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ABSTRACT 

Thermal barrier coatings (TBCs) made of low thermal conductivity ceramic topcoats have 

been extensively used in hot sections of gas turbine engines, in aircraft propulsion and power 

generation applications. TBC damage may occur during gas turbine operations, due to either time- 

and cycle-dependent degradation phenomena, external foreign object damage, and/or erosion. The 

damaged TBCs, therefore, need to be removed and repaired during engine maintenance cycles. 

Although several coating removal practices have been established which are based on the trial-

and-error approach, a fundamental understanding of coating fracture mechanisms during the 

removal process is still limited, which hinders further development of the process.  

The objective of the thesis is to develop a particle-based coating removal modeling 

framework, using both the smoothed particle hydrodynamics (SPH) and discrete element modeling 

(DEM) methods. The thesis systematically investigates the processing-property relationships in 

the TBC removal processes using a modeling approach, thus providing a scientific tool for process 

design and optimization.  

To achieve the above-mentioned objective, the following research tasks are identified. First 

a comprehensive literature review of major coating removal techniques is presented in Chapter 2. 

Chapter 3 discusses an improved SPH model to simulate the high-velocity particle impact 

behaviors on TBCs. In Chapter 4, the abrasive water jet (AWJ) removal process is modeled using 

the SPH method. In Chapter 5, an SPH model of the cutting process with regular electron beam 

physical vapor deposition (EB-PVD) columnar grains is presented. In Chapter 6, a 3D DEM 

cutting model with regular EB-PVD column grains is discussed. In Chapter 7, a 2D DEM cutting 

model based on the realistic coating microstructure is developed. Finally, in Chapter 8, based on 

the particle-based coating removal modeling framework results and analytical solutions, a new 

fracture mechanism map is proposed, which correlates the processing parameters and coating 

fracture modes.  

The particle-based modeling results show that: (1) for the SPH impact model, the impact 

hole penetration depth is mainly controlled by the vertical velocity component. (2) The SPH AWJ 

simulation results demonstrate that the ceramic removal rate increases with incident angle, which 

is consistent with the fracture mechanics-based analytic solution. (3) The SPH model with regular 
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EB-PVD columnar grains shows that it is capable to examine the stress evolutions in the coating 

with columnar grain structures, which is not available if a uniform bulk coating model was used. 

Additional analysis reveals that the fracture of the columnar grains during the cutting process is 

achieved through deflection and fracture of the grains, followed by pushing against neighboring 

grains. (4) The 3D DEM model with regular coating columnar grains shows that, during the coating 

removal process, a ductile-to-brittle transition is identified which depends on the cutting depth. 

The transition occurs at the critical cutting depth, which is based on the Griffith fracture criterion. 

At small cutting depths, the ductile failure mode dominates the cutting process, leading to fine cut 

particles. As the cutting depth exceeds the critical cutting depth, a brittle failure mode is observed 

with the formation of chunk-like chips. (5) The 2D DEM model with the realistic coating 

microstructure shows that there are densification and fracture during the foreign object compaction 

process, which qualitatively agrees with the experimental observations. (6) The newly proposed 

coating fracture mechanism map provides guidance to predict three fracture modes, i.e., ductile 

brittle, and mixed ductile-brittle, as a function of processing parameters, including the cutting 

depth and cutting speed. The map can be used to determine the processing conditions based on 

required TBC removal operations: rough cut (brittle mode), semi-finish (mixed ductile-brittle 

mode), and finish (ductile mode).  
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 INTRODUCTION 

1.1 Background 

Functional coatings are one of the greatest important components for the equipment of power 

generation including the power generation units, gas turbine engines, and jet propulsion engines. 

As one of the functional coatings, Ceramic TBCs have attracted increased attention for their 

excellent performance in advanced applications especially for gas turbine engines [1]. They exist 

on the surface of the hot section in the turbine engines and can keep the metallic substrates away 

from hot gases and thus provide thermal protection of insulation. Due to their superb performance 

in elevating the turbine engine’s operating temperatures and thus minimizing the cooling demand  

TBCs have the ability to increase the engine efficiency, diminish the emissions, and thus complete 

the high-performance goals [2]. As reported in the literature, about 190°C can be reduced while 

the TBCs are applied in the component of turbine blade engines. Such a significant reduction in 

temperature is crucial for the improvement of engine efficiency and ability to high-temperature 

performance. This reduction in temperature has led to an increase in high-temperature capability 

and increased engine efficiency. With the help of TBCs, the engine power can increase about 8% 

the fuel consumption can reduce about 15-20%, and the exhaust gas temperature can increase about 

200 K. Using a specific example to illustrate,  there are more than 10 million gallons of fuel saved 

while the energy reduced by using TBCs is applied to engine propulsion [3]. 

There will be a big input of resources to the global aircraft engine blade market especially 

for the countries such as India and China.  It is expected that the global aircraft engine blade market 

will have explosive growth due to the development of commercial and military aircraft. As shown 

in Figure 1.1, the global aircraft engine blade market is expected to reach an estimated $37.8 billion 

by 2025 with a compound annual growth rate (CAGR) of 3% to 5% from 2014 to 2025 [4]. The 

expected strong growth in the global blade market is from the increasing demand for cargo aircraft 

and the component replacement of engine blades. Due to the technology development in advanced 

material, it is possible to produce higher lightweight turbine blades. Thus, TBCs, which work as a 

crucial component in the blades, keep increasing. The global TBCs market is expected to grow 

from USD 15,577.92 Million in 2019 to USD 23,062.32 Million by the end of 2025 at a CAGR of 

6.75% [5]. The aircraft gas turbine industry as a segment should increase to a total of USD 694.8 
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million by 2021[6] and is expected to expand at a CAGR of 6.7%, in terms of revenue, over the 

forecast period (2017-2025). As shown in Figure 1.2, the ceramic segment 33.5% accounts for the 

largest revenue share in the market, owing to the high thermal resistance characteristics of ceramic 

TBCs [7]. 

 

Figure 1.1. Trend and forecast for the global aircraft engine blade market [4]. 

 

Figure 1.2. Ceramic TBC market share, by product type, 2016 [7]. 

The properties of TBC systems can be significantly affected by the coating layers’ structure 

and phase composition. At the same time, the interface adhesion between the ceramic coating and 

metal also has significant effects. As shown in Figure 1.3, a typical TBC system usually contains 

four layers [8]: 

1. A ceramic top coat, typically composed of yttria-stabilized zirconia (YSZ).  

2. A thin thermally grown oxide (TGO) layer, which acts as a protecting layer to retard 

oxygen diffusion and oxidation of the superalloy substrate. 

3. A metallic bond coat, typically composed of NiCoCrAlY. 
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4. A Ni-base superalloy substrate [8]. 

 

Figure 1.3. Thermal barrier coating structure and associated layers. The typical thickness of each 

layer is also given [8]. 

Due to the special requirements of turbine blade engines, TBCs must have the ability to resist 

environmental erosion and internal mechanical damage. As shown in  Figure 1.4 and Figure 1.5 

subjected to different kinds of degradation including surface erosion, foreign object damage (FOD) 

interface oxidation, throughout periodic turbine engine operations, TBC failure can happen in a 

multitude of ways. The word “failure” of TBCs is defined as that the coating layers eroded or 

damaged and can not satisfy the requirements as a functional coating. In general, the TBC can be 

considered to be failed when the top coat layer flakes off and lose the function of thermal insulation.  

Due to the failure of TBCs critical component damage is induced and thus can decrease the 

lifecycle of turbine components [9]. There are multiple mechanisms for the failure of the TBCs 

and this complexity makes the performance of the TBCs study difficult.  

 



 

21 

 

Figure 1.4 Schematic illustrating the types of damage in an engine environment [8]. 

 

(a) 

Figure 1.5. TBCs loss: (a) spalled and delaminated [10]; (b) distress[11]; (c) erosion [12]. 
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Figure 1.5 continued 

 

(b) 

 

(c) 

 

Failure of the TBC system is usually caused by the following factors [13]: 

1. Top coat degradation 

(i) Difference in the thermal expansion coefficient 

The cracks occur in the ceramic top layer caused by the difference in the thermal expansion 

coefficient among different TBCs layers in the coating layer system while TBC serves as a 

component for thermal insulation in a gas turbine engine. As shown in Figure 1.6, a 100-300 °C 

temperature drop happens in the top coating layer for a small thickness of coating layer 0.1-0.5 
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mm [14]. When cracks came out in the top coating layer, the complete failure of the TBC system 

occurs while the oxygen diffuses to the bond coat. 

 

Figure 1.6. The temperature gradient in a TBC system across different layers [9]. 

(ii) Sintering in the top coating layer 

Sintering comes out due to the densification of the TBC layer followed by diminishing 

porosity and micro-cracks inside the material. The Sintering shrinkage is usually observed under 

an up temperature of 1100°C in a TBC system [15]. Firstly, it comes out in the outer surface of the 

top layer, where the temperature is highest. In contrast, the shrinkage in the interface existing 

between the substrate alloy and the bond coat is much smaller. As shown in Figure 1.7,  ‘mud flat’ 

cracks are formed due to the columnar grains’ contraction In EB-PVD coating [15]. 
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Figure 1.7. Sintering shrinkage in the outer zone of TBC results in tension in the outermost 

columnar grains, which pull on TGO interfaces [15]. 

2.  Bond coat oxidation and inter-diffusion 

(i) Bond coat oxidation 

Compared with the top layer, the bond coat plays a more complex role and is poorly 

understood. In most practical cases, the bond coat oxidation is primarily responsible for the coating 

failure. While exposed to high temperatures, an oxide layer, usually defined as TGO, came out 

which is caused by the bond coat layer’s oxidation. As shown in Figure 1.8, while the TGO grows 

to a crucial thickness, it can generate the spallation of the top layer and thus give rise to the failure 

of the TBC system.  
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Figure 1.8. Growth of the TGO eventually results in damage to the TGO and its interfaces [15]. 

(ii) Bond coat inter-diffusion 

In the high-temperature environment, the performances of Al in the bond coat layer and the 

substrate metal layer are different. As a result, Al can diffuse from the bond coat layer to the 

substrate metal layer [15]. This phenomenon is defined as bond coat inter-diffusion. At the same 

time, some refractory elements move outward from the substrate metal layer to the bond coating 

layer which can increase the TGO growth and thus cause the coating’s oxidation resistance to 

decrease.  

3. Particle impact and erosion damage  

The particle impact spalling or erosion damage mode are shown in Figure 1.9. Even most of 

the larger particles have already been sieved, small particles can still go to the engine system and 

impact the TBC layer. The erosion and spalling phenomena can be observed while the high-speed 

particles impact the TBC layer and cause damages on the leading edge. Usually, it is difficult to 

pass by the impacting for particles with a diameter of more than 20μm. The previous study showed 

that particles with a diameter of more than 100μm with tip speeds ranging from 500 to 600m/s can 

generate enough kinetic energy for TBC erosion. The particles with a diameter of more than 500μm 

can generate enough energy to cause the spallation from the bond coating layer [15]. 



 

26 

      

   

Figure 1.9. Micrographs illustrating the effect of FOD in an EB PVD TBC (0.5mm angular 

alumina particle at an estimated 100m/s)  [16, 17]. 

As concluded above, spallation is a dominant mode of failure. Another is the particle impact 

erosion of the TBC [8]. while the TBCs are eroded or damaged, the substrate metal layer will be 

exposed directly to the high gas flow. This will incur the failure of the engine components and thus 

the parts of the system. More serious accidents may be caused finally. So, TBCs must be carefully 

repaired locally or globally or replaced once they are eroded or damaged. Maintenance, repair, and 

overhaul play an increasingly important role. Especially manufacturers of aircraft engines obtain 

about 30%-50% of their profit by maintenance, repair, and overhaul and they save up to 75% of 

new parts cost when maintenance, repair, and overhaul are carried out [18]. For instance, compared 

with the high price of each finished turbine blade usually over $10,000, A guideline for the coating 

cost is for EB-PVD TBC only $120 to $200 per part. The refurnish price is low [19].  

Considering the lower refurnishment price for these parts, TBC usually is repaired or 

replaced for some time during their lifetime. For an "overhaul" refurnishment, TBCs need to be 

removed completely before applying a new one.  To support the industry’s most advanced, heavy-

duty gas turbine, GE is to invest up to $60 million over the next decade in its existing Global 
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Repair Service Center to create a new HA Global Repair Engineering and Development Center 

[20].  

The removal and repair techniques become crucial to refurnish TBC since TBC damage is 

normal due to the complicated environment for the TBC works. To improve the manufacturing 

process of the TBC refurnish, the damage process needed to be first deeply understood. Besides, 

to fully protect the bond coat and substrate undamaged during the TBC removal process, it is 

important to further investigate the TBC removal process. Furthermore, the coating service life 

depends not only on the service environment but also on its chemical composition, its structure 

and adhesive strength at the ceramic layer/bond coat interface [20]. Due to the high strain tolerance 

and long lifetime obtained from the special columnar grain microstructure, EB-PVD TBCs are 

considered to be the first choice for the turbine blade system [15]. So, understanding the failure 

mechanism of thermal barrier coating becomes very important, especially for the EB-PVD coating 

with the real column grain structure. 

1.2 TBC Removal Process - A Review  

As a brittle material, the major challenge for machining of TBCs is their high hardness, high 

brittleness, and low fracture toughness [21]. However, brittle materials still show some ductile 

properties no matter how brittle the materials are. The ductility of a material is defined as the 

material’s ability to undergo permanent deformation through elongation or bending without 

fracturing [22].  As shown in Figure 1.10, brittle materials experience a transition from the ductile 

cutting mode to the brittle cutting mode when the machining depth is increased from small to large 

[23-25]. In Ref. [26], an alumina ceramic orthogonal cutting experiment was conducted. The chip 

deformations at different cutting depths from 0.2 mm to 1.2 mm were observed. During the cutting 

process, the powdery chips were generated while the cutting depth is small, and the chunk-like 

chips come out while a huge cutting depth is applied. The length of the cutting chips under different 

cutting depths was nearly proportional to the depth of cut except for the cutting depth below 0.4 

mm. For a small cutting depth of 0.2 mm, powdery chips were produced, and chip shapes were 

unstable. It was concluded that the cutting force varied periodically. Each period of periodic 

fluctuations represented one chip formation. With the increase of the cutting depth, the periodicity 

became more evident [26].  There exist two kinds of periodic fluctuations: one is abrupt periodic 

fluctuation, the other is small fluctuation. For the cutting process, the abrupt periodic fluctuations 
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are corresponding to the chunk-like chips, which represents the brittle failure while the small 

periodic fluctuation are corresponding to the powdery chips, which means the ductile failure [26]. 

 

Figure 1.10. Schematics of the cutting process in (a) a ductile failure mode, and(b) a brittle 

failure mode [25]. 

Due to the super hardness of TBCs, the cutting tool in the machining process is hard to 

penetrate the TBC layer. It is easy to observe the chips and cracks during the TBCs’ manufacturing 

process. Micro-cracks are critical, which is caused by the considerable decreasing mechanical 

strength during the machining process. On the other hand, the cutting tool is easily damaged due 

to the high degree of hardness and fracture toughness. The low thermal conductivity is another 

reason because it can accelerate the cutting tool attrition [27]. To meet the increasing demand for 

the TBCs removal process, machining technologies with high efficiency are needed. 

The TBCs removal and repair techniques are introduced in Chapter 2. As mentioned in 

Chapter 2, several methods have been used to remove the damaged TBCs such as grinding, 

chemical stripping, abrasive water jet, and laser ablation. In this thesis, the methods of grinding 

and abrasive water jet will be focused on.  

1.2.1 Grinding  

As shown in Figure 1.11, the diamond grinding wheel is an efficient way that could meet the 

requirements for the TBCs removal process. To obtain a high grinding efficiency during the high-

performance ceramics coating manufacturing process, it is important for choosing proper grinding 
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parameters to get the maximum removal rate. Properly choosing the operating parameters is 

critical for the highly efficient TBCs grinding process at maximum removal rate and also is 

important to obtain good surface integrity. The reduction of grinding costs through using higher 

removal rates is restricted due to the strength degradation caused by surface damage. To obtain the 

optimal grinding parameters in a reasonable methodological way,  fully understanding the grinding 

mechanisms and surface damage evolution processes are critical [28]. The first of the fundamentals 

of the TBCs grinding process is the machining unit (Figure 1.12).  It can determine the magnitude 

and the range of the critical stress for deformation or fracture of the material. The TBCs’ removal 

is caused by the cumulation of deformation or fracture on a microscopic scale at the point where 

the abrasive diamond acts. For the grinding process, the size and density of defects play an 

important role. TBC removal process is in a plastic deformation mode while the stress field is less 

than the defects. On contrary, the removal of the TBC happens in a brittle fracture mode while the 

stress field is higher than the defects. [29].  

 

 

(a) 

Figure 1.11. A typical grinding experimental system (a) and diamond grits over grinding wheel 

(b) [30, 31]. 
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Figure 1.11 continued 

 

(b) 

 

 

Figure 1.12. Machine unit diagram [29]. 
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Figure 1.13. Localized deformation and fracture with different tip radius [29]. 

The localized deformation and fracture of materials with different tip radius are shown in 

Figure 1.13. It can be seen that the indentation test using a small tip radius displays an amount of 

helpful information for optimizing the grinding process of TBC.  The median and lateral cracks 

come out with a small tip radius and the cone crack generates with a large tip radius [29].  

At the same time, as a grinding parameter, grinding speed also plays an important role during 

the grinding process especially for the high-speed grinding process. By selecting a high-speed 

grinding process, it is easy to decrease the maximum chip thickness and thus reduce the grinding 

force to a large degree. Increasing the wheel’s grinding velocity can move the grinding mode 

towards the ductile mode and thus can improve the surface quality (Figure 1.14) [32]. 
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Figure 1.14. The SEM images at different cutting speeds: (a) 11 m/min; (b) 44 m/min; (c) 670 

m/min [33]. 

On the other hand, during the grinding process, the responses of the ceramic coating are not 

only related to the grinding parameters but also are affected by the TBC microstructure that 

determines the coating’s mechanical properties to a great extent, such as hardness and toughness. 

As two main kinds of TBC, APS and EB-PVD coating has totally different microstructures (Figure 

1.15). As shown in Figure 1.16 and Figure 1.17, the failure mode of different kinds of TBC is 

obviously different. Due to the special columnar strain-tolerant microstructure, the grinding 

mechanisms of EB-PVD coating should also be particularly [34]. To understand this special 

process, a more detailed study needs to be conducted.  

 

Figure 1.15. A typical microstructure of an EB-PVD (right) and APS  (left) TBC [35]. 



 

33 

 

Figure 1.16. A schematic diagram of the failure modes for an APS and EB-PVD TBC [35]. 

 

Figure 1.17. Erosion damage to an APS [36] and EB-PVD [35] TBC. 

1.2.2 Abrasive Water Jet 

For the conventional overhaul TBC removal process, the TBC (top layer) and the bond coat 

(metallic) layer are typically completely removed in several machining steps, which consist of both 

mechanical grid blasting and chemical striping. However, the removal mode without influencing 

of bond coat is preferable. As one of the most flexible non-conventional structuring techniques for 

TBC materials, water jet-controlled depth machining was proved to be a promising way for 

selective TBC removal without damaging or contaminating the bond coat layer (Figure 1.18, 

Figure 1.19 and Figure 1.20) [37]. Abrasive water jet coating processes are emerging as a greener 

alternative to acid baths and grit blasting ant works especially well on tough coating, like MCrAlY 

ceramic TBCs. AWJ processes remove the coating iteratively using CNC programming. The 

controller governs The grinding speed, feed rate, and water jet pressure and the distance between 
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the water-jet nozzle and the surface can be governed by the controller. Abrasive size can vary 

depending on the application and is usually proprietary to that process [38]. 

 

Figure 1.18. TBC removal without damaging bond coat using AWJ process [37]. 

 

Figure 1.19. Waterjet stripping of TBC on a turbine blade [37]. 
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Figure 1.20. Turbine component coating before and after removal AWJ process [39]. 

During the AWJ processes, the machining angle plays an important role in the AWJ 

machining processes together with the water jet pressure, abrasive particle density, and size, and 

the distance of the water-jet nozzle [37]. 

 

Figure 1.21. Investigation of the influence of the machining angle during the AWJ processes[37]. 

In summary, the type of method used for removing the damaged TBC depends on multiple 

factors. There is not a universal method applicable to all coating systems. The selection of the 

coating removal process must be specific to damaged coating systems, based on their composition, 

type of damages, and available resources [8].  
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Due to the complicated environment for the TBCs work, many processes are nearly 

impossible to complete in the lab. With the increase of computing power and the development of 

computing means, various simulation methods were performed to gain insight into the TBC 

removal process in addition to laboratory experiments.  

1.3 Particle-Based Modeling Methods  

For TBCs’ removal processes’ modeling, the previous simulation results are mainly based 

on the traditional grid-based numerical methods such as the finite element method (FEM).  In 

comparison, as one of the particle-based methods, the SPH method has shown to be very useful to 

model the high-speed particles to accommodate their extremely large deformation, which is 

important for the brittle fracture of ceramic materials. As a mesh-free, Lagrangian particle method, 

the SPH method can be used to handle large distortions [40]. It is particularly suitable to study 

some fast-transient dynamics problems and the severe deformation of the particle. In the 

meanwhile, the modeling of TBC removal using the SPH method is less reported. Based on this 

fact, the SPH is selected to simulate the impact process of small sand particles, the water jet 

removal process. In this work, the SPH model will also be applied to simulate the surface grinding 

process with a TBC system [41]. The SPH simulation results will help deeply understand the 

impact, removal, and grinding process. Meanwhile, the discrete element method (DEM) has shown 

an apparent advantage to simulate granular materials such as rock, ceramic, and concrete. It can 

obtain the cracks’ initiation and propagation process with no additional fracture criteria. DEM will 

also be selected to use simulate the grinding process and the erosion process. The cracks’ initiation 

and propagation during the grinding and erosion processes will be observed and concluded and it 

can help to reveal the details of the TBCs’ grinding and failure mechanisms [42, 43, 44, 45]. 

1.3.1 SPH method 

As one of the earliest mesh-free methods, SPH method was initially applied to astrophysical 

problems since the particles in space move like liquid and gas flow. After that SPH method is 

extended to high-velocity impact and penetration problems for materials’ dynamics response. 

While the SPH method was used for hydrodynamics problems initially, the governing equations 

were partial differential equations with strong formation [40]. These equations usually consist of 
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the variables of density, velocity, and energy. The solution of these partial differential equations 

contains two-step: kernel approximation and particle approximation. For kernel approximation, a 

smoothing function was selected to represent the partial differential equations and their derivatives 

[41]. For particle approximation, a series of particles are used to represent the computation domain. 

Then, each particle’s variables can be calculated through the summation with their closest neighbor 

particles in the support domain [41]. 

