles. Integrating eq 5-2 gives the maximum rumpling 

amplitude A in which failure occurs, such that 

 dN
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  eq 5-3 

where 5.12
)1( aK TBC

ICTBC   is referred to as a temperature-process-dependent fitting 

parameter. It was observed through SEM [89] that the coating’s life was finished almost 

at a constant average rumpling amplitude Af(T, N)  4.2 m for coatings tested at three 

selected temperatures. This observation on the average rumpling amplitude was applied 
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in the present life evaluation, and when the upper limit of integration on the left hand 

side of eq 5-3 is chosen as 4.2 μm, the life cycle Nf can be determined numerically.   

5.3.2. The model parameters 

The life data for EB-PVD TBC deposited on the Pt-modified NiAl bond coat from 

burner rig test [89] was used in life prediction using eq 5-1. The related model parameters 

at different constituent layers are listed in Table 5-1.  

Table 5-1 Related parameters in lifetime prediction model 

TBC 

Parameters Young’s modulus Coefficient of thermal 

expansion 

Poisson’s ratio 

Abbreviation 
TBCE  TBC  TBC  

 

TGO 

Parameters Coefficient of thermal expansion TGO thickness 

Abbreviation 
TGO  TGOd  

 

Bond coat 

Parameters Young’s 

modulus 

Coefficient of thermal 

expansion 

Ridge position for stress 

calculation  

Amplitude of interfacial 

rumpling 

Abbreviation 
BCE  BC  BCy  A  

Parameters Poisson’s ratio Curvature radius Residual stress model parameters 

Abbreviation 
BC  R  BCa , BCb , BCc  

 

Others 

Parameters Crack length Global wavelength 

Abbreviation a  dL 2  
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The rumpling amplitude A of the bond coat is a geometrical parameter used to describe 

the mean value of the rumpling amplitude of imperfections. The amplitude was 

measured using SEM at specific cyclic stages [89] as a root mean square (RMS), where 

the rumpling amplitude A can be defined and calculated as [94] 

   RMSA 2                        eq 5-4 

A recompilation of data for rumpling amplitude A is presented in Figure 5-7.  

 

Figure 5-7 Bond coat rumpling amplitude as a significant parameter in lifetime prediction model I, an increase of 

rumpling gradient was found as temperature goes higher [89] 

By fitting the rumpling amplitude A to the temperature-process-dependent data, A can 

be expressed as,   

 6

int 10)(2  RMSNRMSA slope
                eq 5-5 

where )03635.0exp(10559.3 25 TRMS slope

  and 7.1501032.0int  TRMS .  
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It was recognized that the YSZ topcoat of EB-PVD TBC illustrates a considerable 

sintering effect during a high temperature exposure period, which leads to an increase 

of Young’s moduli [105] of the topcoat as a result of the closure of vertical columnar 

microstructure as well as pores and segmentation cracks. This sintering effect of the 

topcoat can be described via a formula describing the sintering effect of the APS-TBC 

topcoat, given by  

      ETBC(t) =
βETBC

0 ETBC
∞

βETBC
0 +ETBC

∞ −ETBC
0  with n

B

t

t
t
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


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

 sin

sin
exp1     eq 5-6 

where tAsin  ,
tEsin
 and n  are the sintering coefficient, sintering activation energy and 

sintering exponent of the top coat, respectively.  
0

TBCE  and 


TBCE  are used to describe 

the initial bulk modulus and the final modulus after completion of sintering. Using the 

temperature-dependent Young’s modulus at 1200℃ [105], sintering model parameters 

tAsin
,

tEsin
 and n  for the EB-PVD TBC topcoat were fitted and plotted with the testing 

data in Figure 5-8, in which the sintering model parameters are listed in Table 5-2. 

