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Abstract 

In this work, a new 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 water jet 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 _________________________________________________________________________
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30o water jet 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 the water jet incident angle, while the width of the impact holes 

decreases with the increase of the water jet incident angle. The water jet 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 water jet incident angle 

increases, more vertical velocity component contributes to the kinetic energy which is responsible 

for the erosion process. 

Keywords: Smoothed particle hydrodynamics; thermal barrier coating; erosion, removal process; 

abrasive water jet   
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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[1]. 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 and repair 

process is needed, including the removal of the damaged coatings [2, 3]. A recent review of 

ceramic coating removal and repair techniques is given in Ref. [3].  

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. It provides a clean and green solution that can be more cost-effective than traditional 

acid stripping and grit blasting for removing coatings from turbine components. It also enables the 

penetration of thick cross-sections and has minimum stresses and small cutting forces on the parts 

[4-6]. 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 performance of the process [7]. In Ref. [8], 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 

[8]. The effects of abrasive particle concentration on the impact performance of the AWJ were 

studied in Ref. [9], and the study showed that the mean impact force tends to increase linearly with 

the abrasive concentration [9]. In Ref. [6], as shown in the precision AWJ process is reported. 
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Combined with a 5-axis computer numerically controlled (CNC), the AWJ removes the coating in 

iterative steps.  

 

Figure 1: A precision abrasive waterjet process removing thermal barrier coating from a turbine 
blade component [6].  

 

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. [10]. The SPH coupled 

finite element method (FEM) was adopted to simulate the abrasive water jet cutting progress in 

Ref. [11]. In addition, a statistical model was established to understand the effect of abrasive 

waterjet cutting parameters on the surface roughness [5]. The results show that improved surface 

roughness can be achieved by increasing the water pressure at low traverse speeds, or decreasing 
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the pressure at high traverse speeds, or decreasing the standoff distance at low traverse speeds and 

low pressures in the investigating range [5]. In Ref. [12], 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 [12]. 

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. It is helpful to deeply understand the 

fundamental mechanism of the AWJ process to remove TBCs. 

 

2 Model description 

2.1 SPH method 

A brief introduction of the governing equations in the SPH method is presented below. For 

comprehensive reviews, readers may refer to, e.g., Refs. [13, 14]. The SPH method is a mesh-free 

or meshless method. An approximate solution is obtained based on the nodal data that are 

distributed within the computational domain. In this numerical method, a function f is 

approximated by multiplying f with a smoothing kernel function, and then integrating over the 

computational domain as follows [15].  
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< 𝑓𝑓(𝑥𝑥) >= ∫ 𝑓𝑓(𝑥𝑥′)𝑊𝑊(𝑥𝑥 − 𝑥𝑥′,ℎ)𝑑𝑑𝑥𝑥′𝛺𝛺     (1) 

where x and x’ denote the position vectors at different points and W is the kernel function. 

Equation 1 can be discretized into a form of summation over all the nearest neighboring particles 

inside the region controlled by the smoothing length for a given particle j at a certain instant of 

time: 

 

𝑓𝑓(𝑟𝑟) ≈ ∑ 𝑚𝑚𝑗𝑗

𝜌𝜌𝑗𝑗
𝑁𝑁
𝑗𝑗=1 𝑓𝑓(𝑟𝑟𝑗𝑗) W (r-𝑟𝑟𝑗𝑗 ,ℎ)    (2) 

where m and ρ are the mass and density of a particle, respectively, and h is a smoothing length to 

control the size of the summation domain. 

 

2.2 SPH model details 

2.2.1 Geometry of the model 

The SPH model of the TBC removal process is shown in Figure 2. 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. [16]. The TBC layer’s dimensions are 2000×2000×500 μm3. All the 

surfaces of the TBC layer are fixed except the top one. The water jet incident angle is defined as 

the angle between the water jet and the top surface of the TBC layer, as shown in Figure 2.  The 

abrasive concentration is the number ratio between the abrasive particle to the sum of abrasive 

particles and water particles. 
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A random function was used to replace the water particle with the abrasive particles’ positions and 

sizes based on their concentrations. This was done by coding in MATLAB. 