1.3.1.1 Kernel Approximation of A Function 

In kernel approximation, a smoothing function was selected to represent the partial 

differential equations and their derivatives. As a smoothing function, it should meet three basic 

rules: the normalization condition, the Delta function property, and the compact condition. The 

kernel approximation of a function f (x) used in the SPH method starts from the following identity 

[40]:  

f(x)=∫ 𝑓(𝑥 ,)
𝛺

 δ(x-𝑥 ,)d𝑥 ,        (1) 

where f is a function of the position vector x, and δ (x −𝑥 ,) is the Dirac delta function given by 

[40]: 

δ(x-𝑥 ,)={
1, x = 𝑥 , ,
0, x ≠ 𝑥 ,.

         (2) 

In (1), Ω is the volume of the integral that contains x. While the Delta function δ (x −𝑥 ,) is 

substituted by a smoothing function W (x −𝑥 ,, ℎ), the kernel approximation of f (x), 〈𝑓(𝑥)〉, can be 

obtained [40]: 

〈𝑓(𝑥)〉=∫ 𝑓(𝑥 ,)
𝛺

 W(x-𝑥 ,, ℎ)d𝑥 ,       (3) 

1.3.1.2 Particle Approximation 

In particle approximation, a series of particles are used to represent the computation domain. 

As shown in Figure 1.22, the computation domain or the boundaries could be represented by the 

distributed particles. There are no specific mesh and formation relationships between the particles. 

The distributed particles are usually in an arbitrary form, which could be generated by some mesh 

generation tools or mathematic discretization method. 
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Figure 1.22 SPH particle approximations in a two-dimensional problem domain Ω with a surface 

S. W is the smoothing function that is used to approximate the field variables at particle i using 

averaged summations over particles j within the support domain with a cut-off distance of κℎ𝑖 

[40]. 

With the particle approximation, the kernel approximation expressed in (3) can be 

transferred to the discretized form as follows [40]: 

𝑓(𝑟𝑖) = ∑
𝑚𝑗

𝜌𝑗

𝑁
𝑗=1 𝑓(𝑟𝑗) W (𝑟𝑖-𝑟𝑗 , ℎ)     (4) 

W (𝑟𝑖-𝑟𝑗, ℎ) = 
1

ℎ
 Θ [

𝑟𝑖−𝑟𝑗

ℎ(𝑟,𝑦)
]      (5) 

where m and ρ are the mass and density of a particle, respectively. W is a kernel function, h is a 

smoothing length of the kernel to control the size of the summation domain. W (𝑟𝑖-𝑟𝑗, ℎ) →δ when 

h→ 0, where δ is the Dirac function. In general, the compact support is defined by the smoothing 

length h and a scale factor κ that determines the spread of the specified smoothing function. So the 

compact support means [40] :  

W (𝑟𝑖-𝑟𝑗 , ℎ) = 0   when |𝑟𝑖-𝑟𝑗| > 0     (6) 

The cubic 𝞫-spline function is probably the most usually used smoothing function and  it 

first proposed by Monaghan and Lattanzio [41]:  
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W (R, h) =𝛼𝑑 ×{{

2

3
− 𝑅2 +

1

2
𝑅3,    0 ≤ 𝑅 ≤ 1,

1

6
(2 − 𝑅)3,           1 ≤ 𝑅 ≤ 2,

0,                         𝑅 ≥ 2.

    (7) 

where 𝛼𝑑 is 1/h, 15/7𝜋𝐡2, 3/2𝜋𝐡3, respectively, in one-, two- and three-dimensional space [41]. 

1.3.1.3 SPH Method Advantages and Limitations 

Compared with traditional grid-based methods, SPH method has lots of special advantages 

[40, 41]. 

1. In SPH method, the computation domain is represented by distributed particles that 

have no fixed connectivity. Based on this characteristic, it is much easier for SPH to 

deal with large deformation problems.  

2. As a Lagrangian-based method, using SPH method is convenient to obtain the time 

history of movement and deformation and to track the moving features of the entire 

physical system. As a result, the free surface identification, the moving interface and 

deformable boundary conditions are easy to deal with SPH method. 

3. In SPH method, the physical system on a continuum scale is represented by a set of 

particles. Thus, it is much easier to generate complex and multiple-scale geometries 

with fine particles.  

4. SPH method also can be used for no continuum problems with different scales from 

nano-engineering at micro and nanoscale to space explosion problem at astronomic 

scale.  

5. Compared to the grid-based method, it is easier for SPH method to simulate the three-

dimensional problem. 

As particle-based methods, SPH still has some limitations [40, 41]: 

1. One of the most difficult points is to set the boundary conditions because the particles 

around the boundary vary with time. 

2. The maximum number of particles and duration of a virtual simulation are limited by 

computational power, and both are not as efficient as grid-based methods.  

3. The selection of proper kernel function is very important, which could limit the 

accuracy of the SPH method. 
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1.3.2 DEM Model  

1.3.2.1 Governing Equations in DEM  

DEM is a particle-scale numerical method for modeling the bulk behavior of granular 

materials proposed by Cundall and Strack [42]. In DEM, each particle is treated as a rigid 2D disc 

or 3D sphere (Figure 1.23). The particles are connected using contact bonds. Particle motions obey 

Newton’s second law [43]:  

𝑚𝑖
𝑑𝑉𝑖

𝑑𝑡
= ∑ (𝐹𝑐,𝑖𝑗 +

𝑘𝑖
𝑗=1 𝐹𝑑,𝑖𝑗) + 𝑚𝑖𝑔     (8) 

𝐼𝑖
𝑑𝑤𝑖

𝑑𝑡
= ∑ 𝑇𝑖

𝑘𝑖
𝑗=1       (9) 

where vi and  i are the vectors of the linear and angular velocities of an ith particle, respectively, 

mi is the weight; Ii is inertia; Fc,ij is the contact force of particle j to particle i, Fd,ij is the damping 

force between particle j and i, and Ti is the resultant force moment [43].  

 

(a) 

Figure 1.23. Discrete element: (a) 2D circular particle; (b) 3D spherical particle [43] . 

  



 

41 

Figure 1.23 continued 

 

(b) 

1.3.2.2 DEM Method Advantages and Limitations 

DEM has some special advantages over the traditional grid-based numerical methods [44]. 

1. The advantage of using DEM compared to continuum-based techniques is in cracking 

and fragmentation starting and spreading because the DEM system is naturally 

disconnected. 

2.  DEM is a widely used method for the simulation of granular flow and rock mechanics 

situations.  

3. Compared with physical experiments, it is easy to catch the details of the micro-

dynamics of powder flows.  

4. DEM has shown advantages for predicting complex fracture patterns in ceramics 

without fracture criteria. 

As particle-based methods, DEM still has some limitations [45]: 

1. Due to the limitation of the computational power, DEM is not as efficient enough as 

the grid-based method such as FEM.  

2. The contacts between particles are critical and it is very difficult to select ideally 

contacts. 
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3. The unit particles are disk and sphere shape and cannot be deformed and broken. 

1.4 Problem Statement 

As mentioned above, due to TBCs’ exclusively properties such as high degree hardness and 

fracture toughness, low thermal conductivity, together with its special microstructures and the high 

requirement for aircraft components, the TBCs machining is a challenging task. The type of 

removing methods and the selection of machining parameters must be specific to damaged coating 

systems, which are based on their composition, type of damages, and available resources. 

Meanwhile, Due to the complicated environment for the TBCs' work, many processes are nearly 

impossible to complete in the lab. The simulations can be conducted in addition to laboratory 

experiments to deeply understand the TBC removal processes. 

To date, the mechanisms of TBCs removal processes have been extensively studied from 

experiments and simulations, which provide the guidance for selecting the removal methods and 

machining processing parameters. However, due to the complicated environment for the TBCs' 

work and removal processes, many processes are impossible to complete in the lab and the details 

of the experiments are nearly impossible to observe. Meanwhile, the previous simulation results 

are mainly based on the traditional grid-based numerical methods such as the finite element 

method (FEM), and the special microstructures especially for columnar grain structure of EB-PVD 

coating are also seldom considered.  

In this thesis, a particle-based modeling framework that spans the impact model, cutting 

model, water-jet model, and indentation model will be developed to investigate the TBC removal 

process. All the models are extracted from the real structure or directly built with the real TBC 

structure, especially the columnar grain structure from EB-PVD coating.  The impact behavior 

simulating a spherical particle on TBC coating, which is impossible to complete in the lab, will be 

built using SPH method coupling with FEM method. An abrasive water-jet model will be 

developed based on previous experiments using SPH method. The simulation results will be 

validated through the experimental results and more details of the AWJ removal processes, 

especially which are not easily observed from experiments, will be discussed. Meanwhile, to study 

the TBC grinding processes, orthogonal cutting models will be developed using the SPH and DEM 

method individually. Both models are extracted from the columnar grain structure of EB-PVD 

coating. The effects of cutting parameters will be studied based on these two models. Furthermore, 
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to study the failure mode of EB-PVD coating, a DEM model based on the real structure from SEM 

image will be built. The indentation tests under the different sizes of indenter will be selected to 

study the failure mode.  The effects of the TBC microstructure will be minimized with the models 

in the real structure. 

1.5 Objective and Research Tasks of the Thesis 

The objective of the thesis is to systematically illuminate the process-property relationships 

in the TBC removal processes using particle-based methods, the SPH and DEM methods,  and 

thus providing a design and optimization tool for the coating removal processes. 

To achieve the above-mentioned objective, the following research tasks are identified.  

1. Provide a comprehensive literature review of the existing techniques to remove and 

repair the damaged thermal barrier coatings, with a focus on the top ceramic coat.  

2. Develop an SPH model that is capable of understanding the high-velocity particle 

impact processes.  

3. Build the SPH and DEM models that are capable of understanding of TBC surface 

grinding process. 

4. Develop an SPH model for TBC removal using the AWJ method. 

5. Construct a DEM model based on the realistic coating structure to understand the 

failure mechanism of the thermal barrier coating. 

6. Proposes a new coating fracture mechanism map, which correlates the processing 

parameters and coating fracture modes and serves as a reference for ceramic grinding.  

1.6 Structure of the Thesis 

This thesis is organized as follows. 

Chapter 1 states the background of the TBC failure mechanisms, the requirements for TBC 

removal and repair processes, the theory of the particle-based methods, and the objectives of this 

work. 

Chapter 2 provides a comprehensive literature review of the existing techniques for 

removing and repairing the damaged thermal barrier coatings.  
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Chapter 3 focuses on the impact failure of TBC under a spherical particle using the SPH 

method. The effects of impact angle and velocity on the morphology changes of the impact pit and 

impacting particles, and their associated stress and energy will be investigated. 

Chapter 4 studies the abrasive water jet impact behavior of ZrO2 TBC using the SPH 

method. The effects of different abrasive concentrations, incident angles, and drilling time on the 

impact behavior of TBCs will be studied. The simulation results will be compared with the 

experiment results. In addition, an analytical erosion model will be introduced to calculate and 

verify the erosion rate. 

Chapter 5 elaborates a model based on the columnar grain microstructure of EB-PVD 

coating to simulate the machining process of the thermal barrier coatings using SPH method. The 

cutting processing parameters, such as cutting depth, cutting speed, cutting tool’s edge radius, and 

rake angle, on the cutting force and temperature change, will be studied.  An analytical model 

based on the fracture mechanics will be introduced to calculate and verify the cutting force under 

different cutting depths. The thermal mechanics will be considered. 

Chapter 6 presents a model based on the columnar grain microstructure of EB-PVD coating 

to simulate the machining process of the thermal barrier coatings using DEM method. The effect 

of cutting processing parameters, including cutting depth and cutting speed, on the cutting force 

and coating morphology will be studied. The transition depth or the critical cutting depth will be 

calculated using the Griffith fracture criterion. The maximum cutting force under different cutting 

depths will be calculated under an analytical model based on brittle fracture mechanics.  

Chapter 7 discusses a DEM model based on the realistic structure of the coating image to 

understand the failure mechanism of the thermal barrier coating. An indentation test will be taken, 

and the results will be compared with the experiment results. 

Chapter 8 proposes a new coating fracture mechanism map, which correlates the processing 

parameters and coating fracture modes. 

Chapter 9 presents the conclusions and recommended future work. 
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 REMOVAL AND REPAIR TECHNIQUES FOR THERMAL 

BARRIER COATINGS: A REVIEW 

A version of this chapter has been published in the International Journal of Surface 

Engineering and Coatings (doi: 10.1080/00202967.2020.1750204). 

Abstract: A comprehensive literature review of the existing techniques for removing and 

repairing of damaged thermal barrier coatings is presented, with the focus on top ceramic coats. 

The advantages and disadvantages of each technique are compared and assessed. The review 

shows that there is not a universal method applicable to all coating systems. The selection of the 

coating removal and repair process must be specific to damaged coating systems, based on their 

composition, type of damages, and available resources. This review will provide an inside look at 

various approaches in an effort to meet the different coating repair needs. 

2.1 Introduction 

Maintaining large-scale turbine, generator, and boiler components as those found in power 

generation plants and jet engines, represent a significant operational cost and time. The 

combination of intense stresses placed on the components and contaminants introduced into the 

components requires that such large-scale systems follow a strict maintenance and inspection 

schedule. Unfortunately, this results in these machines being taken "off-line' for a period of service. 

Every hour of downtime results in significant lost revenue, particularly in power generation plants.  

Many gas turbine engine components are subject to high temperatures, which has exceeded 

the melting temperature of the substrate component, which may be constructed from a nickel 

superalloy, for example. Cooling features and TBCs are applied to protect the substrate from these 

extremely high temperatures. The application of the thermal barrier coating can help improve the 

components’ lifetime and the hot section’s Functional performance. Ceramic coating has great 

significance in improving substrate metal components and bond coat’s thermal-physical-chemical- 

mechanical compatibility. In most situations, spallation is a dominant failure mode. The increasing 

interfacial activity caused by undesirable additives can reduce the life of thermal barrier coating. 

During engine operation, thermal barrier coatings may become spalled, delaminated, chipped, or 

eroded, for example, due to debris or environmental degradation. Any component with a damaged 
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thermal barrier coating must either be replaced or repaired during maintenance of the engine. The 

typical Thermal Coating (TBC) is either completely removed from the component and reapplied 

or it’s removed locally and reapplied at that spot.  

In summary, the type of method used for repairing the damaged TBC depends on various 

factors such as the extent of damage of the ceramic coating, the desired quality of repair, available 

equipment, and the substrate characteristics.  

The objective of this work is to conduct a comprehensive literature review of the existing 

techniques to remove and repair the damaged thermal barrier coating, with a focus on the top 

ceramic coat. The work will lay out a foundation of the modeling work in the following year. 

2.2 Removal Methods for Thermal Barrier Coated Components 

2.2.1 Blasting Methods 

2.2.1.1 Grit Blasting with Abrasive Media 

Grit blasting is the operation of forcibly propelling a stream of abrasive material against a 

surface under high pressure to smooth a rough surface, roughen a smooth surface, shape a surface 

or remove surface contaminants [46]. During grit blasting, incident particles have a strong 

influence on the subsurface microstructure both of the matrix and precipitates. Precipitates 

depleted zone was formed during cycling both in the specimen and fatigue crack surface layer. 

Simultaneous formation of the aluminum-rich oxide film was observed at both surfaces. 

Measurements revealed a slight increase in hardness of the subsurface layer of grit-blasted 

specimens in comparison with untreated material [47]. 

Compared with traditional chemical learning methods, abrasive blasting is an environment 

friendly way for removing ceramic coating. The abrasive media is directly from the natural 

environment. At the same time, for the blasting process, there is no greenhouse gas generated. The 

surface roughness is strongly affected by the impact particle size and the distance from grit-blast 

gun to the surface [46]. 

However, the color of the ceramic coating and the substrate metal is similar to each other 

and it makes the distinction between the coating and the base metal difficult. From this aspect, it 

is easily to generate the uneven and increase the surface roughness.  
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2.2.1.2 Grit Blasting with Solid CO2 

The solid CO2 [48] was used to grot blast the ceramic coating layer by the spray gun. The 

combination methods of IR lamps irradiation and preheating the coating and substrate were used 

to protect the substrate. During the process of grit blasting, the solid CO2 sublimated into gas due 

to the kinetic energy from high speed and thermal energy from the heating and irradiation process. 

When the Solid CO2 is sublimated to gas, the volume grows drastically, which could produce 

powerful shock waves. The shock wave removed the coating surface, the existed cracks, and the 

particles which have been blasted off or which have poor adhesion to the coating. The shock wave 

increases with the sublimation. Therefore, with the increase of the pressure of transport of solid 

CO2, the rate of removal increases. 

 

Figure 2.1. Schematic of coating removal using solid CO2 [48]. 

2.2.1.3 Pencil Grit Blasting 

The method pencil grit blast [49] was used to remove the oxides and fragments of localized 

ceramic coating later. The other ceramic coating layers were covered by the type of mask to be not 

affected by the grit blasting. The grit blasting media is Alumina. The surface roughness after grit 

blasting should be over 300 μm. Finally, the new layer of ceramic coating was deposited on the 

textured surface to repair the layer. 
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Figure 2.2. Coating removal process [49]. 

 

Figure 2.3. Coating repair process [49]. 

2.2.2 Chemical Stripping 

2.2.2.1 Autoclaving Process  

The aim of the autoclaving process [50] is to remove the ceramic layer without the damaging 

bonder layer and cooling holes and deposit the new ceramic layer on the surface of the blade. As 

the cooling holes exist, the ceramic material was deposited into cooling holes during the ceramic 

deposition process. By using autoclaving process, the ceramic surface is removed under the caustic 

solution at an elevated temperature and pressure in an autoclave. The temperature and pressure of 

autoclaving process are around 150 °C to around 300 °C and about 0.7 MPa to about 21 MPa. 
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Potassium hydroxide (KOH), sodium hydroxide (NaOH), ammonium hydroxide (NH4OH)  

lithium hydroxide (LiOH), trimethylamine ((CH3)-N; TEA), tetramethylammonium hydroxide 

((CH), NOH; TMAH) were mixed as the caustic to weaken the chemical bonding [50]. It usually 

took 2-8 hours, which depends on the properties of the ceramic layer. After the autoclaving process 

the cooling holes were subjected to the locally ultrasonic energy with the solution of water or 

glycerol, which the ceramics material was removed from the cooing holes. The autoclaving method 

can change or repair the ceramic layer without accumulating extra ceramics inside the cooling 

holes. 

 

Figure 2.4. Schematic of the removal of the ceramic layer with the presence of ceramic material 

in the cooling hole [50].  

 

Figure 2.5. Schematic of ceramic layer removal by exposure to a caustic solution at an elevated 

temperature and pressure [50].  

2.2.2.2 Aqueous Stripping Solution Containing Acid Fluoride Salt  

Aqueous stripping with the acid fluoride salt method [51] is used to remove the ceramic 

layer from a substrate without damaging the bond coat. The ceramic layer is removed by exposure 
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to the aqueous stripping solution. The aqueous stripping solution includes acid fluoride salt and 

corrosion inhibitor. Acid fluoride salt that is usually ammonium bifluoride (NHHF) or sodium 

bifluoride (NaHF) was dissolved in the deionized water with the ratio of 20-100 ‰. The corrosion 

inhibitor contains about 10-30% of sulfuric acid, 10-30% of 1,3-diethylthiourea, and 30%-60% of 

alkyl pyridines. The total volume present of corrosion inhibitors is 0.5%. The acid fluoride could 

convert Zirconia to Zirconium and corrosion inhibitor could protect the metal substrate. The 

operating temperature is about 140°F. to about 170°F and the stripping, time is about 4-5 hours. 

This process could also be combined with ultrasonic treatment. The ultrasonic treatment can be 

continued until the TBC is completely removed or at least sufficiently loosened so that it can be 

removed by brushing or pressure spray rinsing which could shorten the processing time to 2-5 

hours. 

 

Figure 2.6. Schematic of a cross-sectional view of an airfoil portion of a gas turbine engine 

turbine component [51].  

2.2.2.3 Acid Stripping 

Acid Stripping is also known as “Acid Pickling” [52] when metals are treated using acid 

baths. Stronger acids are commonly used such as sulfuric acid, but the acid mixture depends on 

the application. The peeling process usually requires separate removal of top coatings (yttrium 

partially stabilized zirconia, YPSZ) and adhesive coatings (MCrAlY, where M retains Co, Ni, or 

both). The surface morphology[53, 54], metallurgical structure, and chemical composition are used 

to characterize the blade and blade surface after removing NiCrAlY coating. One of the problems 

of acid stripping is intergranular corrosion (IGA). Because of IGA, many original equipment 

manufacturers and users limit component maintenance to one cycle. The acid stripping will also 
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leave pollutants and pollute the interface. Acids need to be masked to avoid removing internal 

coatings and subsequent exposure. A poor mask can destroy internal components, which may have 

to be scrapped. Because pickling is a batch production process, sometimes due to acid changes the 

whole set of industrial gas turbine components will be damaged [52]. 

2.2.3 Water Jet 

2.2.3.1 Non-abrasive Water Jet 

The non-abrasive water [55] jet method uses the non-abrasive liquid jet to remove the 

ceramic layer from both the inner and outer surface. The liquid jet is normal to the surface of the 

TBC layer and the surface of the substrate. Therefore, the non-abrasive water jet could remove the 

ceramic coating layer without destroying the inner part even though the ceramic coating layer has 

the same chemical components as the substrate. Besides, the jet also influences the surface 

roughness, which could promote the adhesion of new ceramic coating layers. The non-abrasive jet 

is used with the water medium. The water pressure could be 40,000 psi (about 2800 bar) to 60,000 

psi (about 4100 bar).  

 

Figure 2.7. Schematic of a gas turbine engine nozzle section [55]. 
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Figure 2.8. Schematic of a cross-sectional view through a substrate region  [55]. 

2.2.3.2 Localized Water Jet 

The turbine shown in Figure 2.9 was oxidized and corroded due to the hot combustion gasses. 

By using the localized water jet method [56], the component of the turbine was removed and 

cleaned to remove the loose oxides and contaminants such as grease, oils, and soot. Then the water 

jet was programmed to localize the accurate shape of the spalled region and remove the ceramic 

coating from the spalled region. The undamaged coating was not influenced due to the localized 

water jet. A new local TBC layer is recoated on the spalled region after cleaning.  

 

Figure 2.9. Schematic of a localized spalled region of the ceramic layer. (10. thermal barrier 

coating system 12. bond coat 14. the turbine engine component 16. Ceramic layer 18. oxide scale 

20. spalled region) [56]. 



 

53 

 

Figure 2.10. Schematic of using water jet to remove the spalled region and form a tapered profile 

[56] .  

2.2.3.3 Computer Numerically Controlled Abrasive Waterjet 

A five-axis computer numerically controlled (CNC) AWJ [53] removes the coating in 

iterative steps. During the removal process, the distance between the AWJ to the surface is 

controlled by the computer, which is determined by the feedback from computer sensors. By using 

computer sensors, the coating thickness and surface roughness contour can be reconstructed as the 

removal process. The immediately computed information is compared with the design and thus 

create the new information for the next step.  

It is very effective while the surface requirement of removal coating is restricted. The CNC 

AWJ not only has the high efficiency but also is accuracy enough. It has widely been used in the 

coating removal process.  