 

Table 5-2 Young’s modulus related parameters for topcoat 

YSZ related 

parameters 
tAsin  tEsin  n  

0

TBC
E  



TBCE  

Value 71038677.2   eV15788.4  53461.1  GPa20  GPa192  
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Figure 5-8 A comparison between the experimental data and modelling results for Young’s modulus of EB-PVD 

topcoat in 1200℃ 

It was suggested that the global wavelength L, describing a separation of the rumpling 

sites in the TGO/bond coat interface, plays an important role in determining the life for 

failure mode A in EB-PVD TBCs. The wavelength calculated by Fast Fourier Transform 

(FFT) [13][89] in EB-PVD TBC system was approximately expressed by an 

exponential formulation versus thermal cycles N and exposure temperature (T). In the 

present research, a comparison between the measured wavelength given in Figure 5-9 

and the measured local curvature radius presented in Figure 5-10 is made, and indicates 

that the value of wavelength parameters are significantly larger than that of the radius.  
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Figure 5-9 Global wavelength as function of thermal cycles and temperature, the higher temperature corresponds 

to higher initial wavelength but lower gradient as function of number of cycles 

 

Figure 5-10 Local curvature radius as function of thermal cycles, the higher temperature corresponds to lower 

initial wavelength but higher gradient as function of number of cycles 
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The mean curvature radius RT, measured at the bond coat/TGO interface from the cross 

section of specimens at specific stages during thermal cycles, is used to estimate the 

size of local imperfections.  

 

In an APS-TBC system, a sinusoidal-like interfacial profile of the TGO/bond coat or 

TGO/top coat interface has been assumed, and a sinusoidal function is used to describe 

such an interface. In the failure analysis and life prediction of these APS-TBC systems, 

the shape parameters, such as the amplitude A and the wavelength L and their ratios A/L, 

were incorporated to calculate stresses at different coating layers or interfaces. However, 

in the failure analysis of EB-PVD TBC with Pt-modified β-NiAl as the bond coat, the 

TGO/bond coat or TGO/topcoat interface was initially flatten compared to the APS-

TBC system. Although the wavelength L was still used to describe such an interface 

profile, it cannot be used to estimate the local stress at specific coating layers or 

interfaces [13][89]. This may indicate that no such relationship exists between the 

global wavelength L and the local stress during thermal cycles of EB-PVD TBC 

systems.  

5.3.3. Results of life prediction of failure mode A 

In the present paper, the parameter 5.12
)1( aK TBC

ICTBC  in the life model of eq 5-3 was 

fitted to the burner rig test data at three temperatures, 1100oC, 1121oC and 1151oC, 

respectively. Figure 5-11 shows that this temperature-dependent model parameter is well 

described by a Gaussian-type function,  
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Figure 5-11 Fitting parameters for Lifetime prediction model as function of bond coat temperatures, the order of 

magnitude is 10-4 
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ICTBC             eq 5-7 

where the bond coat temperature T was used as a reference temperature. Using the fitted 

model parameters of eq 5-7, the life prediction of EB-PVD TBC Pt-modified NiAl bond 

coat system was conducted between 1100℃  to 1151℃. Figure 5-12 shows the 

calculated life, along with burger rig test results.   
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Figure 5-12 Predicted lifetime for Lifetime prediction model I as function of bond coat temperatures 

5.4. Crack growth rate of failure mode B  

In addition to the life model of failure mode A, cracks can nucleate within topcoat, 

penetrate the TGO layer and propagate along the TGO/bond coat interface during 

thermal cycles, shown in Figure 5-13 for failure mode B.  

 

Figure 5-13 Schematic diagram for failure mode B, noticed that crack initiated from bond coat penetrate the TGO 

and convergence with the existed crack within topcoat 

It is evident that the hoop cracks at the TGO/bond coat interface or within TGO scale 
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nucleate as a result of the hoop tensile stress generated within topcoat layer due to the 

CTE mismatch or TGO growth stress, whereas the very large stress intensity at inner 

front of topcoat play an essential role in promoting crack penetrating the TGO layer and 

coalescence within bond coat close to interface. The life model in eq 5-3 is not capable 

of evaluating the crack growth rate at specific coating layers or their interfaces. In the 

following sections, the crack growth rate is formulated along the top coat/TGO interface, 

and evaluated using the newly proposed stress model and experimentally measured 

average topcoat / TGO interface fracture toughness.  