 

Figure 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. 

 

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 [17]. In the JH-2 

model, the equivalent stress for a ceramic-type material is given by[18]: 

𝜎𝜎∗ = 𝜎𝜎𝑖𝑖∗ − 𝐷𝐷 (𝜎𝜎𝑖𝑖∗ −𝜎𝜎f∗)      (3) 

where D is the damage parameter. The superscript asterisk (*) indicates a normalized quantity. 𝜎𝜎𝑖𝑖∗ 

is determined by: 

Water jet

Abrasive particles

Thermal barrier coating

Incident angle
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𝜎𝜎𝑖𝑖∗ = 𝑎𝑎 (𝑝𝑝∗ + 𝑡𝑡∗) 𝑛𝑛 (1 + 𝑐𝑐ln 𝜀𝜀̇∗ )    (4) 

which represents the intact and undamaged behavior. 𝑎𝑎 is the intact normalized strength parameter, 

𝑐𝑐 is the strength parameter for strain rate dependence, and 𝜀𝜀̇∗ is the normalized plastic strain rate. 

Also 

𝑡𝑡∗ = 𝑇𝑇
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

      (5) 

𝑝𝑝∗ = p
PHEL

      (6) 

where 𝑇𝑇 is the maximum tensile pressure strength, 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: 

𝑃𝑃 = 𝑘𝑘1𝜇𝜇 + 𝑘𝑘2𝜇𝜇2 + 𝑘𝑘3𝜇𝜇3     (7) 

And in tension, it becomes: 

𝑃𝑃 = 𝑘𝑘1𝜇𝜇      (8) 

where the compression factor 𝜇𝜇 = 𝜌𝜌/𝜌𝜌0 – 1, and ρ/ρ0 is the ratio of current density to initial density 

[19].  

Additionally, the damage parameter D is determined by: 

D=∑
Δε

p

ε
𝑓𝑓

p       (9) 

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

computational cycle. The plastic strain to fracture is: 
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ε
𝑓𝑓

p

 = 𝑑𝑑1(𝑝𝑝∗ + 𝑡𝑡∗) 𝑑𝑑2     (10) 

where the parameter 𝑑𝑑1 controls the rate at which damage accumulates: 

𝜎𝜎f∗ = 𝑏𝑏(𝑝𝑝∗) 𝑚𝑚 (1 + 𝑐𝑐 ln𝜀𝜀̇∗)     (11) 

 

For the water jet and abrasive particles, the pressure is calculated by the state equation Mie-

Grueisen as follows: 

𝑝𝑝 =  𝜌𝜌0𝐶𝐶2µ[1+(1−𝛾𝛾/2)µ−(α/2)µ2]
[1−(𝑆𝑆1−1)µ−𝑆𝑆2µ2/(µ+1)−𝑆𝑆3µ3/(1+µ)]2

+ (𝛾𝛾 + 𝛼𝛼µ)𝐸𝐸0    (12) 

where 𝑝𝑝 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 

intercept of the Us – Up curve; E0 is the internal energy; α is the volume correction factor. 

 

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 1[20]. 

Table 1: JH-21 model parameters for the TBC layer [20] 

Parameter Value 

A 0.93 

B 0.31 

C 0 
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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 [10].  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 

[21]. The parameters in the Gruneisen equation used for the water jet and abrasive particles are 

summarized in Table 2 [10, 21]. 

 

Table 2: The parameters in the Gruneisen equation for the water jet and abrasive particles [10, 21] 

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  

 

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 design matrix for all the simulation cases is 

summarized in Table 3. The parameters are chosen using the same conditions as the previous 
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experimental study, as close as possible [8]. Other parameters, such as velocity, particle size, 

nozzle diameter, and target distance are kept constant. To match the experimental conditions, a 

static non-moving water jet was used. However, a moving water jet source can be modeled if 

needed. 

In this paper, the simulation work was completed using the LS-DYNA software package by 

Livermore Software Technology Corporation. Additional coding was developed in the software to 

simulate the abrasive water jet.  The total simulation time for each run is about 9 hours on a 

supercomputer, which has 256 compute nodes of IBM NeXtScale nx360 M4 servers. Each node 

is equipped with two Intel Xeon E5-2650 v2 8-core processors and 32 GB of RAM and 250 GB 

of local disk storage. 