2.2.4 Laser Ablation  

Figure 2.11 [57] shows the working principle of the laser system. Work head receives the 

laser signal, and the laser signal passes through the focusing lens to the samples. The scanner could 

control the location of the samples. After a section was ablated, the work head could be moved to 

another region and repeat the process. The pulse rate is around 10-15 kHz. The beam could be 

moved in any form of the motion to ablate the sample. The diameter of the YGA laser beam is 0.5 

mm and 0.5 in for CO2 laser beam typically. When a region has been ablated, the work head can 

be located in a new location and move along the blade to achieve an even ablation. The power 

output of the laser is 1-2 kw. As is shown in Figure 2.12, the TBC layer protects the substrate 
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material, and the oxide layer is between the TBC layer and the substrate layer. When the TBC 

layer is damaged during thermal damage, the laser ablation method could be used to remove the 

failure TBC layer. Compared with the methods of grit blasting and chemical stripping, laser 

ablation is more advanced. It makes the removal process more precision, reduces the chemical 

waste, and increases the work efficiency and safety. Because of these advantages, laser ablation 

can decrease the component failure and eliminate the requirements for destructive evaluation. 

Since the components and parts in aerospace are very expensive, this will directly leads to large 

cost savings during engine overhaul or repair [58].  

 

Figure 2.11. T working principle of a laser system [57]. 

 

Figure 2.12. Schematic cross-sectional view of an exemplary TBC to be processed [58]. 
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2.3  Repair Methods for Thermal Barrier Coated Components 

2.3.1 Plasma Spraying 

2.3.1.1 Suspension Plasma Spraying (SPS)  

Suspension Plasma Spraying [59] is often used to repair the sections with vertical cracks or 

defined gaps. By comparing with traditional plasma spraying, the smaller particles could be used 

in the suspension plasma spraying to produce the fine columns to repair the vertical cracks or 

defined gaps. Therefore, it could provide strain tolerance to the coating layer during the thermal 

bearing process. Besides, the repair layer of SPS is polycrystalline and has no obvious lamellar 

features, which could be used to repair the gas turbine engines. Although the ceramic 

microstructure of the repairing layer is different from the original EB-PVD layer, the 

microstructure of the SPS repair layer can also provide a long lifetime. Finally, the repaired areas 

were flushed to obtain a finished surface. 
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Figure 2.13. The schematic of using SPS technique to repair the cracked TBC [59]. 

2.3.1.2 Plasma Spray Technique  

The plasma spray technique [49] is often used to repair the less complicated surface. If a 

cooling hole exists, fibers or flowing gas is used to prevent the closure. The repair layers have 
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good thermal cycle resistance. The grain structures of the ceramic repair layer are shown in Figure 

2.13. The repair layer is usually higher than the substrate, and the repairing surface was polished 

until the level is substantial to the original ceramic layer. By using this method, the repairing TBC 

layer presents good thermal cycle resistance, especially for the thin platinum aluminide bond layer.  

2.3.1.3 Laser-Induced Breakdown Spectroscopy (LIBS) 

As an optical technique, LIBS is an effective way to obtain the sample’s chemical 

information (Figure 2.14). The laser ablation is the most basic part of LIBS process. From the 

target surface, small amounts of material are vaporized and ejected [60]. Compared to other 

elemental analysis methods, LIBS has compelling advantages. It can be used to remove the surface 

contaminant precisely. In addition, if the very precise laser ablation is used, the contaminants can 

be  selected to remove from a substrate metal surface [61, 62]. 

 

Figure 2.14. Generalized Schematic of LIBS [60]. 

2.3.2 Chemical Paste 

2.3.2.1 Partially Stabilized Zirconia  

Figure 2.15 shows the thickness of the damaged thermal coating layer is around 75μm to 

300μm. In this method, the partially stabilized zirconia sol-gel [63] is used to repair the damaged 

TBC layer. Then, the solution is evaporated to leave the partially stabilized zirconia precursor. By 

repeating this process, it could achieve the suitable thickness of the precursor. The partially 

stabilized zirconia sol-gel was prepared by combining alkoxides of Zirconium and yttrium in 
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ethanol or isopropanol or by combining Zr-prop oxide in propanol and Y-methoxy ethoxide in 

ethoxyethanol, plus ethanol. It was used to repair the damaged area, and then the solvent was 

evaporated until the suitable thickness of the repair layer was produced. Finally, the partially 

stabilized zirconia was burned under 900°C to produce the thermal barrier layer.  

 

Figure 2.15. Schematic of the damaged coating [63].  

2.3.2.2 Scandia Yttria Stabilized Zirconia (SYSZ) Ceramic Paste  

Figure 2.16 and Figure 2.17 are cross-sectional side views of a typical damaged TBC coating 

system. The localized spallation is observed in the damaged TBC [64]. The ceramic paste contains 

scandia yttria-stabilized zirconia and an organic binder. The course of SYSZ particles is 30μm to 

50μm. The organic binder includes ethanol, UCON lubricant, and SR350 or SR355 silicone resin. 

The alternative organic binder includes propanol, methanol, methyl ethyl ketone, toluene, 

glycerine, cellulose, and polyvinyl alcohol. During the repairing process, the TBC patch was dried 

under 65℃ to 70℃ to prevent the phenomenon of violent volatilization and bubbling. Then the 

TBC patch was dried under 300℃-700℃ so that the silicone resin was transferred to silicone resin 

with high strength. When the TBC patch was used in the turbine, silica bonds were formed due to 

the high temperature of the operating turbine, and the TNC patch fully cures during the operating 

temperature of the turbine which is about 900℃ to 1000℃. 
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Figure 2.16. Cross-sectional side view of a typical TBC system [64]. 

 

Figure 2.17. The localized spallation in the TBC system having been repaired using the in-situ 

methods and the TBC patch composition of the present invention [64].  

2.3.2.3 Gel Repairing  

The gel [65] is applied to the thermal barrier coating surface and then heated. The heating 

occurs in two stages. First is heating to remove impurities and volatile material from the gel. The 

second stage of heating involves curing the actual gel coating to the thermal barrier protective 

layer. The coating or slurry contains zirconia filler. The curing of the slurry component transforms 

precursors into oxide matrices. Depending on the intended application, the gel can also be applied 

in layers with different percentage compositions of zirconia filler. 
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2.3.2.4 Composite Preform  

The composite preform method [66] is developed to repair a metal component especially for 

damaged coatings portions of the turbine. By sintering mixture particles of the coating layer and 

brazing alloy, the composite preform was produced and then deposited on the surface of the metal 

component that the damaged coating layer has been removed. The composite preform and metal 

surface were bonded by brazed joint by heating under appropriate temperature. As shown in Figure 

2.18, once the composite prefab is prepared, additional coatings may be optionally placed on the 

surface of the composite prefab. For example, the TBC layer with the same composition as the 

TBC layer of the metal turbine component (Figure 2.19) can be deposited on the composite 

prefabricated piece. In addition, an oxide layer of the same composition as the oxide layer of the 

metal turbine components can be deposited on the composite prefabricated to facilitate bonding 

between the TBC layer and the composite prefabricated. The thickness of each additional coating 

is approximately the same as the corresponding layer on the metal turbine components. 

 

Figure 2.18. Schematic representation of a cross-section of a coated turbine component, wherein 

the coating includes a damaged portion [66].  
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Figure 2.19. A process flow chart for repairing a damaged portion of a coated metal component 

[66]. 

 

Figure 2.20. Schematic representation of a cross-section of a coated composite preform [66].  

2.4 Assessment of Different Coating Removal and Repair Techniques 

This report summarizes a review of the different methods used for repairing damaged 

thermal barrier coatings in the literature. The following two tables summarize and compare the 

different removal and repair methods for damaged coatings. Based on the literature survey data 

there is not a universal approach that can be used to all thermal barrier coating systems. The 

specific the removal and repair method should be chose for given damaged coatings, including its 

composition, process, type of damages, and available resources. 
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Table 2.1. Removal Methods for Thermal Barrier Coated Components. 

Grit 

Blasting 

 

Grit blasting 

Advantage 

1) Relatively inexpensive to operate and maintain 

2) No harmful chemicals are needed 

3) Creates a cleaner surface finish 

Disadvantage 

4) Can result in uneven surfaces caused by uneven 

material removal. 

5) It’s usually a non-controlled process that leads to 

varying results. 

6) Can potentially distort part geometry. 

Grit blasting with 

solid CO2 

Advantage 

7) Unlike other blast media, the CO2 particles have a 

very low temperature of -109° F, giving a unique 

thermodynamically induced surface mechanism. 

8) Preheating with IR lamps has two advantages. 

o The irradiation with IR allows performing the pre-

heating during the solid CO2 blasting. 

o The irradiation with IR can heat the substrate/coating 

system up to 1000° C. 

Disadvantage 

1) State-of-the-art blasting machines for dry ice can use 

only a discontinuous (pulsed) solid CO2 blasting 

flow.  

2) The removal rate decreases if the pulsed flow is 

used.  

Pencil Grit 

Blasting 

Advantage 

1) No chemicals involved 

2) The pallets are recyclable 

Disadvantage 

1) A columnar ceramic layer is very difficult to remove.  

2) With repetitive use, grit blasting destroys the 

component.  

 

Chemical 

Stripping 

 

Autoclaving 

Advantages 

1) This invention enables the ceramic layer of an air-

cooled component to be completely replaced without 

accumulating additional ceramic in the cooling 

holes. [3] 

2) Because the present invention can completely 

remove ceramic from a cooling hole, the 

performance of an air-cooled component treated 

with this invention is promoted by the restored 

uniform film cooling of the component Surfaces.  

3) This invention is less costly and time-consuming 

than if a waterjet were used to remove the ceramic 

layer from the substrate  
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Table 2.1 continued 

  Disadvantages  

1) Requires the use of an autoclave operating at high 

temperatures and pressures. 

2) Equipment is expensive. 

The aqueous 

solution 

containing Acid 

Fluoride Slat 

Advantages 

1) Reduced labor, equipment, and processing cost.  

2) Removes TBC from the cooling holes of air-cooled 

components.  

3) Since all the TBC is removed from the holes, the 

performance of the component is increased.  

Disadvantages 

1) It requires the use of corrosion inhibitors.  

2) The process is toxic  

Acid Stripping 

Advantages 

1) Relatively inexpensive to operate and maintain. 

2) Can be used to treat a variety of issues such as 

removing impurities including stains, rust, and 

contaminants. 

Disadvantages 

1) Acid can result in cracking, corrosion, and other 

destructive effects on the material. 

2) Environmental issues and regulations that limit 

usage. 

3) Acid variability can lead to unexpected part damage. 

4) Acid Stripping can contaminate the material 

interface. 

5) Acid repair reduces part life and repair cycles. 

Water Jet 

Computer 

Numerically 

Controlled 

Abrasive Water 

Jet 

Advantages 

1) Environmentally friendly 

2) Removes coatings without damaging components. 

3) The surface produced is free of contamination. 

4) NC proves which is controlled to promote 

consistency. 

Disadvantages 

1) Could be slightly higher in cost due to required 

equipment and maintenance. 

Non-abrasive 

Water Jet 

Advantages 

1) Could remove the TBC layer without damaging the 

substrate. 

2) The jet influences the surface roughness, which 

could promote the adhesion of new ceramic coating 

layers. 

Disadvantages 

1) limited to use on thin or soft materials 
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Table 2.1 continued 

 

Localized Water 

Jet 

Advantages  

1) It can be used for components with complex 

geometries and is safe for the environment.  

2) Since this process can be carried out locally, the 

service life of the component is increased.  

Disadvantages  

1) The equipment cost is high.  

2) Prone to leaks  

3) It can inflict significant damage to the bond coat. 

Laser Ablation 

Advantages  

1) The laser ablation process can be used as a cleaning 

system and for removing damaged TBC. 

2) The level of accuracy is high. 

3) The position of the laser work head can be adjusted. 

4) It can be used as a laser-based analysis system. 

5) It can clean the turbine in its housing. 

Disadvantages  

4) Power requirement is high. 

5) The skilled worker is required for operation. 

6) It is expensive to set up. 
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Table 2.2. Repair Methods for Thermal Barrier Coated Components. 

Plasma Spraying 

Advantages  

1) Coatings are dense and strongly bonded to the substrate. 

2) They have higher integrity and perform better than coatings 

applied by other thermal-spray processes. 

3) The repair method enables faster repairs as full coating 

removal is not necessary. 

Disadvantages 

1) The inner gun electrodes or other components may have 

deformations during the plasma spray process.  

2) The high temperatures associated with the plasma jet can 

result in carbide decomposition or excessive oxidation 

when spraying in the air, giving carbide coatings with lower 

hardness or metallic coatings with higher oxide levels 

compared with HVOF sprayed coatings.  

Chemical Paste 

Advantages  

1) The gelation time can be manipulated by varying amounts 

of water added. 

2) It takes comparatively less time. 

3) A simple repair process 

Disadvantages  

1) Sanding is needed to even out the surface. 

2) It cannot be used for complex spot repairs. 

3) The quality of repair is mediocre. 

2.5 Summary and Remarks 

In summary, the type of method used for repairing the damaged TBC depends on multiple 

factors. There is not a universal method applicable to all coating systems. The selection of the 

coating removal and repair process must be specific to damaged coating systems, based on their 

composition, type of damages, and available resources. 

 

  



 

66 

 NUMERICAL SIMULATION OF IMPACT BEHAVIOR OF 

CERAMIC COATINGS USING SMOOTHED PARTICLE 

HYDRODYNAMICS METHOD 

A version of this chapter has been published in the Journal of Engineering Materials and 

Technology (doi: 10.1115/1.4049021). 

Abstract: In this work, the impact behavior of an alumina spherical particle on alumina 

coating is modeled using the smoothed particle hydrodynamics (SPH) method. The effects of 

impact angle (0°, 30°, and 60°) and velocity (100 m/s, 200 m/s, and 300 m/s) on the morphology 

changes of the impact pit and impacting particle, and their associated stress and energy are 

investigated. The results show that the combination of impact angle of 0° and velocity of 300 m/s 

produces the highest penetration depth and largest stress and deformation in the coating layer while 

the combination of 100 m/s & 60° causes the minimum damage to the coating layer. This is because 

the penetration depth is determined by the vertical velocity component difference between the 

impacting particle and the coating layer, but irrelevant to the horizontal component. The total 

energy of the coating layer increases with time, while the internal energy increases with the time 

after some peak values, which is due to energy transmission from the spherical particle to the 

coating layer and the stress shock waves. The energy transmission from impacting particle to 

coating layer increases with the increasing particle velocity and decreases with the increasing 

inclined angle. The simulated impact pit morphology is qualitatively similar to the experimental 

observation. This work demonstrates that the SPH method is useful to analyze the impact behavior 

of ceramic coatings. 

3.1 Introduction 

Thermal barrier coating (TBC) is a multi-layer material system that usually consists of a top 

ceramic coating, typically 8YSZ due to its low thermal conductivity and good thermomechanical 

durability; and a metallic bond coat, e.g., NiCrAlY [67, 68]. In practice, TBCs in gas turbines are 

susceptible to the damage caused by foreign particles.  To protect TBC systems, an inlet particle 

separator is installed in most of the rotorcraft gas turbine engines to stop sand ingestion, but it is 

not completely efficient. Fine particles with a particle size of less than 75 µm cannot be filtrated 

[69].  Therefore, the top ceramic coat in TBCs has shown vulnerability to intake flows that contain 
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sand, dust, and/or fly ash, which adheres and reacts at high temperatures. It may cause premature 

failure in the components through both impingement and combined mechanical-thermal-chemical 

attack [70, 71].  

There are several studies regarding TBC failure process due to foreign particle impact or the 

erosion process. The failure process of Al2O3/NiCrAlY/SUS304 atmospheric plasma spray coating 

was studied. It was found that the shear mode of microfracture occurred toward the center from 

the edges of the specimen [72]. In addition, turbine blade surface deterioration caused by erosion 

was investigated. The results indicated that both erosion and surface roughness increased with the 

impact angle and particle size [73]. Additionally, the optimization of blade section shape subject 

to particle erosion from an aerodynamic standpoint was investigated. It concluded that the erosive 

damage to the surface was represented by sand grains colliding with the blade leading edge [74]. 

In terms of modeling, simulation of ballistic impact on ceramic material was conducted with 

Johnson Holmquist ceramic model (JHC). Plate impact simulations on silicon carbide were 

performed and compared to experimental loading and unloading curves [75].  Also, the sand 

corrosion behavior for ceramic coating was studied using a computational fluid dynamics model. 

The numerical results for the eroded surface geometry and the performance deterioration showed 

the same tendency as the experimental data [76]. Also, non-ordinary state-based peridynamics 

were used to understand the fracture in brittle ice due to particle impact. However, the effects of 

velocity and impact angle on the fracture were not included in the study [77]. High-speed impacts 

and penetration processes usually cause large deformations. Traditional grid-based numerical 

methods such as the finite element method (FEM) are generally difficult to simulate large 

deformation due to severe mesh distortions. In comparison, the SPH method has shown to be very 

useful to model the high-speed particles to accommodate their extremely large deformation, which 

is important for the brittle fracture of ceramic materials [78]. As a mesh-free, Lagrangian particle 

method, the SPH method can be used to handle large distortions. It is particularly suitable to study 

some fast-transient dynamics problems and the severe deformation of the particle [14, 15]. The 

phenomena of impact onto ceramic/aluminum composites were modeled using the smoothed 

particle hydrodynamics (SPH) method. Results indicated that, with the increasing initial velocity 

and ceramic thickness, and decreasing support layer thickness, the penetration area was increased. 

However, the work used a projectile meshed with finite element [79].  
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In summary, despite the above-mentioned efforts, a detailed study of the impact behavior of 

particles on a ceramic coating is still lacking. In this study, the existing SPH methods implemented 

in LS-DYNA are used to simulate the impact behavior of an alumina particle on an alumina 

ceramic coating. The structure of the paper is as follows. Section 2 presents the model description. 

The general formulation of the SPH methods and the model details in the study are provided. The 

focus is to understand how the impacting particle’s inclined angle and velocity affect the 

morphology changes of the impact pit and impacting particle, and their associated stress and 

energy. Section 3 gives the results and discussion. Section 4 presents the simulation results 

compared against experimental observation. Finally, Section 5 summarizes the conclusion. 

The simulation results help deeply understand the impact process which is nearly impossible 

to complete in the lab. In addition, it can help to improve the manufacturing process of the thermal 

barrier coating. Also, the removal and repair process of damaged TBCs will be studied based on 

these simulation results. 

3.2 Model Description 

3.2.1 Smoothed Particle Hydrodynamics (SPH) Method 

In SPH models, the value of a function  f  at a position 𝑟𝑖 can be calculated by the following 

particle summation [80]: 

𝑓(𝑟𝑖) = ∑
𝑚𝑗

𝜌𝑗

𝑁
𝑗=1 𝑓(𝑟𝑗) W (𝑟𝑖-𝑟𝑗 , ℎ)     (1) 

W (𝑟𝑖-𝑟𝑗, ℎ) = 
1

ℎ
 Θ [

𝑟𝑖−𝑟𝑗

ℎ(𝑟,𝑦)
]      (2) 

where m and ρ are the mass and density of a particle, respectively. W is a kernel function, which 

is the cubic B-spline function in LS-DYNA, where h is a smoothing length of the kernel to control 

the size of the summation domain. W (𝑟𝑖-𝑟𝑗, ℎ) →δ when h→ 0, where δ is the Dirac function [80]. 

The initial number of neighbors per particle in the model is set to 150. The number can be adjusted 

in the process.   

In general, the compact support is defined by the smoothing length h and a scale factor κ 

that determines the spread of the specified smoothing function. So, the compact support means 

[80]: 

W (𝑟𝑖-𝑟𝑗 , ℎ) = 0   when |𝑟𝑖-𝑟𝑗| > 0     (3) 
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An equation of state (EOS) is required for materials that undergo significant deformation  

such as large plastic deformation or compressible fluid. The EOS can build a relationship for the 

material’s pressure and volume. Different types of EOS are selected according to the material 

compressibility [81]. A commonly used EOS is the Mie–Grüneisen equation of state as follows 

[82, 83]: 

𝑝 =  
𝜌0𝐶2µ[1+(1−𝛾/2)µ−(α/2)µ2]

[1−(𝑆1−1)µ−𝑆2µ2/(µ+1)−𝑆3µ3/(1+µ)]2
+ (𝛾 + 𝛼µ)𝐸0    (4) 

where p is pressure; S1, S2, S3 are the coefficients of the slope of the Us – Up curve, where Us and 

Up are shock wave velocity and particle velocity, respectively; γ is the Grüneisen factor; C is the 

Hugoniots intercept of the Us – Up curve [83]; E0 is internal energy; α is volume correction factor 

and µ= ρ/ρ0 – 1 is compression factor, where ρ/ρ0 is the ratio of current density to initial density.  

The Johnson-Holmquist Plasticity Damage Model was first proposed to describe the response of 

brittle materials for large deformation in 1992 and proved to be useful for modeling ceramics, 

glass, and other brittle materials. The equivalent stress for a ceramic-type material is given in terms 

of the damage parameter D by [84]: 

𝜎∗ = 𝜎𝑖
∗ − 𝐷 (𝜎𝑖

∗ −𝜎f
∗)      (5) 

where 

𝜎𝑖
∗ = 𝑎 (𝑝∗ + 𝑡∗) 𝑛 (1 + 𝑐ln𝜀̇∗)     (6) 

represents the intact, undamaged behavior. The superscript, '*', indicates a normalized quantity. 𝑎 

is the intact normalized strength parameter, 𝑐 is the strength parameter for strain rate dependence, 

𝜀̇∗is the normalized plastic strain rate, and [84], 

𝑡∗ =
𝑇

𝑃𝐻𝐸𝐿
      (7) 

𝑝∗ =
p

PHEL
      (8) 

where 𝑇 is the maximum tensile pressure strength, PHEL is the pressure component at the 

Hugoniot elastic limit, and 𝑝 is the pressure [84]. 

D=∑
Δε

p

ε
𝑓

p       (9) 

represents the accumulated damage based upon the increase in plastic strain per computational 

cycle and the plastic strain to fracture [84] 



 

70 

ε
𝑓

p

 = 𝑑1(𝑝∗ + 𝑡∗) 𝑑2     (10) 

and 

𝜎f
∗ = 𝑏(𝑝∗) 𝑚 (1 + 𝑐 ln𝜀̇∗) ≤ SFMAX    (11) 

represents the damaging behavior. The parameter d1 controls the rate at which damage accumulates. 

In undamaged material, the hydrostatic pressure is given by [84] 

𝑃 = 𝑘1𝜇 + 𝑘2𝜇2 + 𝑘3𝜇3     (12) 

in compression and [84] 

𝑃 = 𝑘1𝜇     (13) 

in tension where 𝜇 = 𝜌/𝜌0 – 1. 

3.2.2 Numerical Model Details 

The SPH model setup is shown in Figure 3.1. A spherical alumina particle with a diameter 

of 60 m is used as the impacting particle, which is meshed with the SPH particles. The layered 

alumina ceramic coating is modeled as a block with the dimension of 500×500×125 µm3. The top 

layer has meshed with SPH with a thickness of 25 µm, and the bottom layer is meshed by finite 

element with a thickness of 100 µm. Connect nodes are used to bond the top and bottom layers. 