 

5.4.1. Stress model of the TBC/TGO interface 

According to [1], the stress level for the hoop stress is a half of that radial stress, where 

a model describing the radial stress was formulated at the TBC/TGO interface due to the 

CTE mismatch between the topcoat and TGO,   

       

)1()()1)((valley 







 R

A

TBCTGO

TBC

TGO
BCTGO e

Ry

Ad 



     eq 5-8 

where TGO


, BC


and TBC
 are the temperature-dependent CTEs of TGO, bond coat 

and top coat, respectively. TGOd presents the thickness of TGO,  A is the amplitude of 

the interfacial rumpling amplitude, TBCy  is the valley location of the top coat, R  is 

the curvature radius of the ridge in the bond coat. α, β, γ are temperature-dependent 

residual stress model parameters. Λ is a factor that combines elastic moduli of bond coat 

and TGO and temperature change T during cooling process, where

 3/4/4   T  with 
 ,12/   TBCE and   213/  TBCE .   is the Poisson 

ratio of the top coat. The temperature-dependent Young’s modulus TBCE  was applied, 
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and the temperature-dependent residual stress model parameters ofα, β, γ are fitted to 

the FEA calculated stresses at specific temperatures. A stress due to TGO dilatational 

growth is described as [10], 

    

3
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TBCTBC

TGO


                  eq 5-9 

where m is the ratio of new TGO volume to the consumed bond coat volume, and taken 

as 1.28 in the calculations [50], [92]. 

5.4.2. Crack growth rate evaluation  

Based on the formula developed in [10], the stress intensity factor K can be used to 

describe the crack propagation along the topcoat /TGO interface,  

     
5.1

* )1(2

3












a

R

R

K


             eq 5-10 

This stress intensity factor for crack tip within topcoat layer is related to the curvature 

radius R, a local geometry parameter describing the shape of TGO/bond coat interface. 

Temperature-process-dependent curvature radius R will be incorporated into eq 5-10 to 

evaluate the crack growth rate along the TGO/bond coat interface. The stress * 

includes the residual stress due to a difference of CTE between the top coat and TGO, 

and also includes the TGO growth stress 
TBC

TGO
 . The crack growth rate derived from  

eq 5-10 takes the form,  

                    
dN

Rd

aKdN

da

TBC

2*

5.0

'

)1(

1 


              eq 5-11 

where,  
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TBC

TGOvalley
 *

             eq 5-13 

The curvature radius R’ comprises the geometry R and the TGO thickness dTGO, such 

that 

TGOdRR '                    eq 5-14 

Equations eq 5-11 to eq 5-14 will be combined to study the crack growth rate along the 

top coat/TGO interface.   

5.4.3. Model parameters 

To evaluate the crack growth rate along the top coat/TGO interface, in addition to the 

parameters used in life model eq 5-3, temperature-process-dependent geometry 

parameters are also needed for crack growth evaluation. The geometry parameters are 

mainly used to describe the stresses located at the TGO, bond coat and the TGO/bond 

coat interface during high temperature exposure period. As discussed in the preceding 

sections, the bond coat curvature radius R is a geometrical factor used to describe the 

mean value of the radius of imperfections. The curvature radius parameter R was 

measured from the TGO/bond coat interface profiles at selected stages of thermal cycles 

extracted from the cross-sectional micrographs [85][89][91][93], where the trend of 

local roughness versus thermal cycles can be estimated, Figure 5-10. This measured 

curvature radius RT is essential for crack growth rate estimation as it gives the 

temperature-process dependent curvature radius using in stress models.  