The bottom of the bottom layer is fixed. The layered structure allows to efficiently capture the 

deformation process during impact and reduce the computational costs. Based on the mesh 

convergence analysis, the total number of particles for the SPH coating layer is 200, 000. The total 

number of particles for the SPH sphere is 14, 328. The total number of nodes for the FEM coating 

layer is 10, 571. The used mesh density follows Ref. [85].  
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Figure 3.1. SPH model of a spherical alumina particle impacting on an alumina coating. 

The spherical particle and the SPH coating layer are made of the same material. The density 

of the ceramic coating is 3420 kg/m3, the shear modulus is 108 GPa and the Poisson’s ratio is 0.22 

[82]. The parameters used in the SPH Mie–Grüneisen equation of state in Eq. 4 are shown in Table 

3.1 [82], which assumes alumina. The parameters of 

*MAT_JOHSNON_HOLMQUIST_CERAMIC (JH-2) used in the FEM layer are shown in Table 

3.2. 

Table 3.1. Parameters used in the Mie–Grüneisen equation of state for the SPH ceramic layer. 

[82]. 

C(m/s) S1 S2 S3 γ  

 9003  -3.06  2.350  -0.383 1  
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Table 3.2. JH-2 parameters of finite element ceramic layer [86]. 

Parameters Value 

A 0.93 

B 0.31 

C 0 

M 0.6 

N 0.6 

HEL(GPa) 2.79 

PHEL 1.46 

D1 0.005 

D2 1 

K1 (GPa) 130.95 

K2 (GPa) 0 

K3 (GPa) 0 

 

In order to couple the FEM bottom layer and SPH top layer, 

*AUTOMATIC_NODES_TO_SURFACE is selected to calculate the forces exchanging between 

FE elements and SPH particles near the coupling interface. Contact nodes to the surface are used 

between the top SPH layer and the bottom FEM layer. As a Lagrangian method, the interaction 

between SPH particles and FEM elements can be easily handled by a normal node to surface 

contact in LS-DYNA [87]. 

To evaluate the effect of impact angle and velocity on the impact behavior of the coatings, 

different impact angles and velocities are combined using a design matrix approach, as shown in 

Table 3.3. The impact velocity values are 100, 200, and 300 m/s, and the impact angles are 0°, 30°, 

and 60°. The impact angle is defined between the impacting velocity and the normal of the top 

coating surface. The corresponding velocity components, Vx and Vz, are also provided in Table 

3.3. Design matrix of impact velocities Vx and Vz components (m/s) at three impact angles, 0°, 

30°, and 60°. 
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Table 3.3. Design matrix of impact velocities Vx and Vz components (m/s) at three impact 

angles, 0°, 30°, and 60°. 

0° 30° 60° 

Vx Vz Vx Vz Vx Vz 

0 100 50 86.6 86.6 50 

0 200 100 173.2 173.2 100 

0 300 150 259.8 259.8 150 

 

Moreover, in order to understand the role of horizontal velocity component Vx on the 

penetration depth, the vertical velocity component Vz is fixed at 259.8 m/s. The Vx values are then 

varied as 0, 150, and 259.8 m/s, which corresponds to impact angles of 0o, 30o, and 60o. 

To ensure stability and convergence of the energy absorbed by the coating decreases 

simulations, the Moving Least-Squares (MLS) approximation and an improved nodal integration 

scheme in LS-DYNA are used, which has shown to be much more stable in tension[88]. 

Additionally, option *CONTROL_BULK_VISCOSITY is enabled in the model since it slightly 

dampens out large oscillations at little numerical cost and with little energy cost [81]. 

3.3 Results and Discussion 

3.3.1 Damage of the Ceramic Coating Layer 

The side views of the impact process with different impact angles and velocities are 

summarized in Figure 3.2. Side view of the impact with different velocities and impact angles (a) 

100 m/s & 0°, (b) 100 m/s & 30°, (c) 100 m/s & 60°, (d) 200 m/s & 0°, (e) 200 m/s & 30°, (f) 200 

m/s & 60°, (g) 300 m/s & 0°, (h) 300 m/s & 30°, and (i) 300 m/s & 60°. It is clear that the 

penetration effect with the same angle increases with the increasing velocity. At the same time, the 

penetration effects decrease with the increasing impact angle at the same velocity. The case of 

velocity 300 m/s and impact angle 0° (Figure 3.2. Side view of the impact with different velocities 

and impact angles (a) 100 m/s & 0°, (b) 100 m/s & 30°, (c) 100 m/s & 60°, (d) 200 m/s & 0°, (e) 

200 m/s & 30°, (f) 200 m/s & 60°, (g) 300 m/s & 0°, (h) 300 m/s & 30°, and (i) 300 m/s & 60°g) 

has the maximum penetration effect, while the case of velocity 100 m/s and impact angle 60° 

(Figure 3.2 c) has the minimum penetration.  
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The extent of particle penetration and coating particle spattering increase with the vertical 

velocity component Vz, where the impact energy is proportional to 1/2m𝑉𝑧
2. Also shown in Figure 

3.2, the spattered particles on the coating layer have a symmetric pattern along the impact surface 

when the impact angle is 0°. However, the spreading of particles increases with the increasing 

impact angle.  

   

 (a)    (b)    (c) 

   

 (d)    (e)    (f)  

   

 (g)    (h)    (i) 

Figure 3.2. Side view of the impact with different velocities and impact angles (a) 100 m/s & 0°, 

(b) 100 m/s & 30°, (c) 100 m/s & 60°, (d) 200 m/s & 0°, (e) 200 m/s & 30°, (f) 200 m/s & 60°, 

(g) 300 m/s & 0°, (h) 300 m/s & 30°, and (i) 300 m/s & 60°. 

Figure 3.3 shows the von Mises stress and impact penetration profiles of the coatings [89]. 

The von Mises stresses increase with the increasing velocity at the same impact angle. The 

distributions of the stress at the same angle have the same characteristics. The stress distribution 

is in a ring shape with an impact angle of 0°. The difference in stress distribution is caused by the 

horizontal velocity component Vx, which is most obvious in the case of the combination of 300 

m/s & 60°. 

On the other hand, it is clear that the penetration depth and area increase with the increasing 

velocity at the same angle. Also, the penetration depth and area decrease with the increasing impact 

angle at the same velocity. The case of velocity 300 m/s and impact angle 0° has the maximum 
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penetration depth. The case of velocity 100 m/s and impact angle 60° has the minimum penetration 

depth and area.  

 

Figure 3.3. von Mises stress distributions in the coating layers at the end of impact: (a) 100 m/s 

& 0°, (b) 100 m/s & 30°, (c) 100 m/s & 60°, (d) 200 m/s & 0°, (e) 200 m/s & 30°, (f) 200 m/s & 

60°, (g) 300 m/s & 0°, (h) 300 m/s & 30°, and (i) 300 m/s & 60°. 

The coating’s energy evolutions at different angles and velocities are shown from Figure 3.4 

to Figure 3.7. Figure 3.4 shows the total energy and internal energy evolutions at different 

combinations of angles and velocities, respectively. In LS-DYNA, the total energy is the sum of 

internal energy, kinetic energy, contact (sliding) energy, hourglass energy, system damping energy 

and rigid wall energy [84, 90]. The results show that the total energy increases linearly with time.  
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(a) 

 

(b) 

Figure 3.4. Total energy evolutions of the coating layer at different impact angles and velocities. 

(a) 100 m/s & 0°, 30°, 60°; (b) 200 m/s & 0°, 30°, 60°; (c) 300 m/s & 0°, 30°, 60°. 
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Figure 3.4 continued 

 

(c) 

 

Figure 3.5 shows the internal energy evolutions at different combinations of angles and 

velocities. Internal energy is computed based on the six components of stress and strain (tensorial 

values). The calculation is done incrementally for each particle as follows: (IE) new = (IE) old + 

sum over all six directions of (stress incremental strain volume). The internal energies of all the 

elements are summed to give the total internal energy [84, 90]. The results show that the internal 

energy increases with time.  
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(a) 

 

(b) 

Figure 3.5. Internal energy evolution of the coating layer at different impact angles and 

velocities. (a) 100 m/s & 0°, 30°, 60°; (b) 200 m/s & 0°, 30°, 60°; (c) 300 m/s & 0°, 30°, 60°.  

Figure 3.5 continued 
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(c) 

 

Additionally, Figure 3.5 shows that the internal energy has a few peaks before it starts 

increasing gradually after a period of impact. This phenomenon is most evident with the 

combination of 100 m/s & 0°, 30°, and 60°. Taking 100 m/s & 0° for example, Figure 3.5 (a) shows 

that the internal energy has the maximum value at the time 1 ms and the minimum value nearly 0 

J at 4 ms. It is due to the conversion of the kinetic energy of the spherical particle to internal energy 

immediately after the impact. As a result, the internal energy reaches the maximum value at the 

same time. The internal energy at the peak value is mainly stored at the impact point. As the impact 

process continues, the stress shock waves transmit through the coating. Then the internal energy 

decreases sharply. After 4 ms, the internal energy increases linearly as the impact area increases 

and the transition of stress wave becomes stable.  

The total energy values of the coating at the end of the impact are shown in Figure 3.6. The 

total energy of the coating layer with the same velocity decreases with increasing impact angle. 

The highest velocity 300 m/s has the highest total energy and internal energy. The energy absorbed 

by the coating decreases with the increase of the angle. It is caused by the existence of the 

0

20

40

60

80

100

120

0 20 40 60 80 100

In
te

rn
a
l 

en
er

g
y
 (

J
)

Time (ms)

300 m/s & 0°

300 m/s & 30°

300 m/s & 60°



 

80 

horizontal velocity component Vx. The initial energy converted to the internal energy or doing 

work becomes less.  

 

Figure 3.6. The final total energy values of SPH coating layer at different impact angles and 

velocities at the end of impact at 100 ms. 

The internal energy values of the coating at different impact angles at the end of impact are 

shown in Figure 3.7. It shows the same regular pattern with the total energy, decreasing with the 

increasing angle. This is because more initial energy is absorbed by the impact parts to deformation 

when the impact effect is higher.  
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Figure 3.7. The final internal energy values of SPH coating layer at different impact angles and 

velocities at the end of impact at 100 ms. 

To understand the effect of the vertical velocity component on the internal energy, the 

relation between the internal energy and the square of the vertical velocity is plotted in Figure 3.8. 

The figure shows that there is a linear correlation between the two quantities, suggesting the 

internal energy change of the coatings is controlled by the particle’s kinetic energy. 
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Figure 3.8. Internal energy of the coating as a function of the square of the vertical velocity 

component of the particle. 

To understand the role of horizontal velocity component Vx on the impact behavior, Vx is 

varied to 0, 150, and 259.8 m/s, while keeping the same vertical velocity component Vz of 259.8 

m/s. The combinations of the velocity components correspond to impact angles of 0o, 30o and 45o, 

respectively.  

Figure 3.9 shows sectional views of the von Mises stress and impact penetration profiles of 

the coatings. The impact spherical particle comes from the right side of the figure. As the impact 

angle increases, high stresses concentrate on the left side of the impact pit, due to the increased 

horizontal velocity component.  
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Figure 3.9. von Mises stress and penetration behavior of the coating layers after the impact: Vx 

and Vz are (a) Vx=0 m/s & 259.8 m/s, (b) 150 m/s & 259.8 m/s, and (c) 259.8m/s & 259.8 m/s.  

Figure 3.10 shows that the penetration depth is mainly controlled by the vertical velocity 

component, not the horizontal one, irrespective of the impact angles. A good linear relation (R2 

=0.9579) is obtained between the vertical velocity component and the penetration depth. 

 

Figure 3.10. Coating penetration depth as a function of particle’s vertical velocity component. 

To better understand the interface between the SPH and FEM layer, the von Mises stresses 

and impact penetration profiles of the FEM layer are plotted in Figure 3.11, for the combination 

y = 0.042x + 0.6147

R² = 0.9579

0

3

6

9

12

15

0 50 100 150 200 250 300

P
en

et
ra

ti
o
n
 d

ep
th

 (
u
m

)

Vertical velocity component, Vz  (m/s)

0° 30° 60°



 

84 

300 m/s & 0° case. The distribution of stress is mainly concentrated on the impacted area.  The 

maximum stress does not locate at the interface, but rather beneath it. It is consistent with the 

distribution of SPH layer. In addition, the domain of stress distribution is symmetrical in both 

vertical and horizontal directions because of no horizontal velocity existing. On the other hand, 

the magnitude of stress in the FEM layer is much higher than that in the SPH layer. It could be 

caused by the different formulations between the FEM and SPH layers. 

 

Figure 3.11. von Mises stress distribution in the FEM layer of the combination 300 m/s & 0°. 

The von Mises stress evolution of the coating layer at different times of the combination 100 

m/s & 0° is shown in Figure 3.12, which is consistent with the internal energy changes shown in 

Figure 3.5. At 1 ms, the von Mises stress is high and nearly no penetration occurs. At 4 ms, the 

stress decreases sharply, and the stress wave propagates around. A ring-shaped stress pattern is 

formed.  As the impact process proceeds, the coating penetration occurs because the decreased 

energy is converted to coating deformation. As shown in Figure 3.12 (c), the particle protrusion at 

50 ms is most evident. 
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Figure 3.12. von Mises stress distribution evolutions of SPH coating layer at the combination 

100 m/s & 0° at different times. (a) 1 ms; (b) 4 ms; and (c) 50 ms. 
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3.3.2 Deformation of Spherical Impacting Particle 

Figure 3.13 and Figure 3.14 show the spherical particle deformation after the impact for 

different impact velocities and angles, respectively. It is clear that the deformation of the spherical 

particle increases with the increasing impact velocity and decreases with the increasing impact 

angle. The increasing deformation of the spherical particle with the same impact angle is consistent 

with the increasing depth of the impact pit shown in Figure 3.3 (a), (d) and (g). The damage of the 

spherical particle and the ceramic layer is increasing with the increasing impact velocity.  

 

Figure 3.13. The spherical particle deformation after the impact: (a) 300 m/s & 0°, (b) 200 m/s & 

0°, (c) 100 m/s & 0°. 

 

Figure 3.14. The spherical particle deformation after the impact: (a) 300 m/s & 0°, (b) 300 m/s & 

30°, (c) 300 m/s & 60°. 

During the impact, the kinetic energy of the spherical particle is transmitted to the coating 

layer, and it increases with the increasing velocity. This is confirmed by the increasing total and 

internal energies of the coating layer as shown in Figure 3.4 and Figure 3.5, and the decreased 

kinetic energy of the spherical particle as shown in Figure 3.15, Figure 3.16 and Figure 3.17. Figure 

3.16 shows the spherical particle’s maximum, minimum and range kinetic energy values at 

different impact velocities.  The kinetic energy transmitted from the spherical particle to the 

coating layer is related to the vertical velocity difference between the particle and the coating layer. 

In addition, the energy transmitted from the spherical particle to the coating decreases with the 
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increasing of the impact angle as shown in Figure 3.16, suggesting the vertical velocity component 

is the dominant factor. It is also consistent with the particle deformation shown in Figure 3.14. 

 

Figure 3.15. Kinetic energy evolutions of the spherical particle at different impact velocities.  

 

Figure 3.16. Kinetic energy evolution of the spherical particle at different impact angles. 
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Figure 3.17. The spherical particle’s maximum, minimum and range of kinetic energy values at 

different impact velocities: 300 m/s & 0°, 200 m/s & 0° and 100 m/s & 0°. 

3.4 Experimental Comparison 

To compare with the experimental data, a scanning electron microscope (SEM) image of the 

sphere compaction on an electron beam physical vapor deposition (EB-PVD) yttria-stabilized 

zirconia (YSZ) ceramic coating [91] is shown in Figure 3.18. It is evident that the impact pit 

observed in the experiment has a similar pattern as the simulated one shown in Figure 3.8 a. Thus, 

a qualitative agreement is achieved between the SPH model and the experiment. It is noted that 

more quantitative comparisons would be needed, which would be included in future work. 
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Figure 3.18: Cross sectional view of the experimental impact pit of YSZ ceramic coating [91].  

3.5 Summary and Future Work 

In this work, an SPH based model to simulate the impact of the spherical ceramic particle 

on ceramic coatings is developed. The detailed conclusions are summarized as follows.  

1. Compared to previous studies, both the spherical particle and the coating are meshed 

with SPH, which allows us to study their large deformations during the impact. 

2. Increasing impact velocity or reducing impact angle increases the penetration depth 

and area. The penetration depth is determined by the vertical velocity component 

difference between the particle and the coating layer. However, it is not related to the 

horizontal velocity component. 

3. During the impact process, the coating’s total energy increases gradually while the 

internal energy increases with the time after some peak values, which is due to the 

kinetic energy of the spherical particle converted to internal energy immediately after 

the impact, and the stress shock wave transmission in the coating layer. 

4.  At the end of impact, the coating’s total energy increases with the increasing impact 

velocity but decreases with increasing impact angle. It is consistent with the 

deformations of the coating layer and spherical particles. 

5. The penetration depth is mainly controlled by the vertical velocity component, in a 

linear relation. 
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6. The combination of 300 m/s & 0° has the maximum penetration to the coating layer 

and the combination of 100 m/s & 60° has the minimum penetration. It is due to the 

fact that penetration is dominated by the particle’s vertical velocity component. 

7. The simulated pit morphology is qualitatively similar to the experimental observation. 

This work demonstrates that the SPH method is useful for analyzing the impact effect 

in the ceramic coating. 

In terms of future work, a more precise and quantitative validation experiment is 

recommended. This allows the model to be more accurately calibrated and can be used for 

industrial applications. 
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 NUMERICAL SIMULATION OF REMOVING THERMAL 

BARRIER COATINGS USING ABRASIVE WATER JET WITH 

SMOOTHED PARTICLE HYDRODYNAMICS METHOD 

A version of this chapter has been submitted to the journal for review. 

 

Abstract: In this work, a newly smoothed particle hydrodynamics (SPH) based model is 

developed to simulate the removal process of thermal barrier coatings (TBCs) using the abrasive 

water jet (AWJ) technique. The effects of abrasive particle concentration, incident angle, and 

impacting time on the fracture behavior of the TBCs are investigated. The Johnson-Holmquist 

plasticity damage model (JH-2 model) is used for the TBC material, and abrasive particles are 

included in the water jet model. The results show that the simulated impact hole profiles are in 

good agreement with the experimental observation in the literature. Both the width and depth of 

the impact pit holes increase with impacting time. The deepest points in the pit hole shift gradually 

to the right when a 30o incident angle is used because the water jet comes from the right side, 

which is more effective in removing the coatings on the right side. A higher concentration of 

abrasive particles increases both the width and depth, which is consistent with the experimental 

data.  The depths of the impact pit holes increase with incident angle, while the width of the impact 

holes decreases with the increase of the incident angle. The incident angle dependence can be 

attributed to the vertical velocity components.  The erosion rate increases with the incidence angle, 

which shows a good agreement with the analytical model. As the incident angle increases, more 

vertical velocity component contributes to the kinetic energy which is responsible for the erosion 

process.  

4.1 Introduction 

Ceramic coatings are used in the high-temperature sections of gas turbine engines for 

improved efficiency due to their low thermal conductivity and mechanical properties [67]. A 

typical TBC topcoat is made of yttria-stabilized zirconia (YSZ) and a bond coat of MCrAlY. TBCs 

should resist chemical, mechanical, and thermal stresses resulting from the gas turbine operating 

conditions. However, due to coating degradation or foreign object damage, a routine maintenance 
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and repair process is needed, including removal of the damaged coatings [92, 93]. A recent review 

of ceramic coating removal and repair techniques is given in Ref. [93].  

Among different techniques, abrasive waterjet (AWJ) has become a promising machining 

process to remove damaged coatings. AWJ is formed by mixing high-pressure waterjets with 

abrasive particles. The process has several advantages, such as relatively low cost compared to the 

laser-based process. Compared with traditional acid stripping and grit blasting methods, AWJ 

offters  a clean and green solution for removing coatings from turbine components in a more cost-

effective way. It also enables the penetration of thick cross-sections and has minimum stresses and 

small cutting forces on the parts [94-96]. Understanding the effects of the controlling factors (e.g., 

abrasive concentration, impact angle, impact time, and standoff distance) on the AWJ performance 

is essential to enhancing the machining performances of the process [97]. In Ref. [98], the effects 

of processing parameters, such as incident angle, impacting time, and abrasive particle 

concentration were investigated using a single-factor experiment. It is concluded that the AWJ 

process is an effective way to remove TBCs [98]. The effects of abrasive particle concentration on 

the impact performance of the AWJ were studied in Ref. [99], and the study showed that the mean 

impact force tends to increase linearly with the abrasive concentration [99]. In Ref. [96], as shown 

in the precision AWJ process is reported. Combined with a 5-axis computer numerically controlled 

(CNC), the AWJ removes the coating in iterative steps.  

 

Figure 4.1. A precision abrasive waterjet process removing thermal barrier coating from a 

turbine blade component [96].  
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There are a few modeling studies on the optimization of the AWJ process. The Smoothed 

Particle Hydrodynamics (SPH) and Arbitrary Lagrangian-Eulerian (ALE) methods were employed 

to study the depth of water jet penetration and erosion mechanism in Ref. [100]. The SPH coupled 

finite element method (FEM) was adopted to simulate the abrasive water jet cutting progress in 

Ref. [78]. In addition, a statistical model was established to understand the effect of abrasive 

waterjet cutting parameters on the surface roughness [95]. The results show that improved surface 

roughness can be achieved by increasing the water pressure at low traverse speeds, or decreasing 

the pressure at high traverse speeds, or decreasing the standoff distance at low traverse speeds and 

low pressures in the investigating range [95]. In Ref. [101], an analytical model was developed to 

determine the heat flux at the contact surface during the AWJ machining process. The generated 

heat due to plastic deformation is diminished because the high-velocity waterjet serves as a coolant 

removing the heat through convection [101]. 

Despite the previous studies presented above, a systematic understanding of the fundamental 

mechanism of the AWJ process to remove TBCs is still missing, which hinders the full potential 

of the process. In this work, an SPH-based model to simulate the TBC removal process using the 

AWJ technique is proposed. The effects of abrasive particle concentration, incident angle, and 

impacting time on the TBC fracture are studied. The simulation results are compared against the 

experimental data and analytical model in the literature.  

4.2 Model Description 

4.2.1 The SPH Method 

Compared with traditional grid-based methods, SPH method is a mesh-free method. It does 

not need a finite element mesh. As one of the earliest mesh-free methods, SPH method was initially 

applied to astrophysical problems since the particles in space move like liquid and gas flow. After 

that SPH method is extended to high-velocity impact and penetration problems for material 

dynamics response. While the SPH method was used for hydrodynamics problems initially, the 

governing equations were partial differential equations with strong formation. The solution of 

these partial differential equations contains two-step: kernel approximation and particle 

approximation. For kernel approximation, a smoothing function W was selected to represent the 
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partial differential equations f and their derivatives and the integration over the computational 

domain is as follows [102]. After the kernel approximation, the function f become the following: 

< 𝑓(𝑥) >= ∫ 𝑓(𝑥′)𝑊(𝑥 − 𝑥′, ℎ)𝑑𝑥′
𝛺

    (1) 

where x and x’ are the position vectors at different points and W is the kernel function. 