 

The temperature-process-dependent bond coat roughness at three selected temperatures 
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was fitted to the experimental data, and is well represented by,  

        
610 N

T eR                  eq 5-15 

where the pre-factor is )02977.0exp(10667.3 18 T and exponent parameter is 

given by )03401.0exp(10613.9 24 T  . The TGO growth was assumed to 

follow a parabolic growth law. For the given test data of TGO growth thickness, dTGO 

at three selected temperatures was used to fit the TGO thickness versus temperature T 

and exposure time t according to   

        
6

0

5.0 10)(  dtAd TGOTGO             eq 5-16 

where TGOA  is the parabolic growth rate and 0d  is the initial thickness of TGO layer 

fitted to the test data, and the fitting parameters are represented as 

}3]1641)/161.-exp{-[(T97.1 2TGOA  and 661.5003539.00  Td . The measured 

TGO thickness dTGO and the calculated data are shown in Figure 5-14. 

 
Figure 5-14 Average TGO thickness as function of high temperature exposure time, the TGO growth is consistent 

with parabolic growth kinetics 

The measured temperature-dependent Young’s moduli of TGO and bond coat [92] are 
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listed in Table 5-3,  

 

Table 5-3 Measured Young's modulus of TGO and bond coat as function of temperatures [42] 

T(K) 293 473 673 873 1073 1273 1373 

TGOE (GPa) 400 390 380 370 355 325 320 

BC
E (GPa) 426 412 396 362 284 202 114 

They are fitted by polynomial functions in Pa, and are given by  

910)02329.09.123(  TEBC              eq 5-17 

910)07506.0448(  TETGO               eq 5-18 

The temperature-dependent linear CTEs of topcoat, TGO and bond coat are also used in 

the crack growth rate evaluation. The measured CTEs of bond coat are listed in Table 

5-4 [92].  

Table 5-4 Coefficient of thermal expansion for topcoat, TGO and bond coat [42] 

T(K) 293 473 673 873 1073 1273 1373 

)(10/ 16  KTGO  8.0 8.2 8.4 8.7 9.0 9.3 9.5 

)(10/ 16  KBC  12.3 13.2 14.2 15.2 16.3 17.2 17.7 

T(K) 293 473 773 973 1173 1373 1373 

)(10/ 16  KTBC  9.7 9.8 9.9 9.9 10.0 10.1 10.1 

 

It was observed that a variation of CTEs of bond coat and TGO was obtained, and these 

changes could be related to aluminum depletion in the bond coat and mixed oxide forms 

in TGO during high temperature cycles. However, the CTE of the topcoat varies slightly, 

and these three CTEs are fitted linearly with the temperature, such that  
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610)615.90003636.0(  TTBC            eq 5-19 

610)532.7001388.0(  TTGO             eq 5-20 

610)83.10005021.0(  TBC              eq 5-21 

The residual stress due to a difference of CTEs was calculated using eq 5-8 at the valley 

of the top coat close to the top coat/TGO interface. It was observed experimentally [90] 

that the failure stress at the top coat/TGO interface was approximately a constant of 800 

MPa for different microstructural morphologies induced at different thermal schemes 

and temperatures. This maximum failure strength at the top coat/TGO interface was used 

to fit parameters α, β, γ of the stress model eq 5-8, and the fitted results were listed in 

Table 5-5. 

Table 5-5 Residual stress model parameters 

T(℃)/Parameters Lifetime / hours α β γ 

1100 933 6.5 0.132 0.54 

1121 460 4.3 0.124 0.48 

1151 177 2.4 0.173 0.46 

 

The fracture toughness K of the top coat/TGO interface was measured versus length of 

crack growth [1], and presented in Figure 5-15 along with a fitting curve. A increase of 

the fracture toughness was observed as thermal cycling proceeds. In the present, we use 

the experimentally measured average fracture toughness 
TBC

Ic
K

approximate to 

mMPa5.0  as the calculated value. It is expected that the accuracy of crack growth 

rate evaluation can be improved by using temperature-process-dependent model 

parameters such as the fracture toughness K.  

 



90 

 

Figure 5-15 Mode I interfacial toughness as a function of crack extension [1] 

5.4.4. The crack growth rate da/dN 

Using the fitted temperature-process-dependent model parameters, the thermal radial 

stress in eq 5-8 and the stress in eq 5-9 due to dilatational growth of the TGO were 

calculated and are presented in Figure 5-16 and Figure 5-17 at the valley of the top coat 

versus exposure time.  
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Figure 5-16 thermal stress at valley of topcoat close to TBC/TGO interface where higher stress level could be 

explained by larger distortion induced by rumpling effect of bond coat for higher temperatures 

 

 
Figure 5-17 Dilatational stress simulation calculated at valley of topcoat coat integrated into lifetime prediction 

model II as function of number of cycles 
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It is shown that with the exception of an initial increase of the stress within a short period, 

it is a common feature that a stress reduction is present after this initial period. A 

considerable drop in these stresses versus thermal cycles indicates crack nucleation and 

propagation could be a factor responsible for the stress reduction, i.e., the energy stored 

is released by cracks at the interface between the top coat and TGO. 

 

The crack growth rate dNda  along the top coat/TGO interface was calculated using eq 

5-11 and the exposure-dependent model parameters. The calculation of crack growth 

rate starts from the valley location of the top coat and after initial 1 cycle, where the 

result was shown in Figure 5-18.  

 
Figure 5-18 Predicted partial lifetime as function of N', it could be reproduced quite nicely by linear fitting 

An increase of the crack growth rate was observed versus thermal cycles, despite of an 

increase of the interfacial fracture toughness K observed as function of crack extension. 
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This indicates that the thermal and TGO growth stresses plays the most important role 

as driving forces that promoting the crack nucleation in the early stage of thermal cycles. 

The integration of eq 5-11 can be applied to studying exposure cycles necessary for a 

crack growth reaching a certain length, such as the distance between two imperfections 

within top coat, where the coating failure occurs,  

                      
 

 



fTGOff dRd Np

N
dNNfda

2

0 ' )(              eq 5-22 

where f(N) represents da/dN.  The result of integration of crack growth rate using eq 

5-22 is shown in Figure 5-19. 

 
Figure 5-19 integrating results as function of thermal cycle, the integration initiate as N’ equals to 10 

The derived cycles of Np from eq 5-22 is 145, indicating a duration that a crack 

propagates along the top coat/TGO interface from an initial 10 cycles (1 hour per cycle). 

It should be noticed that there is no direct correlation between the calculated Np and the 

entire life Nf of TBC coatings, as predicted in proceeding sections. eq 5-22 only provides 
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cycles for cracks propagating along the top coat/TGO interface. For the entire TBC 

coating to fail, cracks need to penetrate the TGO and also propagate along the TGO/bond 

coat interface, and finally neighboring cracks coalescence within the bond coat.   

 

In crack growth rate analysis, crack length at TGO/TBC between two imperfections was 

assumed to represent the maximum crack length along the top coat/TGO interface, 

where the calculated crack length and their proportions versus temperatures are shown 

in Table 5-6 and Table 5-7.  

 

Table 5-6 Crack length related to failure mode B in terms of temperatures 

Temp℃/crack 

length(μm) 

fTGOd  

Crack 

length at 

BC/TGO 

Crack 

length 

within TGO 

Crack length at 

TGO/TBC 

Sum 

32 fR  

TGOa
 

 fTGOff dRd  2  

1100 36.01 75.42 18.82 2.83 97.07 

1121 19.51 40.86 14.48 23.67 79.01 

1151=1424.15K 8.97 18.79 10.61 23.60 53 

 

Table 5-7 Crack length proportionality related to failure mode B in terms of temperatures 

Temp℃/Crack length 

proportionality% 

Crack length 

at BC/TGO 

Crack length 

within TGO 

Crack length 

at TGO/TBC 

1100 77.70% 19.39% 2.92% 

1121 51.71% 18.33% 29.96% 

1151 35.45% 20.02% 44.53% 
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If a different crack length within top coat was given, then the estimated duration for 

crack penetration could be varied. A longer time is expected for a crack propagating 

along the top coat/TGO interface as the crack length increases.  