Then, Eq. (1) can be calculated through the summation with their closest neighbor particles 

in the support domain which is controlled by the smoothing length for a given particle j at a certain 

instant of time [102]. 

𝑓(𝑟) ≈ ∑
𝑚𝑗

𝜌𝑗

𝑁
𝑗=1 𝑓(𝑟𝑗) W (r-𝑟𝑗 , ℎ)     (2) 

where m and ρ are the mass and density of a particle, respectively. W is a kernel function and h is 

a smoothing length to control the size of the summation domain[102]. 

4.2.2 SPH Model Details 

4.2.2.1 Geometry of The Model 

The SPH model of the TBC removal process is shown in Figure 4.2. The side view of the 

SPH model for the TBC layer removal using the AWJ process. The abrasive particles in the water 

jet are enlarged to show their existence. The inset shows the 3D view of the SPH model. The model 

includes abrasive particles, a water jet, and a TBC layer. The composition of the TBC layer is 

assumed to be zirconia (ZrO2) since the SPH model parameters for yttria-stabilized zirconia are 

sparse. The abrasive particles are alumina (Al2O3) particles. The nozzle diameter is set to 200 μm 

which is the same as the experiment in Ref. [103]. The TBC layer’s dimensions are 

2000×2000×500 μm3. All the surfaces of the TBC layer are fixed except the top one. The incident 

angle is defined as the angle between the water jet and the horizontal plane of the TBC layer. Based 

on the mesh convergence analysis, the total number of particles for the SPH coating layer is 250, 

000. The total number of particles for the abrasive water jet is 24, 960. The used mesh density 

follows Ref. [85]. In this model, default initial step size is used. In LS-DYNA, critical time step: 

△t=
𝐿

𝑐
 where L is the length of the element and c is the sound speed.  
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Figure 4.2. The side view of the SPH model for the TBC layer removal using the AWJ process. 

The abrasive particles in the water jet are enlarged to show their existence. The inset shows the 

3D view of the SPH model. 

4.2.2.2 Material Constitutive Model 

For the ZrO2 TBC layer, the Johnson-Holmquist plasticity damage model (JH-2 model) is 

used, which has been proven suitable for ceramics, glass, and other brittle materials [86]. In the 

JH-2 model, the equivalent stress for a ceramic-type material is given by [84]: 

𝜎∗ = 𝜎𝑖
∗ − 𝐷 (𝜎𝑖

∗ −𝜎f
∗)      (3) 

where D is the damage parameter. The superscript asterisk (*) indicates a normalized quantity. 𝜎𝑖
∗ 

is determined by [84]: 

𝜎𝑖
∗ = 𝑎 (𝑝∗ + 𝑡∗) 𝑛 (1 + 𝑐ln 𝜀̇∗ )    (4) 

which represents the intact and undamaged behavior. 𝑎 is the intact normalized strength parameter 

𝑐 is the strength parameter for strain rate dependence, and 𝜀̇∗ is the normalized plastic strain rate. 

Also [84]: 

𝑡∗ =
𝑇

𝑃𝐻𝐸𝐿
      (5) 

𝑝∗ =
p

PHEL
      (6) 

where 𝑇 is the maximum tensile pressure strength, and PHEL is the pressure component at the 

Hugoniot elastic limit and P is the pressure. 

In an undamaged material in compression, the hydrostatic pressure is given by [104]: 

𝑃 = 𝑘1𝜇 + 𝑘2𝜇2 + 𝑘3𝜇3     (7) 

And in tension, it becomes [84]: 
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𝑃 = 𝑘1𝜇      (8) 

where the compression factor 𝜇 = 𝜌/𝜌0 – 1, and ρ/ρ0 is the ratio of current density to initial density.  

Additionally, the damage parameter D is determined by [84]: 

D=∑
Δε

p

ε
𝑓

p       (9) 

which represents the accumulated damage based upon the increase in plastic strain per 

computational cycle. The plastic strain to fracture is [84] : 

ε
𝑓

p

 = 𝑑1(𝑝∗ + 𝑡∗) 𝑑2     (10) 

where the parameter 𝑑1 controls the rate at which damage accumulates [84] : 

𝜎f
∗ = 𝑏(𝑝∗) 𝑚 (1 + 𝑐 ln𝜀̇∗)     (11) 

For the water jet and abrasive particles, the pressure is calculated by the state equation Mie-

Grueisen as follows [82, 83] : 

𝑝 =  
𝜌0𝐶2µ[1+(1−𝛾/2)µ−(α/2)µ2]

[1−(𝑆1−1)µ−𝑆2µ2/(µ+1)−𝑆3µ3/(1+µ)]2 + (𝛾 + 𝛼µ)𝐸0    (12) 

where 𝑝 is pressure; S1, S2, and S3 are the coefficients of the slope of the Us – Up curve, where Us 

and Up are the shock velocity and particle velocity, respectively; γ is the Grüneisen factor; C is the 

interpret of the Us – Up curve; E0 is the internal energy; α is the volume correction factor. 

4.2.2.3 Material Properties 

The ZrO2 in the TBC layer has the following properties: density is 5850 kg/m3, the shear 

modulus is 95.31GPa, tensile strength is 0.2 GPa, and the Poisson’s ratio is 0.22. The coefficient 

values in the JH-2 model used for the TBC are listed in Table 4.1[106]. 
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Table 4.1. JH-2 model parameters for the TBC layer [106]. 

Parameter Value 

A 0.93 

B 0.31 

C 0 

M 0.6 

N 0.6 

HEL(GPa) 2.79 

PHEL(GPa) 1.46 

D1 0.005 

D2 1 

K1 (GPa) 130.95 

K2 (GPa) 0 

K3 (GPa) 0 

 

The water in the AWJ has the following properties: the density is 1000 kg/m3, the cut-off 

pressure is 10-5 Pa, and the dynamic viscosity is 103 Pa.s [100].  The abrasive particles have the 

following properties: the density is 3420 kg/m3, the shear modulus is 108 GPa, and the Poisson’s 

ratio is 0.22 [82]. The parameters in the Gruneisen equation used for the water jet and abrasive 

particles are summarized in Table 4.2 [82, 100]. 

Table 4.2. The parameters in the Gruneisen equation for the water jet and abrasive particles [82, 

100]. 

Materials  C(m/s) S1  S2 S3 γ  

Water jet 1480 2.56   -1.986  0.2286 0.4934 

Abrasive 

particles 
 9003  -3.06 

 
 2.350  -0.383 1  
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4.2.2.4 Boundary Conditions and Model Design Matrix 

Three different AWJ processing parameters are considered, including incident angle 

abrasive particle concentration, and impacting time. The parameters are chosen using the same 

conditions as the previous experimental study, as close as possible [98]. Other parameters, such as 

velocity, particle size, nozzle diameter, and target distance are kept constant. The design matrix of 

specific processing parameters for all the simulation cases is summarized which is shown in Table 

4.3.  

Table 4.3. Design matrix of processing parameters used in the model. 

Simulation 

case 

Abrasive 

concentration (wt %) 
Incident angle (°) 

Impacting simulation 

time (ms) 

A 1,3 30 20 

B 1 30,45,60,90 20 

C 1 30 7,14,21,28 

4.2.2.5 Erosion Analytical Model 

To quantify the coating removal efficiency, the erosion rate is investigated and compared 

with an analytical model. The removed mass from the TBC due to water jet impact needs to be 

quantified in order to evaluate the erosion rate. In the model, the eroded mass is characterized by 

the number of SPH particles whose particle density values are lower than the initial density. The 

mass for each SPH particle is a constant, and the density is defined as the mass per unit 

volume[107]. When the particles are scattered during impact, their densities are reduced.  

An erosion model in brittle materials, based on the stress wave fracture mechanism was 

proposed by Zeng and Kim [108, 109] for the AWJ process.  The total erosion volume (𝑉𝑇 ) 

includes two components: one is caused by the plastic flow (𝑉𝑝), and the other is due to the network 

cracking caused by impact induced stress waves (𝑉𝑓) [108]: 

𝑉𝑇= 𝑉𝑝 + 𝑉𝑓      (13) 

The volume removal due to plastic flow, 𝑉𝑝, is calculated by [108] : 

𝑉𝑝 = 
𝑚𝑣2

4𝜎f
(𝑠𝑖𝑛2𝛼 − 4𝑠𝑖𝑛2𝛼 +  38.12𝑣𝑠𝑖𝑛3𝛼√

𝜌p

𝜎f
)    (14) 
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And the volume removal due to network cracking 𝑉𝑓 is determined by [108] :  

𝑉𝑓 = 
𝑓𝑤𝛽𝑎𝜎f𝑚𝑣2𝑠𝑖𝑛2𝛼

3𝛾𝐸
     (15) 

where γ is the fracture energy per unit area; m is the mass of a single particle; v is the particle 

velocity at impact; 𝜎𝑓 is the flow stress of target material; 𝑓𝑤  is the proportional factor (𝑊𝑐/W), E 

is the modulus of elasticity; a is the grain size of ceramics, α is the impact angle, and β = 14.33 - 

6.25 sin 2.8v. Since the AWJ cutting is a multiple impact process, it is not reasonable to calculate 

the removal material directly from a summation of a series of single-particle impacts. The energy 

is lost in particles during the impact process which is represented in Eq. (15). It is super difficult 

to calculate the effects at each stage since the particle impacts each other and the same as the stress 

wave. Since there is no evidence of the dependence of these effects on material properties and 

AWJ parameters, a constant efficiency coefficient C, which is determined from experiments, is 

incorporated to predict the averaged material removal of individual particles. Therefore, the 

theoretical erosion rate, R, is calculated to be [109]: 

R= 
𝐶𝜌𝑉�̇�

𝑚
 = C[

𝑓𝑤𝛽𝑎𝜎f𝜌�̇�𝑣2𝑠𝑖𝑛2𝛼

3𝛾𝐸
 + 

𝜌�̇�𝑣2

4𝜎f
(𝑠𝑖𝑛2𝛼 − 4𝑠𝑖𝑛2𝛼 +  38.12𝑣𝑠𝑖𝑛3𝛼√

𝜌𝑝

𝜎f
)]  (16) 

4.3 Results and Analysis 

4.3.1 Effect of Incident Angle on The Morphology of The Impact Pit 

Figure 4.3a shows the simulated impact pit hole, at the incident angle of 90°. It is close to a 

circular shape. The predicted shape is in reasonably good agreement with the experiment result 

[98], as shown in Figure 4.3b. 
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Figure 4.3. TBCs’ typical features of the impact pit hole with incident angle 90°: (a) isometric 

view of simulation results, (b) top view of simulation results, (c) top view of experiment result 

[98]. 

Figure 4.4a shows the cross-sectional views of the simulated impact pit holes with the 

incident angles of 30°, 45°, 60°, and 90°. The impact velocity is kept at 300 m/s and abrasive 

particle concentration is 1%. Overall, the depth of the impact pit holes increases with the incident 

angle, while the width of the impact holes decreases with the increase of the incident angle. Among 

different incident angles, the width of the incident angle 30° is the largest and the depth of incident 

angle 90° is the largest. The simulated profiles, in terms of depth and width, are in the same trend 

as the experimental measurements, as shown in Figure 4.4b. The incident angle effect is more 

distinguishable in the experiment because of its longer impact time. 

Additionally, it is noted that all the profile curves, for both model and experiment, coincide 

at coordinates around (700 mm, 120 mm), and (1600 mm, 120 mm), suggesting there is a transition 

incident angle of 45o. When the AWJ incident angle is greater than the transition angle, impact 

holes develop faster in-depth direction than the width direction. 

(a)Model

(this study)

Experiment

200 um
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(a) 

 

(b) 

Figure 4.4. The cross-sectional profiles of the impact pit holes with different incident angles: 

30°, 45°, 60°, and 90°. (a) Simulated results from this study, (b) experiment result from Ref. 

[98].  (Water jet direction is towards the left). 

The incident angle’s dependence on the hole profile can be attributed to the vertical velocity 

components. The vertical velocity component (Vz) of the AWJ process increases with the incident 

angle, following a sine function relation. 
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Figure 4.5 shows the relations between the depth and vertical velocity components. It shows 

that the depth increases with the vertical velocity component. This is because both the depth and 

vertical velocities share the same direction, and the kinetic energy from the AWJ process, 
1

2
𝑚𝑣2, 

is responsible for the erosion. The fitted curve using the 2nd order polynomial is shown in Figure 

4.5, which confirms the validity of kinetic energy. 

 

Figure 4.5. Pit hole depth’s dependent on the vertical velocity component (Vz). The fitted curve 

using the 2nd order polynomial is also shown. 

4.3.2 Effect of Abrasive Concentration on Morphology of The Impact Pit 

Figure 4.6 shows the cross-sectional views of the impact pit hole profiles with abrasive 

particle concentrations of both 1% and 3%. The impact velocity is 300 m/s and the incident angle 

is 30°. It is clear that a higher concentration increases both the width and depth, which is consistent 

with the experimental data, as shown in Figure 4.6. However, our modeling results overpredict the 

1% case and underpredict the 3% case. This may be due to the assumptions of perfect spherical 

shape and monosized particles used in our model. 
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Figure 4.6. Cross-sectional views of impact pit hole profiles with abrasives (a) Simulated results 

(b) experiment results [98]. (Water jet direction is towards left). 

4.3.3 Effects of Impacting Time on Impact Pit Hole Morphology 

Figure 4.7 shows the cross-sectional views of the impact pit holes with the increasing 

impacting time, with the velocity of 300 m/s and incident angle of 30°. Both the width and depth 

of the impact pit hole increase with impacting time. In this work, the time scaling factor between 

the model and experiment is 4.4×103, based on comparing the total simulation time and total 

experimental time. The scaling factor in the horizontal direction is determined to be 2.5. 

It is noted that the deepest points in the pit hole shift gradually to the right, as labeled in 

Figure 4.7. This is because an incident angle of 30° is used. As the water jet is coming from the 

right side and towards the left side, the right side is eroded faster than the left side, causing the 

deepest points to move to the right side. By comparing the eroded thickness, the right side is eroded 

about 1.5 times the left side. The phenomena are observed in both modeling and experimental 

results, which further illustrates the effectiveness of the SPH model.  

It is also noted that the left side of the top surface in the experiment is much longer than the 

right side. This is unusual as it is unlikely to remove a quite large thin layer at the beginning of the 

process, i.e., 0.5 min. It is possible that there was a peel off event of the top layer in the experiment 

which caused this abnormality.  
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Figure 4.7. Cross-sectional views of the pit holes at different impacting times: (a) simulation 

results; (b) experiment results [98]. The curved arrows show the deepest points gradually shift to 

the right as the AWJ process proceeds, due to 30o of incident angle. 

4.3.4 Analytical Erosion Model 

Based on the analytical erosion model presented in Equation 16 [109], the erosion rates at 

different incidence angles are calculated, as shown in Figure 4.8. The following parameters are 

used in the analytical model: 𝑓𝑤 is 6.65×10-4,   is 5.8 J/m2, 𝜎𝑓 is 23 GPa, a is 12 µm, and �̇� is the 
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particle flow rate, 12.9 g/s [108, 110, 111] . According to the SPH modeling results, the coefficient 

C is determined to be 0.0065.  

As shown in Figure 4.8, the erosion rate increases with the incidence angle and the increase 

rate becomes slower as the incidence angle approaches 90o, which shows a good agreement with 

the analytical model. This is because the kinetic energy from the AWJ is responsible for the erosion 

process. As the incident angle increases, more vertical velocity component contributes to the 

kinetic energy.  

 

Figure 4.8. Simulated erosion rates at different incident angles. The analytical model [109] is 

also included for comparison. 

4.4 Summary  

In this work, a new SPH based model to simulate the thermal barrier coating removal process 

using the abrasive water jet technique is developed. The effects of the incident angle, abrasive 

concentration, impacting time are investigated. The main conclusions are summarized as follows. 

1. Both the width and depth of the impact pit holes increase with impacting time. It is noted 

that the deepest points in the pit hole shift gradually to the right when a 30o incident angle 

is used. This is because the water jet comes from the right side, which is more effective in 

removing the coatings on the right side. The phenomena are observed in both modeling 

and experimental results, which further illustrates the effectiveness of the SPH model. 
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2. A higher concentration of abrasive particles increases both the width and depth, which is 

consistent with the experimental data.  

3. The depths of the impact pit holes increase with incident angle, while the width of the 

impact holes decreases with the increase of the incident angle. The incident angle 

dependence can be attributed to the vertical velocity components.  

4. The erosion rate increases with the incidence angle, which shows a good agreement with 

the analytical model. As the incident angle increases, more vertical velocity component 

contributes to the kinetic energy which is responsible for the erosion process.  
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 MODELING OF MACHINING OF EB-PVD CERAMIC COATINGS 

USING SMOOTHED PARTICLE HYDRODYNAMICS METHOD 

A version of this chapter has been submitted to the journal for review. 

Abstract: In this work, an improved Smoothed Particle Hydrodynamics (SPH) based model 

for simulating the machining process of the thermal barrier coatings is presented. The columnar 

grain microstructure in the electron-beam physical vapor deposition (EB-PVD) coating is 

constructed. The Johnson-Holmquist 2 (JH-2) material model coupled with the Johnson-

Holmquist plasticity damage model is used for the ceramic coating. The cutting processing 

parameters, such as cutting depth, cutting speed, cutting tool’s edge radius, and rake angle, on the 

cutting force and temperature change, are studied. The results show that the fracture of the 

columnar grains during the cutting process is done through deflection and fracture of the grains, 

followed by pushing against neighboring grains. Both the cutting force and temperature of the 

coating increase with cutting depth due to increased cutting work transferred to heat. The cutting 

forces from the SPH model at the stable stage are in excellent agreement with the fracture 

mechanics analytical solution. The cutting force and temperature increase are higher for a larger 

edge radius, due to increased friction between the cutting tool and coating. The SPH model result 

follows the same trend as the main cutting force calculated by the analytical expression. The SPH 

cutting model developed in this work can be used as a design tool to optimize the coating 

machining process. 

5.1 Introduction 

Thermal barrier coating (TBC), such as fabricated using the electron-beam physical vapor 

deposition (EB-PVD) process (Figure 5.1), has been extensively used in the hot section of gas 

turbine components to provide thermal protection in harsh environments[112]. However, coating 

damage may occur over the service, which requires removing and repairing the damaged ceramic 

coating layer.  
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Figure 5.1. Cross-sectional view of an EB-PVD thermal barrier coating, which shows the 

columnar grains [113]. 

One of the coating removal processes is using tools, such as mechanical grinding [114-116]. 

The cutting tool is usually sharp and hard with special materials such as single crystal diamond 

[117].  In the cutting process, due to the interactions between the tool and coating, high stresses 

and high temperatures are expected [118]. In terms of cutting process parameters, the cutting tool 

geometry, cutting speed, lubrication conditions play important roles in both cutting quality and 

tool life [119]. In Ref. [120], the effect of cutting tool edge radius on the metal cutting process was 

studied. It is included that an optimal cutting tool edge can significantly increase the life of the 

cutting tool, reduce the cycle time of cutting operation, and obtain a better surface quality. In Ref. 

[121], the cutting tool wear and tool life for machining Inconel 718 were investigated based on 

optimizing the cutting speed.  

The temperature in the cutting materials increases because of converting cutting work or 

friction into heat. In Ref. [122], the effect of cutting parameters, such as cutting speed, feed rate 

and cutting depth on temperature was studied. In Ref. [123], a varying coefficient of friction, as a 

function of plastic strain rate, was proposed. In Ref. [124], the cutting depth combined with cutting 

speed was focused on their effects on surface roughness [124].  
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In addition to experimental studies, several numerical and modeling approaches have been 

proposed to understand the cutting process. In Ref.[125], fracture mechanics analysis has been 

conducted, where the cracking is controlled by the normal-opening mode [125]. In Ref. [126] when 

the cutting tool is vertically applied to the cutting material, the cutting process can be analyzed in 

analogy as an indentation process. [126]. In Ref. [127], the beam theory was employed. The three 

stages were identified: (a) elastic deformation, (b) plastic bending, and (c) shear with bending, 

which are classified as a function of load and/or the rake angle of the cutting tool. Additionally, 

the finite element method (FEM) has been extensively used for simulating the metal cutting 

process[128]. One of the most widely used damage models in metal cutting simulations is the 

Johnson-Cook (J-C) shear failure model, which is typically used in conjunction with the J-C 

constitutive equation [128]. In Ref. [129], the discrete element method (DEM) was also used to 

simulate the mechanical behavior of alumina ceramics in the cutting process. Both crack's 

initiation and propagation were modeled. Moreover, the smoothed particle hydrodynamics (SPH) 

method has been used to investigate the cutting process of zirconia ceramics based on the Johnson-

Holmquist II (JH-2) model[106]. The effects of tool and machining parameters on chip 

morphology and cutting force were studied [106]. Recently, the molecular dynamics (MD) method 

has been used to simulate the machining process and analyze the machining mechanism of brittle 

materials at the atomic level [130]. 

Although the above-mentioned experimental and numerical efforts, there are still limited 

studies on the cutting of thermal barrier coating materials. In this work, the SPH model will be 

employed to simulate the cutting process. The effects of cutting depth, cutting speed, tool geometry 

on cutting force, and temperature change will be investigated. The mesh-free technique SPH model 

is considered, since it may overcome some limitations in the FEM for brittle materials, such as 

severe FE mesh distortion [131]. There are several novelties in this work. The first one is the 

microstructure of the ceramic coating. Previous ones assume a uniform bulk sample. In this paper, 

discrete columnar grains will be used, which simulate EB-PVD (electron beam physical vapor 

deposition) thermal barrier coating microstructures. It will demonstrate the unique fracture 

behavior not available in the bulk material. The second one is focusing on the temperature effect 

since most previous studies were primarily focused on the mechanical behavior only. The 

temperature effect may have a profound effect on the tooling life and temperature-dependent 

material properties. 
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The structure of the paper is as follows. Section1 is the introduction. Section 2 presents the 

SPH model validation and convergence studies. Section 3 shows the ceramic cutting process model 

where the columnar grain model, cutting tool model, and materials and damage models are 

discussed. Section 4 presents the results, with the focus on cutting depth, cutting speed, cutting 

tool edge radius, and cutting tool’s rake angle. Section 5 provides the conclusions. 

5.2 Model Validation and Convergence Studies 

5.2.1 Mechanical Validation 

In this section, we conduct the model validation and convergence studies using an impact 

model, in which a rectangular bar impacts on a rigid wall. The dimensions of the rectangular impact 

bars are 8 mm ×8 mm ×20 mm. As shown in Figure 5.2 (a-d), three SPH bars with different particle 

densities and one finite element bar are considered. The total numbers of particles for the three 

SPH bars, SPH01, SPH02, and SPH03 are 2,500, 20,000, and 160,000, respectively, which 

corresponds to normalized particle densities of 1, 2, 4, respectively. The density of the bars is 1000 

kg/m3. The initial impact velocity of 50 m/s.  

The total computational time for the three SPH models and FEA model is about 10 minutes 

using an 8-Symmetric Multi-Processing (SMP) thread solver in LS-Dyna SPH capacity. In this 

work, the three SPH models and FEA models were built in a single input file, and all the models 

are solved together. 

 

 

Figure 5.2. Side views of the impact bars of (a) undeformed SPH01, (b) undeformed SPH02, (c) 

undeformed SPH03, (d) undeformed FEM, (e) deformed SPH01, (f) deformed SPH02, (g) 

deformed SPH03, and (g) deformed FEM. 
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Figure 5.2 (e-h) shows the deformed bars and their effective stress distributions. It is clear 

that both the shape changes and the effective stress distributions are similar in all the cases. The 

maximum effective stress is concentrated at the bar bottom where the impact and deformation 

occurred. In addition, the deformation increases from the bar top to the bottom.  

To get quantitative comparisons, the reductions of the bar lengths during the impact process 

for the SPH and FEM models are shown in Figure 5.3. For all the models, the reductions of the 

bar lengths follow the same pattern, which increases linearly with time. 

 

 

Figure 5.3. Reduction of the bar length vs. time for the SPH and FEM models. 

Figure 5.4 shows the kinetic energy evolutions for the four models. The kinetic energy 

decreases with time after an initial drop. The drop occurs immediately when the bars first contact 

with the rigid walls. The kinetic energy recovers afterward due to the rebound of the bar. The 

discrepancy in the SPH03 model may be caused by the accumulative numerical error. That is 

excessive particles lead to more computations, leading to more numerical error. Also, note that the 

relative error is still small between the SPH3 and FEM models. As shown in Figure 5.4, the relative 

error is approximately 50/1500 = 3.3%. 
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Figure 5.4. Evolution of kinetic energy for the SPH and FEM models. 

Therefore, based on both the qualitative and quantitative comparisons, the SPH models have 

a reasonably good agreement with the FEM model, including deformation and stress distribution 

in Figure 5.2, reduction of the bar length in Figure 5.3, and the kinetic energy evolutions in Figure 

5.4. 

Additionally, convergence studies were conducted, as shown in Figure 5.5,  which are the 

kinetic energy values of the three SPH bars at 0.012 ms, with different normalized particle densities. 

Remember that the mesh density of SPH01 is used for normalization, which is unity.  
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Figure 5.5. The kinetic energy of the SPH bars at different normalized particle densities. 

As the particle density values increase from 1 to 4, the kinetic energy values gradually 

converge to a constant value of about 1,565 J. The results are consistent with the kinetic energy 

evolution shown in Figure 5.4. Therefore, the normalized particle density of 2, or the particle 

density of SPH02, meets the convergence requirements and will be used in the following studies. 

5.2.2 Thermal Validation 

To validate the thermal aspects in the SPH model, the Fourier equation in the 1-D x-axis 

direction, without internally generated heat is applied [132] : 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
 = k

𝜕2𝑇

𝜕𝑥2      (1) 

where T is temperature; 𝜌 is density, k is thermal conductivity, t is time, and 𝐶p is heat capacity. 

The analytical solution to Eq. 1 is [132] : 

T(x,t) = 
𝑇0

𝜋
x + 

2𝑇0

𝜋
∑

(−1)𝑛

𝑛
∞
𝑛=1 𝑒

− 
𝑛2𝜋2

𝐿2 𝐴𝑘𝑡
𝑠𝑖𝑛

𝑛𝜋𝑥

𝐿
   (2) 

where L is total length and A is a constant, and the boundary conditions are T(0, t) = T0 and T(L, 

t) = 0. 

The initial temperature is set to be 20 ℃, and the adiabatic thermal boundary condition is 

used in the model. The SPH thermal model and solved temperature field are shown in Figure 5.6. 

The temperature decreases from the top side to the bottom side. The analytical solutions of the 
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Fourier equation [132] compared with the SPH model results, as shown in Figure 5.7, which shows 

the temperature distributions along the model length at different times. The solutions from the SPH 

model and the analytical solutions show good agreement, which validates the SPH thermal 

solutions.  

 

Figure 5.6. Temperature distribution in the SPH model. 

 

Figure 5.7. Temperature vs. length for the SPH model (solid lines) and the analytical solution 

(Eq. 2, dotted lines) at different moments.  
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5.3 Modeling of Ceramics Cutting Process 

5.3.1 Columnar Grain Ceramic Cutting Model 

 

 

Figure 5.8. Ceramic coating cutting model set-up. (a) The whole model shows the ceramic 

coating and cutter, (b) Top view of the ceramic coating, (c) the magnified local view of the 

ceramic coating to illustrate the columnar grains, (d) the side view of the columnar grains 

corresponding to (c). The gray regions in (c) and (d) are artificial for better visualization of the 

columnar grains. 

The ceramic cutting model is shown in Figure 5.8. A cutter is moving the top ceramic layer 

along the -X-axis direction. The ceramic coating is modeled using the SPH method, and its 

dimensions are 200×200×150 μm3.  
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A salient feature of the ceramic coating in this study is the columnar grain structure. To 

resemble the real EB-PVD coating structure, such as the one shown in Figure 5.1, the ceramic 

coating layer is moded as 400 columnar grains, as shown in Figure 5.8b. As detailed in Figure 5.8b, 

each column is a cylinder with a diameter of 10 μm and a height of 150 μm. The total number of 

SPH particles in the ceramic coating layer is 288,000.  

5.3.2 Cutting Tool Model 

The geometry of the cutting tools is shown in Figure 5.9.  To study the effect of sharpness 

of the cutting tool, two cases with different radii of the cutting edge are considered, which are 10 

μm and 0 μm, respectively. Additionally, two rake angles, 26.6°, and 11.6° are studied. The tool 

clearance angle keeps a constant of 18.4° [133].  

The cutting tool is regarded as a rigid body, and it is modeled using the finite element mesh 

following Ref.[119].  The total number of the finite element of the cutting tool is 1,955. 

 

Figure 5.9. Side view of cutting tools and their finite element mesh, with different radii of cutting 

edge angle R:(a) R=10 μm; (b) R=0 μm. The rake angle and clearance angle are also labeled.  

In terms of boundary conditions, the bottom of the SPH ceramic layer is fixed. The contact 

method between the cutting tool and the ceramic coating is AUTO-

MATIC_NODES_TO_SURFACE in LS-Dyna. The main contact surface is the tool surface, and 

the slave contact surface is the ceramic surface. The contact type is the penalty friction, and the 

coefficient of friction is taken as 0.2 [106]. The cutting speed is imposed using 
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BOUNDARY_PRESCRIBED_MOTION_RIGID in LS-Dyna [105]. The initial temperature is set 

to be 20 ℃, and the adiabatic thermal boundary condition is used in the model. 

5.3.3 Materials and Damage Models 

The constitutive model of zirconia ceramic coating is the Johnson-Holmquist 2 (JH-2) 

material model, corresponding to the No.110 material MAT_JOHN-

SON_HOLMQUIST_CERAMICS in the LS-DYNA material library [86]. The cutting tool 

material is diamond. The constitutive model of the tool is the rigid model, corresponding to the 

No.020 material MAT_RIGID in the LS-DYNA material library. The Johnson-Holmquist 

plasticity damage model is also used, which has been proved to be effective for modeling large 

deformation and fracture in ceramics, glass, and other brittle materials [86]. The equivalent stress 

for a ceramic-type material is given by [84]: 

𝜎∗ = 𝜎𝑖
∗ − 𝐷 (𝜎𝑖

∗ −𝜎f
∗)     (3) 

where 

𝜎𝑖
∗ = 𝑎 (𝑝∗ + 𝑡∗) 𝑛 (1 + 𝑐ln𝜀̇∗)    (4) 

represents the intact, undamaged behavior. The superscript, '*', indicates a normalized quantity. 𝑎 

is the intact normalized strength parameter, 𝑐 is the strength parameter for strain rate dependence, 

𝜀̇∗is the normalized plastic strain rate, and [84], 

𝑡∗ =
T

PHEL
     (5) 

𝑝∗ =
p

PHEL
     (6) 

where 𝑇 is the maximum tensile pressure strength, PHEL is the pressure component at the 

Hugoniot elastic limit, and 𝑝 is the pressure [84], 

D=∑
Δε

p

ε
𝑓

p       (7) 

represents the accumulated damage based upon the increase in plastic strain per computational 

cycle and the plastic strain to fracture [84], 

𝜀𝑓
𝑃 =  𝐷1(𝑝∗ +  𝑡∗)𝐷2     (8) 

and 

𝜎f
∗ = 𝑏(𝑝∗) 𝑚 (1 + 𝑐 ln𝜀̇∗) ≤ SFMAX    (9) 
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represents the damage behavior. The parameter d1 controls the rate at which damage accumulates. 

In an undamaged material in compression, the hydrostatic pressure is given by [84], 

𝑃 = K1𝜇 + K2𝜇2 + K3𝜇3     (10) 

and in tension 

𝑃 = K1𝜇      (11) 

where 𝜇 = 𝜌/𝜌0 – 1.  

The ceramic layer has the following properties of zirconia: density 5,850 kg/m3, shear 

modulus 95.31 GPa, tensile strength 0.2 GPa, Poisson’s ratio 0.22, thermal conductivity 2.0 W/(m

•℃) and heat capacity: 278 J/(Kg•℃). The coefficient values in the JH-2 model used for ceramic 

coating are shown in Table 5.1[106]. The diamond cutting tool is used with the following 

properties: density 3250 kg/m3, elastic modulus 1114 GPa, and Poisson’s ratio 0.07 [106]. 

Table 5.1. JH-2 parameters of ceramic coating [106]. 

Parameters Value 

A 0.93 

B 0.31 

C 0 

M 0.6 

N 0.6 

HEL(GPa) 2.79 

PHEL(GPa) 1.46 

D1 0.005 

D2 1 

K1 (GPa) 130.95 

K2 (GPa) 0 

K3 (GPa) 0 

 

Heat generation in the ceramic layer is considered in the model by setting the keyword 

FWORK =1.0, which is the fraction of the mechanical work converted into heat. It follows W 



 

119 

=ρcVΔT, where W is work, ρ is density, c is heat capacity, V is volume, ΔT is the temperature 

change. The initial temperature is set to be 20 ℃, and the adiabatic thermal boundary condition is 

used in the model [132]. 

5.4 Results and Discussion  

5.4.1 Effect of Cutting Depth on Cutting Force and Coating Temperature Increase 

To understand the effect of cutting depth on cutting force and ceramic layer’s temperature 

change, three tool cutting depths are selected: 20 μm, 30 μm, and 40 μm.  

Figure 5.10 shows the main cutting force evolutions for the three cutting depths. The cutting 

force of the 40 μm case is the highest since it has the largest ceramic layer removal rate, among 

the three cases. Additionally, it shows the main cutting forces increase rapidly in the initial 

contacting the ceramic layer. Then there is a slower increase of the cutting force because of a 

gradually stable cutting phase, at around 0.20 ms. The cutting forces under the stable state increase 

with the cutting depth, with the 40 μm case as the highest. Finally, the cutting forces drop due to 

reaching the end of the ceramic layer.  

 

Figure 5.10. Main cutting force 𝐹𝑥 evolution at different cutting depths. 

Williams et al. proposed a fracture mechanics analytical solution for the normalized cutting 

force (Fx/b) at the stable stage as a function of the cutting depth h [133]: 
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𝐹𝑥 

𝑏
 = 𝐺𝑐(1 +

𝐺𝑎

√1+μ2

1

𝑐𝑜𝑠𝛼
) +

𝐺𝑎

√1+μ 2
 + [

1−𝑠𝑖𝑛(𝛼−𝛽)

𝑐𝑜𝑠(𝛼−𝛽)
]𝜎𝑦ℎ    (12) 

where Gc is the energy release rate; α is the rake angle; μ is the friction coefficient tanβ=μ; Ga  is 

the adhesion toughness;𝜎y is tensile yield stress; b is the specimen width; h is the cutting depth 

[133]. In this study, the following parameters of zirconia ceramics are used 𝐺𝑎=0, and 𝐺𝑐=3.8 J/𝑚2 

[110]. 

Our SPH model results are compared against previous work. Both the SPH model and the 

above analytical solution Eq. 12 [133] are plotted in Figure 5.11. Both models show that the main 

cutting forces increase linearly with the cutting depth. The SPH model shows excellent agreement 

with the analytical solution for the cutting process based on fracture mechanics. 

 

Figure 5.11. Main cutting force 𝐹𝑥 at the stable stage at different cutting depths. SPH model vs. 

fracture mechanics analytical solution [133]. 

Figure 5.12 shows the maximum temperature in the ceramic layer at different cutting tool 

depths. The temperature increases with time, as more cutting work is converted to heat during the 

cutting process. Additionally, more temperature increases occur as the cutting depth is increased 

since more work is required for removing a thicker layer. 
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Figure 5.12. Maximum temperature evolution in the ceramic layer for different cutting depths  

5.4.2 Effect of Cutting Speed on Cutting Force and Coating Temperature Increase 

Figure 5.13 shows the main cutting force evolution at two different cutting speeds, 2.5 m/s, 

and 5 m/s, respectively. It is shown that the main cutting force with the speed of 2.5 m/s is smaller 

compared with the 5 m/s cases, at the same moment. However, the maximum main cutting force 

is almost the same, about 1.25 N, irrespective of the cutting speed, which is determined by the total 

amount of the removed chips.  

 

Figure 5.13. Main cutting force 𝐹𝑥 evolution under different cutting speeds 
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Figure 5.14 shows the maximum temperature evolutions at the two different tool cutting 

speeds. It is evident that the temperature increase is less for the cutting speed of 2.5 m/s than the 5 

m/s case. Lower cutting speed means less total work for the same duration, which is converted to 

heat W =ρcVΔT. It’s also consistent with the less cutting force shown in Figure 5.13.  

The modeled phenomenon of temperature increasing with cutting speed is consistent with 

the previously reported experiment on milling of sintered zirconia [33]. The cutting temperature 

increased sharply from 140 °C at 100  m/min  to  320 °C at 200  m/min  cases [33]. 

 

Figure 5.14. Maximum temperature evolution in the ceramic layer at different tool cutting speeds 

5.4.3 Effect of Cutting Tool’s Edge Radius on Cutting Force 

The profile of the cutting tool plays a critical role in the cutting performance [119]. In this 

section, the sharpness of the cutting tool on the cutting force is investigated. Two different edge 

radii, R=10 μm and R=0 μm, are considered.  

The SPH model in this study is capable to examine the stress evolutions in the EB-PVD 

thermal barrier coatings with columnar grains, which is not available if a uniform bulk ceramic 

coating model is used. Figure 5.15 shows the effective stress distributions for R=10 μm and R=0 

μm. It is noted that the stresses in the columnar grains are illustrated with a brighter color, while 

the gaps between the grains are in a darker color. Additional analysis reveals that the fracture of 

the columnar grains during the cutting process is done through deflection and fracture of the grains, 

followed by pushing against neighboring grains. Comparing the two cases, the R=10 μm case has 
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a broader high-stress region ahead of the cutting tool, suggesting a blunt cutter tip causes higher 

stresses. The machined ceramic chips show mostly a fine powder form, as illustrated in Figure 

5.15, which is distinct from cutting metallic materials. The R=10 μm case has a slightly coarser 

fragmentation than the R=0 μm case.  

In terms of the cutting tool, as observed in the experiment, the tool wear can cause higher 

cutting forces for the tool with a small edge radius[118]. In this model, the cutting tool is assumed 

as a rigid body, therefore, the tool wear is not considered in this model. 

At the same time, the stress is distributed in front of the cutting tool. The magnitude of the 

stress decreases in the negative X-direction. It means that the area affected by the cutting tool 

decreases with the distance of the cutting tool. In addition, the affected area of R=0 μm is smaller.  

 

Figure 5.15. Stress distribution at different cutting tool edge radii: (a) R=10 μm; (b) R=0 μm. 

The tool rake angle is 26.6°. 

Figure 5.16 shows the cutting force evolution under different cutting-edge radius. It also can 

be seen that the cutting force of R=10 μm is higher than R=0 μm. The tool with a sharper edge 

radius generates lower cutting forces because this tool easier enters the material. In addition, the 

cutting forces become stable after some time when the cutting process comes to a stable state. The 

small increase of the cutting force is caused by the accumulation of the removed coating. 
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Figure 5.16. Cutting force evolution at different cutting tool edge radii. 

Figure 5.17 shows the maximum temperature evolutions at different cutting tool edge radius. 

The maximum temperature increases initially until reaching a stable stage, where the equilibrium 

of heat transfer is reached in the ceramic coating layer.  

The temperature increases with R=10 μm is higher since a higher cutting force is required, 

as shown in Figure 5.16. This is because a higher friction force is generated in a larger radius, and 

more work is done by the cutting tool. As a result, more heat is generated between the cutting tool 

and ceramic coating. The high temperature is one of the main factors which causes the cutting tool 

wear and affects the surface roughness [134]. To minimize the temperature, increase in the ceramic 

layer, a small cutting tool edge radius is preferred.  
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Figure 5.17. Maximum temperature evolution in the ceramic layer at different cutting tool edge 

radii. 

5.4.4 Effect of Cutting Tool’s Rake Angle on Coating Temperature Increase 

The cutting tool rake angle has a profound effect on material removal, tool wear, surface 

generation, stresses, and crack formation [135]. It affects the contact area between the cutting tool 

and chips. Two different rake angles are selected to study the effect of different tool rake angles: 

26.6° and 11.6°.  

The decreasing rake angle can turn the cracking mode from the tensile mode to the sliding 

mode [125]. Figure 5.18 shows the stress distribution under the tool rale angle 11.6°. Compared 

with the stress distribution of rake angle 26.6° shown in Figure 5.15a, the maximum stress with 

the tool rake angle 11.6° is lower. However, the stress distribution area is much larger, suggesting 

the area affected by the cutting process is much bigger.  

Figure 5.18 also shows the machined ceramic chips removed from the coating. Compared to 

the rake angle 26.6 ° case in Figure 5.15a, more continuous and thicker chips are generated with 

the tool angle 11.6°. This is because the primary shear zone becomes vertical with the decrease of 

the tool angle, and the friction along with the tool/chip interface increases.  
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Figure 5.18. Stress distribution with the tool rake angle of 11.6°. The cutting tool edge radius is 

10 μm. 

Figure 5.19 shows the cutting force evolution under different tool rake angles. It is clear that 

the cutting force increases with the decreasing of tool rake angle. It follows the same trend as the 

main cutting force 𝐹𝑥 calculated by the analytical expression [136]: 

𝐹𝑥= A•𝑘𝑠•𝑘𝑣•𝑘γ•𝑘α•𝑘𝑡    (13) 

where A is the chip cross-section; 𝑘𝑠 is the specific cutting force; 𝑘𝑣 is the speed factor;  𝑘γ is the 

tool rake angle factor; 𝑘α is the tool wear factor and 𝑘𝑡 is the material factor.  𝑘γ=
𝐶−1.5γ

100
 , where  γ 

is the effective rake angle and C is the rake angle constant. The main cutting force decreases with 

the increase of the effective rake angle. For the orthogonal cutting process, the cutting angle is the 

effective rake angle [136].  
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Figure 5.19. Cutting force evolution 𝐹𝑥 under different tool rake angles. 

Figure 5.20 shows the maximum temperature of ceramics under different tool rake angles. 

The temperature increases with cutting time till approximately 0.25 ms, before reaching a more 

stable state. It also shows that the temperature in the 22.6° case is only slightly higher than the 

11.6 ° case, with a minimum difference. This is again due to the higher cutting force in the 22.6° 

case. 

 

Figure 5.20. Maximum temperature evolution in the ceramic coating under different tool rake 

angles. 
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5.5 Summary and Future Work 

A new SPH cutting model for thermal barrier coating has been successfully developed. The 

major conclusions are summarized as follows: 

1. The SPH model in this study is capable to examine the stress evolutions in the EB-PVD 

thermal barrier coatings with columnar grains, which is not available if a uniform bulk 

ceramic coating model is used. Additional analysis reveals that the fracture of the columnar 

grains during the cutting process is done through deflection and fracture of the grains, 

followed by pushing against neighboring grains.  

2. Model validation and convergence studies were conducted by comparing the SPH model 

with the FE model at different particle densities. 

3. Both the cutting force and temperature of the coating increase with cutting depth due to 

increased cutting work transferred to heat. The cutting forces from the SPH model at the 

stable stage are in excellent agreement with the fracture mechanics analytical solution. 

4. Both the cutting force and temperature of the coating increase with cutting speed due to 

increased coating removal rate. 

5. In terms of the effect of the cutting tool’s edge radius on cutting force, the cutting force 

and temperature increase of R=10 μm are higher than R=0 μm, due to increased friction 

between the cutting tool and coating. The machined ceramic chips show mostly a fine 

powder form, which is distinct from cutting metallic materials. The R=10 μm case has a 

slightly coarser fragmentation than the R=0 μm case. 

6. The cutting force decreases when the rake angle increases from 11.6 ° to 26.6 °.  The SPH 

model result follows the same trend as the main cutting force calculated by the analytical 

expression. 

Although the detailed modeling studies are presented in this work, additional experiments 

should be conducted in the future for direct comparison with the modeling results. 
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 MODELING OF MACHINING PROCESS OF EB-PVD CERAMIC 

COATINGS USING DISCRETE ELEMENT METHOD 

A version of this chapter has been submitted to the journal for review. 

Abstract: In this work, a new discrete element model (DEM) for simulating the machining 

process of thermal barrier coatings is presented. The effects of cutting processing parameters, 

including cutting depth and cutting speed, on the cutting force and chip morphology are studied.  

In the model, a columnar grain microstructure mimicking the electron-beam physical vapor 

deposition (EB-PVD) coating is used. The results show that, as the cutting depth increases, the 

cutting chip morphology changes from fine powder form (ductile mode) to large chuck pieces 

(brittle mode). The transition depth or the critical cutting depth is determined based on the Griffith 

fracture criterion. The transition is also illustrated using the numbers of broken bonds and cutting 

energy changes in the DEM model. In the ductile mode, the number of broken bonds is increased 

gradually. In contrast, at larger cutting depths, the brittle mode causes a step-wise increase. 

Moreover, the maximum cutting force is found correlated to the cutting depth, which agrees well 

with an analytical solution based on fracture mechanics principles. The period in the cutting force 

is consistent with the diameter of the column grain. Finally, the cutting speed has little effect on 

the cutting force and chip morphology due to no strain rate sensitivity.  

6.1 Introduction  

Thermal barrier coatings (TBCs) have been extensively used for protecting gas turbine hot 

sections, in order to achieve the demanding fuel efficiency and reduced emission goals [1]. The 

ceramic top layer is typically applied either by air plasma spray (APS) or by electron beam physical 

vapor deposition (EB-PVD). EB-PVD TBCs are preferred for aircraft engines due to their high 

strain tolerance imparted by the microstructure [19].  