 

The value of N’ representing the starting point for a crack propagation along the 

TGO/bond coat interface could also affect Np. The calculations demonstrate that as N’ 

increases, Np decreases, Figure 5-18. This could be attributed to the critical effect on 

increasing of residual stress at early stage of thermal cycles, which in turn leads to an 

increase of the crack growth rate da/dN.  It is difficult to determine at which cycle N’ 

that a crack starts to propagate along the top coat/TGO interface. As discussed previously, 

the estimation of a crack growth rate at 1151oC relies on the temperature-process-

dependent model parameters involved in calculation. It is necessary to point out that eq 

5-11 could be only used to estimate crack growth rate at the TGO/topcoat interface 

provided that the specific stress intensity factor for crack tip within topcoat  is given.  

 

5.5. Conclusions  

Temperature-process-dependent model parameters were fitted and used in failure 

analysis and life prediction of electron beam physical vapor deposition thermal barrier 

coatings (EB-PVD TBCs) of Pt-modified NiAl bond coat on Ni-base single crystal 

superalloys. In the failure analysis and life prediction of failure mode A, the maximum 

average rumpling amplitude of the bond coat/TGO interface was used as a failure 

criterion at three exposure temperatures, in which high exposure temperature leads to a 

short life, verified using existing burner rig test data. In the life evaluation, the 
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experimentally determined temperature-dependent thickness of thermally grown oxide 

(TGO), interfacial roughness, elastic moduli of constituent coatings and their 

coefficients of thermal expansion were applied in the life model. The global wavelength 

associated with interface rumpling and its radius curvature were found to play an 

important role in life evaluation. In estimating crack growth rate along the top coat/TGO 

interface for failure mode B, the experimentally determined maximum strength 800MPa 

of the top coat/TGO interface was used to fit stress model parameters of the top coat. 

Using the experimentally measured average interfacial fracture toughness, the crack 

growth rate was found to increase, resulting in coating delamination and spallation.       
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6. Summary and Conclusions 

The methodology of lifetime prediction based on failure mechanism analysis of thermal 

barrier coating system was proposed and applied to evaluate the life for both APS-TBC 

and EB-PVD TBCs. The experimental data, either the physical or geometrical 

parameters measured from different stages during thermal cyclic experiments or the 

lifetime recorded as a function of temperature, was identified. Those parameters played 

an essential role in determining the temperature-dependent fitting parameters. In APS-

TBCs, a non-linear fitting process was selected to estimate the fitting parameter, given 

that the critical time for stress inversion was calculated as well as enough lifetime data 

was measured by burner rig test. The temperature-process-dependent fitting parameter 

for failure mode A in EB-PVD TBCs was also evaluated based on the variation of 

rumpling amplitude on the interface between the TGO and BC. It was shown in this 

thesis that the capability for the lifetime prediction model can be improved by using 

temperature-process-dependent model parameters instead of a mean value for a specific 

temperature. Meanwhile, the application of analytical solutions to lifetime prediction 

models was based on newly proposed thermal or dilatational stress model where the 

stress was determined by the failure mechanism analysis of the coating system followed 

by FEA such that the sites of maximum stress could be localized and the magnitude of 

stress could be estimated quantitatively. The stress integrated lifetime prediction model 

was used in both APS-TBCs and EB-PVD TBCs which consists of energy-released 

related parameter of crack tip and crack growth rate. The lifetime of TBCs could be 

evaluated once the temperature-dependent fitting parameter was identified. Moreover, 
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in APS-TBCs, the interactions of residual stresses representing the top coat, TGO and 

bond coat were examined. For EB-PVD TBCs, the results of the stress model were 

briefly discussed such that the creep behavior and crack extension play a major role in 

the reduction of stress on the topcoat and bond coat. 
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