Since engines are subject to degradation such as erosion, foreign object damage, and 

oxidation, TBCs failure may occur during operations. Failure of TBCs can either induce critical 

damage or reduce the life of turbine components and must be removed and repaired [9]. Various 

methods have been proposed for the removal of TBCs for turbine components such as grit blasting, 

chemical stripping, water jet, grinding, and laser ablation [8]. Of these methods, grinding is an 
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efficient and effective technique. The major challenge for machining of TBCs is their high 

hardness, high brittleness, and low fracture toughness[21]. Brittle materials experience a transition 

from ductile mode cutting to brittle mode cutting when cutting from small to large machining depth 

[22].  

Several experimental and modeling methods have been used to understand the grinding 

process. For example, in Ref. [137], experiments were conducted to study the grinding 

mechanisms of alumina (Al2O3).  The results showed that a small feed rate and grinding depth 

and high grinding speed improve the surface quality [137]. In Ref. [26], an orthogonal cutting 

model was built to simulate the alumina machining process. The peak cutting force in the tangential 

direction was determined by combining the force of chip formation and the frictional force. The 

model showed a good agreement with experimental measurement [26]. In Ref. [138], a finite 

element model (FEM) with tension-shear coupled fracture criterion was established to study the 

difference between the brittle and ductile ceramic removal modes.  The results showed that the 

model can capture the brittle-ductile transition in the ceramic grinding process [138]. Moreover, 

the smooth particle hydrodynamic (SPH) method was used to investigate the scratching process of 

SiC ceramics, which showed good agreement with the experiment [139, 140]. In Ref. [129], a 

discrete element model (DEM) was developed to simulate the cracks' initiation and propagation in 

the grinding of Al2O3. Additionally, at the atomic level, the molecular dynamics (MD) method 

has also been used to simulate the machining process and analyze the machining mechanism of 

some brittle materials [130]. However, there is a limitation of simulation domain size in the MD 

model. 

Compared with FEM, particle-based simulation methods, such as DEM and SPH, have the 

advantages of modeling fracture and fragmentation in brittle materials [141]. DEM has been used 

for predicting complex fracture patterns in ceramics [142]. However, there are very few 

publications on the machining of TBCs using DEM. In this paper, an orthogonal DEM cutting 

model is developed to study the EB-PVD coating machining process. The cutting processing 

parameters, such as cutting depth and cutting speed, are studied. There are several novelties in this 

work. The first one is the microstructure of the ceramic coating. Discrete columnar grains are used 

to simulate the EB-PVD TBC microstructures, which are distinct from the previous studies which 

used a uniform bulk coating. The columnar grains can demonstrate the unique fracture behavior 

not available in the bulk material. The second one is that the fracture and fragmentation of the 
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cutting chips due to the advantages of DEM for brittle materials. The structure of the paper is as 

follows. Section1 is the introduction. Section 2 presents the DEM parameter calibration test and 

columnar grain structure model. Section 3 shows the results, with the focus on cutting depth and 

cutting speed. Section 4 presents the conclusions. 

6.2 DEM Model Description 

6.2.1 Governing Equations in DEM  

DEM is a particle-scale numerical method for modeling the bulk behavior of granular 

materials proposed by Cundall and Strack [42]. In DEM, each particle is treated as a rigid 2D disc 

or 3D sphere. The particles are connected using contact bonds. Particle motions obey Newton’s 

second law [43]: 

𝑚𝑖
𝑑𝑉𝑖

𝑑𝑡
= ∑ (𝐹𝑐,𝑖𝑗 +

𝑘𝑖
𝑗=1 𝐹𝑑,𝑖𝑗) + 𝑚𝑖𝑔    (1) 

𝐼𝑖
𝑑𝑤𝑖

𝑑𝑡
= ∑ 𝑇𝑖

𝑘𝑖
𝑗=1      (2) 

where vi and  i are the vectors of the linear and angular velocities of an ith particle, respectively, 

mi is the weight; Ii is inertia; Fc,ij is the contact force of particle j to particle i, Fd,ij is the damping 

force between particle j and i, and Ti is the resultant force moment.  

In this paper, the parallel bond model is selected as the DEM contact model. The parallel 

bond model, proposed by Potyondy and Cundall [143], is a bonding model that enables the 

specification of tensile and shear strengths. The moment transfer/resistance is caused by the normal 

and tangential components of the contact force [143]. The parallel bond can be envisioned as a set 

of elastic springs with constant normal and shear stiffness, �̅�𝑛 and �̅�𝑠, and it is always active if it 

is bonded or if the surface gap is less than or equal to zero [144]. By changing the particle size and 

the parameter of the parallel bond, the parallel bond model can be used to simulate the mechanical 

response in TBCs [145]. The contact force and moment are calculated as [143]: 

F=(𝐹𝑛 + �̅�𝑛) • �̂� + 𝐹𝑠 + �̅�𝑠     (3) 

M=�̅�       (4) 

where the parallel bonds are delineated with bar accents and the subscripts n and s indicate the 

normal and shear direction, respectively. 𝐹𝑛  and 𝐹𝑠  encompass the contributions of the linear 

springs and viscous dashpots. When the force applied on the parallel bond is higher thant its 

strength, the parallel bond will be broken, and the connection state will be changed to a non-bonded 
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connection, which indicates that the particles can only withstand compressive stress and sliding 

friction [146].  

6.2.2 Model Parameter Calibration 

To determine the parameters in the DEM parallel bond model, a model parameter calibration 

study is first conducted. In general, the mechanical properties of a TBC can be determined by its 

elastic modulus, unconfined compressive strength, Poisson’s ratio, tensile strength, and fracture 

toughness. Using these macroscopic properties, the corresponding DEM particle and contact 

parallel bond model parameters can be derived [25, 147].  

In this work, three mechanical tests are simulated to calibrate the DEM particle and contact 

model parameters, as shown in Figure 6.1, including (a) uniaxial compression test; (b) uniaxial 

tensile test, and (c) fracture toughness test, following Ref. [147]. The parameters in the parallel 

bond model are tuned, such that the simulated macroscopic mechanical properties match the 

experimental data, which are listed in Table 1 [148-150].  

 

Figure 6.1. DEM model parameter calibration tests: (a) uniaxial compression test; (b) uniaxial 

tensile test, and (c) fracture toughness test. 

As shown in Figure 6.1, the uniaxial compression test was carried out by moving two rigid 

walls to the specimen. The tensile test was done by moving two boundary layers at the end to the 

opposite direction. The height of specimens used for compression and tensile tests was two times 

their width. The fracture toughness test was carried out through a three-point bending test with the 

specimen notched at the bottom center. The depth of the notch is half of the height of the specimen. 

All the specimens used were assembled by the particles with a particle radius of 5 µm [145].  
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6.2.3 Columnar Grain Microstructure Model and Boundary Conditions 

To mimic the EB-PVC columnar grain structure, such as the one shown in Figure 6.2[151] 

the DEM model’s coating layer is comprised of 48 small square columns (Figure 6.3). The overall 

layer’s dimension is 400 µm × 300 µm× 150 µm, and each columnar grain is 50 µm × 50 µm× 150 

µm. The cutting tool is a rigid wedge. The total number of DEM particles is 24,781.  

 

Figure 6.2. Cross-sectional view of an EB-PVD thermal barrier coating, which shows the 

columnar grain structure [151]. 

 

Figure 6.3. DEM cutting model of the TBC layer. The cutting tool is also shown. 
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In terms of the boundary conditions, the bottom of the coating layer is fixed with other 

surfaces free. A combination of cutting speed (2,4, and 8 m/s) and cutting depth (5, 25, and 75 µm) 

are used to investigate their effects. To reliably update the model state, an automatic timestep is 

selected. In the default setting, the stable timestep is calculated based on the current stiffness and 

masses of all objects in the system.  

6.3 Results and Discussion 

6.3.1 Model Calibration Parameter Results 

Through the calibration process described in Section 6.2.2, the derived parameters for the 

DEM parallel bond are as follows: Young’s modulus Ebond is 20 GPa, the ratio of shear to normal 

stiffness �̅�𝑠 �̅�𝑛⁄  is 3.0, tensile strength 𝜎𝑐 is 150 MPa, shear strength is 𝜏�̅� 75 MPa, and bond gap 

g is 2×10 -7  m.  

Using the above calibrated DEM parallel bond parameters, the simulated mechanical 

properties from this DEM model are summarized in Table 6.1. As shown in the table, the simulated 

DEM properties are in excellent agreement with the experimental data, indicating the correctness 

of the calibrated parameters. 

Table 6.1. Simulated mechanical properties of the EB-PVD ceramic coating using the calibrated 

DEM parameters compared against the experimental data in the literature [148-150]  

Mechanical properties (unit) 
Simulated DEM results (this 

study) 

Experimental results [148-
150] 

Poisson’s ratio 0.2 0.2 

Elastic modulus (GPa) 41 40 

Compression strength (MPa) 513 510 

Tensile strength (MPa) 22.4 22.3 

Fracture toughness (MPa√𝑚) 2.03 2.05 

6.3.2 Effect of Cutting Speed on Cutting Force and Chip Morphology 

The role of cutting speed in the cutting process is investigated by simulating different cutting 

speeds, as shown in Figure 6.4, at the same cutting depth of 25 µm. The chip formation and the 
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chip size has shown the similar deformation , suggesting the results are not sensitive to the cutting 

speed. 

 

Figure 6.4. Chip formations at different speeds: (a) v= 2 m/s; (b) v =4 m/s; (c) v= 8 m/s  

To quantitatively evaluate the speed effect, the cutting force evaluations at different cutting 

speeds at the same cutting depth of 25 µm are plotted in Figure 6.5. The cutting force curves show 

the same pattern with little difference. This is because the ceramic material in our model is not 

strain rate sensitive.  

 

Figure 6.5. Horizontal cutting force at different cutting speeds. 
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Figure 6.6 shows the evolutions of the numbers of broken bonds at different cutting speeds. 

All the curves are very similar. Therefore, the cutting speed has little influence on the TBCs failure 

mode, which is consistent with the similar material in the previous study [152]. 

 

Figure 6.6. Evolutions of the number of broken bonds at different cutting speeds. 

6.3.3 Effect of Cutting Depth on Cutting Force and Chip Morphology 

Figure 6.7 shows the chip formation at different cutting depths (d) with a constant cutting 

speed of 2 m/s. When the cutting depth is small, i.e., 5 µm in Figure 6.7a, fine particles are formed, 

as discussed in Refs. [26, 153], it refers to a ductile failure mode. As the cutting depth is increased 

from 5 µm to 25 µm, as shown in Figure 6.7b, the chip morphology is changed from fine powder 

to small chucks combined with a fine powder, indicating a transition to a mixed ductile and brittle 

mode. For the large cutting depth of 75 µm, as shown in Figure 6.7c, the chunk-like chips are 

dominant, as mentioned in Refs. [26, 153] a brittle failure mode. Also in Figure 6.7c, it is noted 

that the ductile mode still exists at the crushing zone where the cutting tool and columnar grains 

are in contact. 
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Figure 6.7. Chip formations at different cutting depths: (a) d= 5 µm, (b) d= 25 µm, and (c) d= 75 

µm. The red color represents the broken bonds. 

The DEM model results are consistent with the brittle-ductile transition failure mechanisms 

discussed in Refs. [25, 154]. The ceramic materials fail in the ductile mode when the cutting depth 

is small. As the cutting depth increases, the failure mode changes from the ductile to the brittle 

mode. A model based on the Griffith fracture criterion has been reported to predict the critical 

cutting depth dc which predicts the ductile-to-brittle transition [22]: 

dc = ψ 
𝐸

𝐻
(

𝐾𝑐

𝐻
)2      (5) 

where E is Young’s modulus, H is hardness, 𝑘𝑐 is fracture toughness, and ψ is the material’s brittle-

ductile transition factor, which is varied for different brittle materials [22].  

For typical ceramic materials including zerodur and silicon carbide, the material’s brittle-

ductile transition factor of 0.15 [155]. The ceramic hardness is assumed to be 3.3 GPa [156]. Using 

Equation 5, the calculated critical cutting depth dc is 8.8 µm.  This calculated value is consistent 

with the DEM model results, that is, when the cutting depth is 5 µm in Figure 6.7a, which is less 

than the predicted critical cutting depth of 8.8 µm, the dominant failure mode is the ductile mode. 

Figure 6.8 shows the cutting force evolution at different cutting depths with a cutting speed 

of 2 m/s. The peak forces increase with the cutting depths. Take the first peak force values, for 

example, the peak force is increased from 0.31 N to 0.85 N when the cutting depth is increased 

from 5 µm to 75 µm. 
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(a) 

 
(b) 

 
(c) 

Figure 6.8. Horizontal cutting force (𝐹𝑥) at different cutting depths: (a) d= 5 µm; (b) d= 25 µm; 

(c) d= 75 µm. t1 ~ t5 are the five key moments that will be discussed in Figure 9. 
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For all the cutting depths, the cutting forces oscillate during the orthogonal cutting process. 

The fluctuations consist of large periodic fluctuation and small periodic fluctuation. As mentioned 

in Refs. [26, 154, 157], the abruptly large fluctuation of cutting force is corresponding to the brittle 

failure mode, and the smaller fluctuation represents the ductile failure mode, which is observed in 

the ceramic cutting process in the experiments. 

 As shown in Figure 6.8a the period of large fluctuation is approximately 0.25×10-4 s, which 

corresponds to the time required to cut through a column grain. From Figure 6.8a through Figure 

6.8a, with the increasing cutting depth, the large periodic fluctuations are more distinctive. As 

shown in Figure 6.8c, since the large periodic fluctuations are caused by the formation of chunk-

like chips while the small periodic fluctuations are from the formation of fine powders, therefore, 

it demonstrates the transition from the ductile failure mode to brittle failure mode. Meanwhile, by 

comparing the cutting force at different cutting depths, the small periodic fluctuations follow the 

large periodic fluctuations, which correspond to the micro-cutting of a new surface after the chunk-

like chip is broken off.  

To better understand the cutting processes and failure mode, the cracks distribution and chips 

deformation at five key moments t1 ~ t5 labeled in Figure 6.8 are scrutinized. t1 is the initial 

undeformed state; t2 is the moment when the broken bonds firstly develop; t3 is the moment 

corresponding to the first peak value; t4 is the moment of the beginning of small force fluctuations, 

and t5 is the moment corresponding to the end of the first period. It is concluded that only a few 

cracks come out for the first peak value and there is nearly no deformation in this stage. In the first 

period, most of the cracks occur between t3 and t4, especially at large cutting depths. From the 

moments of t4 and t5, the cutting chips keep falling with little new particles. 
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(1)  

 

(2) 

Figure 6.9. Cracks distribution and chips deformation at five key moments ((a) t1, (b) t2, (c) t3, 

(d) t4, and (e) t5.) for three cutting depths: (1) d= 5 µm; (2) d= 25 µm; and (3) d= 75 µm.  
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Figure 6.9 continued 

 

(3) 

 

The cutting process is further analyzed using the numbers of broken bonds. Figure 6.10 

shows the evolutions of the numbers of broken bonds that increase with the cutting depths. By 

comparing the same time step as in Figure 6.8, it shows that the broken bond numbers jump at the 

peak forces, which corresponds to the formation of the chunk-like chips. For the large cutting depth 

of 75 µm, a step-wise curve is observed, and the bond number is unchanged afterward in the step. 

In comparison, a small cutting depth of 5 µm shows a much smoother curve. The broken bond 

numbers agree well with the brittle and ductile failure modes, which further enforces the 

conclusion that there is a transition from the ductile to brittle mode with the increase of cutting 

depth.  
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Figure 6.10. Evolution of the number of broken bonds under different cutting depths. 

Figure 6.11 shows the cutting energy evolutions at different cutting depths. The cutting 

energy is calculated by integrating the cutting force over the cutting distance. The cutting energy 

evolution has a similar trend as the broken bond numbers in Figure 6.10. From the energy 

conservation principle, the consumed cutting energy or work is used to break the particles’ bonds. 

In addition, as shown in Figure 6.10, the broken bond number of the 75 µm case is about 

two times the broken bond number of 5 µm. However, the cutting energy of 75 µm is about two-

thirds of the cutting energy of 5 µm, which means that the small cutting depth requires more cutting 

energy. It is because, at a small cutting depth, the bonds at both the cutting interface and within 

the ceramics need to be broken. While it is at a large cutting depth, due to brittleness of the ceramic 

coating, only the cutting interface between cutting tool and the ceramic needs to be broken [158].  
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Figure 6.11. Evolution of cutting energy under different cutting depths. 

Figure 6.12 shows the side views of the contact force distributions between the particles. 

From the side legend bars, the maximum contact force increases with the cutting depth. It is 

coincident with the cutting force increase applied by the cutting tool. At the same time, there are 

more contacts between the chips and column grains for the large cutting depth which affects the 

chip deformation mode.  
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Figure 6.12. Side views of the cutting models where the contact forces between particles are 

shown.: (a) d= 5 µm; (b) d= 25 µm; (c) d= 75 µm. 

6.3.4 Cutting Force and Cutting Speed Correlation 

Liu et al. proposed an analytical solution based on brittle fracture mechanics [26]. In the 

model, the cutting force consists of two sources: the force of chip formation, 𝐹𝑐, and the friction 

force 𝐹𝑓 between tool flank face and workpiece’s machined surface [26]:  

𝐹𝑥 = 𝐹𝑐 + 𝐹𝑓 = (𝑘𝑝𝑖𝜔𝜎𝑝𝑎𝑝
𝑑

𝑎𝑝
) + [𝑦0 + 

𝐴

𝜔×√𝜋 2⁄
𝑒−2×(

𝐹𝑛−𝑥𝑐
𝜔

)2

] × [𝑘𝑝𝑗𝜔𝜎𝑝𝑎𝑝
𝑑

𝑎𝑝
×

1−𝑐𝑜𝑠2𝜆

𝑠𝑖𝑛2𝜆
]  (5) 

where  is the width of the workpiece; λ is the half-angle of the crush zone; ap is the depth of the 

cut; kpj is the force factor of Fp in the transverse directions; kpi and kpj are the force factors ranging 

0 < kpi ≤ 1, 0 < kpj ≤ 1; Fx is the tangential cutting force; Fy is normal cutting force, Ff is the friction 

force between tool flank face and workpiece’s machined surface; and d is the depth of the crush 

zone. In this study, the following parameters of zirconia ceramics are used: y0=0.57, A=1.85×105, 

kpi=1.1, kpj=0.62, and d=0.055×ap [26].  
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Both the DEM model and the above analytical solution are plotted in Figure 6.13. Both 

models show that the cutting forces increase linearly with the cutting depth. The DEM model 

shows an excellent agreement with the analytical solution, suggesting the cutting process primarily 

follows the fracture mechanics principles. 

 

Figure 6.13. The DEM calculated cutting force at different cutting depths, compared with the 

analytical solution [26]. 

6.4 Summary  

A new DEM for the thermal barrier coating cutting model has been successfully developed. 

The cutting processing parameters, cutting depth, and cutting speed, are studied. The major 

conclusions are summarized as follows: 

1. During the coating removal process, a ductile-to-brittle transition depending on the cutting 

depth is identified. The transition occurs at the critical cutting depth based on the Griffith 

fracture criterion. At the small cutting depths, a ductile failure mode dominates the cutting 

process, leading to fine cut particles. As the cutting depth exceeds the critical cutting depth, 

a brittle failure mode is observed with chunk-like chips. 

2. The evaluations of broken bonds and cutting energy show that a step-wise manner when 

the cutting depth is large, which is due to the brittle mode, while a smooth increase is 

observed in the small cutting depth because of the coating’s ductile failure mode. 
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3. Due to the columnar grain structures of coating, the peak cutting forces show a periodic 

fluctuation, and the period is coincident with the width of the columnar grain. 

4. The DEM model shows an excellent agreement with the analytical solution, in which the 

cutting force increases linearly with the cutting depth, suggesting the cutting process 

primarily follows the fracture mechanics principles. 

5. The cutting speed has little effect on the cutting forces and chips morphology, which is due 

to the modeled ceramic material is not strain rate sensitive.  

  



 

147 

 MODELING OF FAILURE MECHANISMS OF THERMAL 

BARRIER COATING WITH REALISTIC STRUCTURE USING 

DISCRETE ELEMENT METHOD  

Abstract: In this work, a new DEM TBC model based on the real columnar structure was 

successfully developed. Based on the calibrated DEM model, an indentation test and three damage 

models were investigated. The deformations were consistent with the experiment results in 

previous literature.  Within the DEM model, the TBCs’ cracks' initiation and propagation processes 

under different damage modes were observed. The stress distributions under three different modes 

were calculated. The stress distribution area and the values increased from mode Ⅰ to mode Ⅲ, 

which are consistent with the impact momentum.  For mode Ⅲ, two different types: large particles 

at low velocities or smaller particles at higher velocities, were studied. The results show that the 

large particle with low velocities has a bigger impact zone and smaller particles at higher velocities 

caused higher stress. The DEM simulation results are consistent with the experiment result and 

could help deeply explain the failure mechanisms of TBC under the different impact momentum. 

7.1 Introduction  

Thermal barrier coating (TBC) was first applied to reduce the metal surface temperature 

more than fifty years ago. As a coating system, TBCs usually consists of the four layers a ceramic 

top coat, typically composed of yttria-stabilized zirconia (YSZ), a thin thermally grown oxide 

(TGO) layer, which acts as a protecting layer to retard oxygen diffusion and oxidation of the 

superalloy substrate, a metallic bond coat, typically composed of NiCoCrAlY and a Ni-base 

superalloy substrate [8]. Two main techniques are now wildly used to manufacture the top layer 

coating: plasma spray deposition and EB-PVD (electron beam physical vapor deposition) [159]. 

For a high thermal loaded engine, EB-PVD coating with columnar grain structure is preferred. It 

has been proved that EB-PVD coating could result in significant improvement for coating 

durability [16]. However, TBCs meet a number of challenges during the period of operation 

process such as foreign object damage, erosion, oxidation, and sintering [160]. To evaluate the 

reliability and integrity of TBCs at high temperatures, it is critical to understand their plastic 

deformation behavior under loading. Indentation tests, which can be used to measure the hardness 

and plastic response of the TBC system, have been adopted to assess TBC performance[161]. Chen 



 

148 

et al developed a finite element model (FEM) indentation model with a columnar microstructure 

to explore the deformation behavior of TBC. The results indicate the indentation pressure is 

sensitive to friction coefficient between columns and their width but insensitive to the contact 

between the surface of TBC and indenter [162]. Makoto Tanaka and Yu-Fu Liu have done 

Rockwell indentation experimental and FEM test to identify the interface delamination in EB-PVD 

coating.  The stress mapping in experiments and finite element analysis were compared, through 

which the size of the delaminated region, delamination crack front position, and delamination paths 

were presented [163]. Three erosion modes based on the dimension of the impact particles were 

reported by Chen et al where the impact processes were extracted as an indention test. Three 

domains:  domain I deeply penetrating plastic/densification zones, domain II shallow densified 

zones, and domain III an entirely elastic zone were determined according to the size of particle 

radius and column size [164]. The failure mechanism during EB-PVD TBCS’ erosion process with 

non-uniform real morphology was presented by Yang et al. A series of indentation tests with 

uniform and non-uniform real structures were carried out to investigate the erosion behavior using 

FEM. Compared with the uniform structure, the non-uniform realstructure simulation results 

showed that it was more easier  for the real morphology to be damaged [160]. 

In conclusion, the indentation test is an effective way to assess the mechanical properties of 

the TBC and the non-uniform real structure is preferable to the uniform columnar grain structure. 

However, most of the simulation models are based on uniform extracted structures and the 

conventional FEM method. In this paper, to overcome these limits, a non-uniform columnar grain 

structure from an SEM image is generated in DEM. With this non-uniform DEM model, the failure 

processes of TBCs with real morphology were simulated under three failure modes. The TBCs’ 

cracks' initiation and propagation process will be observed and the stress distributions with 

different indentation depths will be also investigated. Meanwhile, three damage modes under three 

domains investigated in the previous reference [164] will be further studied based on the DEM 

model with real structure.   
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7.2  DEM Model 

7.2.1 Geometrical Model 

The DEM model used in this paper consisted of a top coat layer and a substrate layer. As 

shown in Figure 7.1, The EB-PVD coating layer was extracted from a scanning electron 

microscopy (SEM) image with non-uniform real morphology [140]. As shown in Figure 7.2, the 

thicknesses of the top layer and the substrate layer were 200 μm, and 800 μm, respectively and the 

width is 1028 μm [163]. The number of particle used in the model is 103374. The different sizes 

of impact particles are substituted with the rigid balls with radius 200 μm, and 50 μm individually. 

To generate the real columnar grain structure, a grayscale-based image was generated from 

the SEM image through grayscale treatment using MATLAB code. By setting some pixel 

thresholds, a binary image could be obtained. Then import the binary image into the software 

Raster 2 Vector 5.x (R2V) and make the binary image vectorization. After that, save the file in dxf 

format which could be read by AutoCAD software. Revise morphology and improve the 

dimensions if it needs in the AutoCAD software before it is finally used to generate the DEM 

model. At last, the SEM image is transferred to a [0, 1] digital image with values corresponding to 

each pixel and a matrix (F) with m × n dimensions can be generated in the following format [165] 

F = [

𝑓(0,0) 𝑓(0,1)
𝑓(1,0) 𝑓(1,1)

. . . . . . 𝑓(0, 𝑛 − 1)

. . . . . . 𝑓(1, 𝑛 − 1)
. . . . . . . . . . . .

𝑓(𝑚 − 1, 0) 𝑓(𝑚 − 1, 1)
. . . . . . . . . . . .
. . . . . . 𝑓(𝑚 − 1, 𝑛 − 1)

]  (1) 

The values of f (i, j) in the matrix (F) for EB-PVD coating with real columnar grain structure 

were [165], 

𝑓(𝑖, 𝑗) = {
0
1

 
(𝑖𝑛𝑡𝑒𝑟 − 𝑐𝑜𝑛𝑙𝑢𝑚𝑛𝑎𝑟 𝑧𝑜𝑛𝑒)

(𝑐𝑜𝑙𝑢𝑚𝑛𝑎𝑟 𝑔𝑟𝑎𝑖𝑛)
 (0 ≤ 𝑙 ≤ 𝑚 − 1, 0 ≤ 𝑗 ≤ 𝑛 − 1)   (2) 

As shown in Figure 7.2, the no-uniform real structure geometric model is generated in a 

DEM model, which is the same as the real EB-PVD structure. The following simulations are based 

on this non-uniform real structure.  
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Figure 7.1. Cross-sectional microstructure of TBC system with columnar structure [166]. 

 

Figure 7.2. DEM model extracted from SEM image with realistic columnar grains and inter-

columnar zone. 

7.2.2 Governing Equations in DEM  

DEM is a particle-scale numerical method for modeling the bulk behavior of granular 

materials proposed by Cundall and Strack [42]. In DEM, each particle is treated as a rigid 2D disc 

or 3D sphere. The particles are connected using contact bonds. For different material, selecting the 

proper bond is very critical for the simulation. Particle motions obey Newton’s second law [43]:  
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𝑚𝑖
𝑑𝑉𝑖

𝑑𝑡
= ∑ (𝐹𝑐,𝑖𝑗 +

𝑘𝑖
𝑗=1 𝐹𝑑,𝑖𝑗) + 𝑚𝑖𝑔    (3) 

𝐼𝑖
𝑑𝑤𝑖

𝑑𝑡
= ∑ 𝑇𝑖

𝑘𝑖
𝑗=1       (4) 

where vi and  i are the vectors of the linear and angular velocities of an ith particle, respectively 

mi is the weight; Ii is inertia; Fc,ij is the contact force of particle j to particle i, Fd,ij is the damping 

force between particle j and i, and Ti is the resultant force moment.  

In this paper, the parallel bond model is selected as the DEM contact model. The parallel 

bond model, proposed by Potyondy and Cundall [143], is a bonding model that enables the 

specification of tensile and shear strengths. The moment transfer/resistance is caused by the normal 

and tangential components of the contact force [143]. The parallel bond can be envisioned as a set 

of elastic springs with constant normal and shear stiffness, �̅�𝑛 and �̅�𝑠, and it is always active if it 

is bonded or if the surface gap is less than or equal to zero [144]. By changing the particle size and 

the parameter of the parallel bond, the parallel bond model can be used to simulate the mechanical 

response in TBCs [145]. The contact force and moment are calculated as [143]: 

F=(Fn + F̅n) • n̂ + Fs + F̅s     (5) 

M=M̅        (6) 

where the parallel bonds are delineated with bar accents and the subscripts n and s indicate the 

normal and shear direction, respectively. 𝐹𝑛  and 𝐹𝑠  encompass the contributions of the linear 

springs and viscous dashpots. The parallel bond will be failed while the applied force is higher 

than its strength. While the bond failure happens, the bond state will be transferd to a non-bonded 

state, which means that the particles can bear ongly compression and friction [146].  

7.2.3 Model Calibration 

To determine the parameters in the DEM parallel bond model, a model parameter calibration 

study is first conducted. In general, the mechanical properties of a TBC can be determined by its 

elastic modulus, unconfined compressive strength, Poisson’s ratio, tensile strength, and fracture 

toughness[25]. Using these macroscopic properties, the corresponding DEM particle and contact 

parallel bond model parameters can be derived [25, 147].  

In this work, three mechanical tests are simulated to calibrate the DEM particle and contact 

model parameters, as shown in Figure 6.1, including (a) uniaxial compression test; (b) uniaxial 

tensile test, and (c) fracture toughness test, following Ref. [147]. The parameters in the parallel 
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bond model are tuned, such that the simulated macroscopic mechanical properties match the 

experimental data, which are listed in Table 7.1[148-150].  

 

Figure 7.3. DEM model parameter calibration tests: (a) uniaxial compression test; (b) uniaxial 

tensile test, and (c) fracture toughness test. 

 

As shown in Figure 7.3, the uniaxial compression test was carried out by moving two rigid 

walls to the specimen. The tensile test was done by moving two boundary layers at the end to the 

opposite direction. The height of specimens used for compression and tensile tests was two times 

of their width. The fracture toughness test was carried out through a three-point bending test with 

the specimen with a notched at the bottom center. The depth of the notch is half of the height of 

the specimen. All the specimens used were assembled by the particles with a particle radius of 5 

µm [145].  

Table 7.1. Calibrated mechanical properties of the EB-PVD ceramic coating from the 

experimental data in literature [148-150] and the simulated DEM results from this study 

Mechanical properties (unit) 
Experimental macroscopic 

data [148-150] 
Simulated DEM modeling 

results (this study) 

Elastic modulus (GPa) 40 41 

Poisson’s ratio 0.2 0.2 

Compression strength (MPa) 510 513 

Tensile strength (MPa) 22.3 22.4 

Fracture toughness (MPa√𝑚) 2.05 2.03 
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7.2.4 Fracture Criterion 

Ceramics are generally brittle due to the difficulty of dislocation motion or slip. Even there 

is only a small plastic deformation, which separates the material into two, the brittle failure or the 

fracture comes out. The material failure happens while the maximum normal stress exceeds 

the strength of the material in any direction of the brittle material [167]. To obtain the principal 

stresses at critical points, the 1st principal distributions under different failure modes were 

calculated.  

7.3 Results and Discussion 

7.3.1 Indentation Test 

An indentation test based on the experiment was set up in the DEM model (Figure 7.4). The 

Rockwell brale C indenter with a tip radius of 200 μm was used for the indentation test [6]. As 

shown in Figure 7.5a various damages, such as TBC columnar bulking, TBC cracks, and a 

densified zone, were observed in the DEM indentation test. On the other hand, the delamination 

occurred in the interface between the TBC layer and the substrate layer. These observations are 

similar to the experimental phenomenon as shown in Figure 7.5b. The test results further validated 

the DEM models.  

 

Figure 7.4. Indentation test DEM model  [163]. 
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(a) 

 

(b) 

Figure 7.5. Indentation test results: (a) DEM model; (b) experiment result [163]. 

7.3.2 Mode Ⅰ - Erosion (Near Surface Cracking/Lateral Cracking) 

As illustrated in Figure 7.6,  mode Ⅰ refers to the small particle impact and the surface region, 

the top 20 μm, of the individual columns, and a number of neighboring columns are cracked [164].  
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Figure 7.6. Cross-section of an eroded sample of TBCs showing mode Ⅰ(near-surface cracking) 

mode [164]. 

 

Figure 7.7. Crack distribution and TBC deformations of DEM model corresponding to mode Ⅰ. 

Crack distribution and TBC deformations of the DEM model corresponding to mode Ⅰ (impact 

particle radius 50 μm) are shown in Figure 7.7. Similar to the experimental results, the micro-

cracks initiated from the impact particle and columns’ interface and the lateral joint crack occurred 

on both sides of the impact particle. The stresses distribution corresponding to this mode is shown 

in Figure 7.8. It can be seen that the area affected by the impact fore was small, which concentrated 

around the impact particle. In this mode, the damage of EB-PVD coating show only elastic and 
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parallel cracks close to the surface, which are caused by tensile stress generated by the forward 

and backward propagating elastic waves among each columnar grain around the impact site [168]. 

 

Figure 7.8. 1st principal stress distribution with mode Ⅰ. 

7.3.3 Mode Ⅱ - Compaction Damage 

As shown in Figure 7.9, mode Ⅱ is a transition mode between mode Ⅰ and mode Ⅲ, where 

the compaction of the columns occurs. Due to the sightly high momentum of the impact particles, 

compared with the impact particle in mode Ⅰ, densification is observed in the shallow top layer of 

TBC. Even though, no joint cracks occur. The deformation is dominated by plastic deformation. 

Crack distribution and TBC deformations of the DEM model corresponding to mode Ⅱ (impact 

particle radius 200 μm) are shown in Figure 7.10. Similar to the experimental results, a compact 

zone, which is a densification layer, came out under the impact particle., cracks can nucleate and 

propagate at the interface between the densified layer and its underlying columns. The stresses 

distribution corresponding to this mode is shown in Figure 7.11, the affected domain by the impact 

particle is larger than the previous mode. A stress concentration induced by the impact particle 

came out, which is the reason for the formation of the densified layer.  
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Figure 7.9. Cross-section of an eroded sample of TBCs showing mode Ⅱ (compaction damage) 

mode [164]. 

 

 

Figure 7.10. Crack distribution and TBC deformations of DEM model corresponding to mode Ⅱ. 
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Figure 7.11. 1st principal stress distribution with mode Ⅱ. 

7.3.4 Mode Ⅲ - Foreign Object Damage 

As shown in Figure 7.12, mode Ⅲ (foreign object damage) is caused by impact particles 

with high momentum, which are usually large particles traveling at low velocities or smaller 

particles at higher velocities. In this mode, the deformation came out in the form of the densified 

zone under the impact particle and crack band around the perimeter of the plastic zone. To mimic 

the large impact particle impact, the Rockwell brale C indenter with a tip radius of 200 μm was 

selected. Crack distribution and TBC deformations of the DEM model corresponding to mode Ⅲ 

are shown in Figure 7.13 and Figure 7.5a. The simulation results show similar phenomena with 

the experimental results. Crack bands were formed around the perimeter of the plastic zone. A 

densified zone came out under the impact particle. The stresses distribution corresponding to this 

mode is shown in Figure 7.14, the affected domain by the impact particle is the largest. The 

deformations came out from both the TBC and the substrate. Similar to the experimental results, 

part of the TBC layer was pushed into the substrate. To mimic the small particle impact with high 

velocities, the same model but with a high velocity was selected (Figure 7.15). The stresses 

distribution corresponding to this mode is shown in Figure 7.16. Compared with the large particle 

with lower velocity, the small particle with high velocity caused high stress. In addition, more 

cracks occurred compared with the small particle with low velocity in mode Ⅱ. A thicker densified 

zone came out and nearly all the columnar grain on the bottom were damaged.  



 

159 

              

Figure 7.12. Cross-section of an eroded sample of TBCs showing mode Ⅲ (foreign object 

damage) mode [164]. 

 

Figure 7.13. Crack distribution and TBC deformations of DEM model corresponding to mode 

Ⅲ. 

 

Figure 7.14. 1st principal stress distribution with mode Ⅲ. 
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Figure 7.15. Crack distribution and TBC deformations of DEM model corresponding to mode 

Ⅲ. 

 

Figure 7.16. 1st principal stress distribution with mode Ⅲ. 

7.4 Summary 

A new DEM TBC model based on the real columnar structure was successfully developed. 

Based on the calibrated DEM model, an indentation test and three damage models were 

investigated. The deformations were consistent with the experiment results in previous literature. 

The major conclusions are summarized as follows: 

1. Within the DEM model, the TBCs’ cracks' initiation and propagation processes under 

different damage modes and indentation tests were observed. The deformations in the 

simulations were consistent with the experiment results.  
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• Cracks came out from  the top surface of each column in mode Ⅰ, and the columns remain 

separate. 

• The compaction zone with micro-cracks came out in model Ⅱ, which is usually close to 

individual columns.  

• The column deformation, kink bands, and cracks came out in mode Ⅲ. 

2. The 1st principal stress distributions under three different modes were calculated. The 

stress distribution area and value increased from mode Ⅰ to mode Ⅲ, which is consistent 

with the impact momentum.  

3. The DEM simulation results are consistent with the experiment result and could help 

deeply explain the failure mechanisms of TBC under the different impact momentum.  
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 FRACTURE MECHANISM MAP FOR CERAMIC MACHINING  

Based on the particle-based coating removal modeling framework results, this chapter 

proposes a new coating fracture mechanism map, which correlates the processing parameters and 

coating fracture modes. 

For a fixed grinding wheel, a maximum cutting depth hm (undeformed chip thickness) is 

derived, which primarily depends upon grinding parameters. The derived equation is expressed as 

[169]: 

hm =  [
3

Ctanϴ
(

Vw

Vs
)(

a

ds
)1/2]1/2      (1) 

where hm is the undeformed chip thickness; C is the number of cutting points per unit area; 𝜭 is 

the semi-included angle for the undeformed chip cross-section, ds is the wheel diameter, Vw is the 

workpiece feed rate, Vs is the wheel speed and a is the wheel depth of cut. 

As mentioned in Chapter 6 Eq. (5), a model based on the Griffith fracture criterion has been 

reported to predict the critical cutting depth dc. which predicts the ductile-to-brittle transition. For 

brittle ceramics, the hm should be smaller than the dc in ductile grinding mode. The transition 

point is hm is equals to dc. The brittle mode happens while hm should be higher than dc. Based on 

these two criteria, a fracture mechanism map is proposed (Figure 8.1) for a fixed grinding wheel 

which correlates the processing parameters and coating fracture modes. Vc is defined as the wheel 

speed corresponding to the transition point where hm.is equals to dc. For a fixed grinding wheel  

C equals 20; 𝜭 equals to 60°,ds equals to 125 mm, Vw equals to 500 mm/min, 𝑎𝑛𝑑  a equals to 

100 µm [31, 170]. 



 

163 

 

Figure 8.1 Fracture mechanism map for ceramic machining: processing parameters vs fracture 

mode. 

A reduction in cutting depth and an increase in cutting speed can change the failure mode 

from brittle to ductile. To increase manufacturing efficiency, the proper machining parameters are 

critical. By decreasing the workpiece feed rate Vw and the wheel depth of cut a. However, it will 

reduce the productivity of the process. As a result, different parameter combinations should be 

chosen without compromising productivity. 

As shown in Figure 8.1, the newly proposed coating fracture mechanism map provides a 

guideline for predicting three fracture modes, i.e., ductile, brittle, and mixed ductile-brittle, as a 

function of processing parameters, including cutting depth and cutting speed. The map can be used 

to determine the processing conditions based on required TBC removal operations: rough cut 

(brittle mode), semi-finish (mixed ductile-brittle mode), and finish (ductile mode). The brittle 

mode can be selected for a rough cut, the mixed ductile-brittle mode can be selected for semi-

finish, and the ductile mode can be selected for a final finish.  
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 CONCLUSIONS AND FUTURE WORK 

9.1 Conclusions  

The final conclusions of the TBC removal processes simulated using the SPH and DEM 

methods are summarized below. 

1. The high-velocity particle impact TBC process is simulated using the SPH method. The 

effect of the impacting particle’s inclined angle and velocity changes are studied. The 

morphology changes of the impact pit and impacting particles, and their associated stress 

and energy are presented.  

• Increasing impact velocity or reducing impact angle increases the penetration depth 

and area. The penetration depth is determined by the vertical velocity component 

difference between the particle and the coating layer, in a linear relation.  

• During the impact process, the coating’s total energy increases gradually while the 

internal energy increases with the time after some peak values. At the end of impact, 

the coating’s total energy increases with the increasing impact velocity but decreases 

with increasing impact angle. It is consistent with the deformations of the coating layer 

and spherical particles. 

2. The AWJ TBC removal process is simulated using the SPH method. The simulation results 

are compared with the experiment results. The effects of abrasive particle concentration, 

incident angle, and drilling time are studied. 

•  The increase of the abrasive particle concentration from 1% to 3% causes more 

damaged particles and increases the removal ratio of TBCs.  

• The depth of the impact pit hole increases with the increase of the incident angle from 

30° to 90° while the width of the impact hole decreases. The depth of the impact pit 

hole increases linearly with the increase of the magnitude of the vertical velocity 

component.  

• Both the width and depth of the impact pit hole increase with the increase of the drilling 

time. The damaged particles increase linearly with the increasing drilling time and the 

increase of the kinetic energy.   
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3. The TBC surface grinding process is simulated using the orthogonal cutting model by the 

SPH method. The cutting model is built on the real microstructure of EB-PVD coating. 

The effect of factors: cutting tool geometry, cutting rake angle, cutting depth, and cutting 

speed, is investigated. 

• The cutting tool with edge radius R=10 μm causes higher effective stress, reaction force, 

and temperature. The surface roughness with the cutting tool edge radius R=0 μm is 

much better. The main reaction force 𝐹𝑥 decreases when the rake angle increases from 

11.6 ° to 26.6 °. 

• The main cutting force 𝐹𝑥  and temperature increases with the increase of the cutting 

depth. The simulation results are consistent with the main cutting force 𝐹𝑥 calculated 

with the equation based on fracture mechanics. The cutting speed of 5 m/s has a higher 

main cutting force 𝐹𝑥  and temperature. More chips are cumulated along with the 

tool/chip interface under the cutting speed of 2.5 m/s.  

4. The TBC surface grinding process is simulated using the orthogonal cutting model by the 

DEM method. The cutting model is built on the real microstructure of EB-PVD coating. 

The effect of factors: cutting depth, and cutting speed, is investigated. 

• As the cutting depth increases, the ceramic failure mode shifts from ductile failure 

mode to brittle failure mode. The powdery chips (ductile mode) came out when the 

cutting depth is shallow and chunk-like chips (brittle mode) come when the depth is 

deep. 

• The calculated value of the critical cutting depth 8.8 µm based on the Griffith fracture 

criterion is consistent with the DEM simulation results. The cutting force increases with 

the increasing cutting depth, and it is validated by the analytical solution from previous 

literature. Compared with cutting depth, the cutting speed has nearly no effects on the 

cutting forces and chips formation.   

• The broken bond number and energy evolution reflected and proved the failure mode 

shift. The broken bond number and energy had an abrupt increase when the brittle 

failure came out. For ductile mode, both of them increased linearly.  

• Due to the special columnar structure of EB-PVD TBCs, the peak force fluctuations 

were periodic, and it was coincident with the length of one small cubic column. 
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5. A new DEM TBC model based on a real columnar structure was successfully developed. 

Based on the calibrated DEM model, three damage models were investigated.  

• Within the DEM model, the TBCs’ cracks' initiation and propagation processes under 

different damage modes and indentation tests were observed. The deformations in the 

simulations were consistent with the experiment results.  

• The top surface of the individual columns is cracked due to the impact in mode Ⅰ 

and the columns remain separate. 

• The compaction zone with micro-cracks came out in model Ⅱ, which is most in 

the form of the densification of the near surface individual columns.  

• The deformation of the columns, shear bands and extensive cracking of the TBC 

ceramic came out in mode Ⅲ. 

• The 1st principal stress distributions under three different modes were calculated. The 

stress distribution area and value increased from mode Ⅰ to mode Ⅲ, which is consistent 

with the impact momentum.  

• The DEM simulation results are consistent with the experiment result and could help 

deeply explain the failure mechanisms of TBC under the different impact momentum.  

6. A new coating fracture mechanism map is proposed based on the particle-based coating 

removal modeling framework results, which correlates the processing parameters and 

coating fracture modes. 

• The newly proposed coating fracture mechanism map provides a guideline for 

predicting three fracture modes, i.e., ductile, brittle, and mixed ductile-brittle, as a 

function of processing parameters, including cutting depth and cutting speed. The map 

can be used to determine the processing conditions based on required TBC removal 

operations: rough cut (brittle mode), semi-finish (mixed ductile-brittle mode), and 

finish (ductile mode). 

9.2 Contributions of the Thesis Work 

The major contributions of the thesis work are summarized as follows: 

1. A new fracture mechanism map is proposed, which correlates the processing parameters 

and coating fracture modes. It can be used to as a guideline to determine the processing 

conditions based on required TBC removal operations. 
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2. The SPH high-velocity particle impact model and the SPH AWJ model provide a design 

tool to optimize the coating removal process. 

3. The uniform columnar grain structures, in both the SPH and DEM cutting models, are 

capable to examine the unique effects of the processing parameters, which are not available 

in the bulk coating model. 

4. The non-uniform realistic columnar grain structure in the DEM model allows 

understanding the failure mechanisms under different impact momenta. 

9.3 Future Work 

The particle-based models developed in this work have technological importance. There are 

still several areas that can be improved in the future. 

1. The study in this thesis is mainly focused on the grinding and AWJ removal processes and 

most of the models in this thesis neglect the temperature effects and non-uniform 

characteristics of columnar grain structures. The coupled mechanical and thermal 

approaches can be considered. 

2. Non-uniform columnar grain structures reconstructed with 3D images can be explored. 

3.  Emerging methods such as the machine learning-based approach to optimize the removal 

process can be studied. 

4.  In-depth theoretical analyses and direct experimental validations are suggested. 
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