Table 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 

 

2.3 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[22]. When the 

particles are scattered during impact, their densities are reduced.  
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An erosion model in brittle materials, based on the stress wave fracture mechanism was proposed 

by Zeng and Kim [23, 24] for the AWJ process.  The total erosion volume (𝑉𝑉𝑇𝑇) includes two 

components: one is caused by the plastic flow (𝑉𝑉𝑝𝑝), and the other is due to the network cracking 

caused by impact induced stress waves (𝑉𝑉𝑓𝑓) [23]: 

𝑉𝑉𝑇𝑇= 𝑉𝑉𝑝𝑝 + 𝑉𝑉𝑓𝑓      (13) 
 
The volume removal due to plastic flow, 𝑉𝑉𝑝𝑝, is calculated by: 

𝑉𝑉𝑝𝑝 = 𝑚𝑚𝑣𝑣2

4𝜎𝜎f
(𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼 − 4𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼 +  38.12𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠3𝛼𝛼�

𝜌𝜌p
𝜎𝜎f

)    (14) 

 
And the volume removal due to network cracking 𝑉𝑉𝑓𝑓 is determined by:  
 

𝑉𝑉𝑓𝑓 = 𝑓𝑓𝑤𝑤𝛽𝛽𝛽𝛽𝜎𝜎f𝑚𝑚𝑣𝑣2𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼
3𝛾𝛾𝛾𝛾

     (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; 𝜎𝜎𝑓𝑓 is the flow stress of target material; 𝑓𝑓𝑤𝑤  is the proportional factor (𝑊𝑊𝑐𝑐/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. 

As the AWJ cutting is a multiple impact process, the total material removal cannot be calculated 

by the simple summation of the material removal of individual particle impacts. 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 [24]: 

R= 𝐶𝐶𝐶𝐶𝐶𝐶𝑚̇𝑚
𝑚𝑚

 = C[𝑓𝑓𝑤𝑤𝛽𝛽𝛽𝛽𝜎𝜎f𝜌𝜌𝑚̇𝑚𝑣𝑣2𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼
3𝛾𝛾𝛾𝛾

 + 𝜌𝜌𝑚̇𝑚𝑣𝑣2

4𝜎𝜎f
(𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼 − 4𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼 +  38.12𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠3𝛼𝛼�

𝜌𝜌𝑝𝑝
𝜎𝜎f

)]  (16) 
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3 Results and discussion 

3.1 Effect of incident angle on the morphology of the impact pit 

Figure 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 [8], as 

shown in Figure 3b.  

  

Figure 3: Impact pit hole (a) model prediction in this work. The inset in (a) is the simulated 3D 
view. (b) Experimental microstructure [8].  

 

Figure 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 the incident angle 90° is 

the largest. The simulated profiles, in terms of depth and width, are in the same trend as the 

(a)Model
(this study)

Experiment

200 um
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experimental measurements, as shown in Figure 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 µm, 120 µm), and (1600 µm, 120 µm), 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 in the width direction. 
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Figure 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. [8].  (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. 

Figure 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
𝑚𝑚𝑣𝑣2 , is 

responsible for the erosion. The fitted curve using the 2nd order polynomial is shown in Figure 5, 

which confirms the validity of kinetic energy. 
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Figure 5: Pit hole depth’s dependence on the vertical velocity component (Vz). The fitted curve 
using the 2nd order polynomial is also shown. 

 

3.2 Effect of abrasive concentration on morphology of the impact pit 

Figure 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°. 

A higher concentration increases both the width and depth, which is consistent with the 

experimental data, as shown in Figure 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 6: Cross-sectional views of impact pit hole profiles with abrasives (a) Simulated results, (b) 
experiment results [8]. (Water jet direction is towards the left). 

 

3.3 Effects of impacting time on impact pit hole morphology 

Figure 7 shows the cross-sectional views of the impact pit holes with the increasing impacting 

time, with a velocity of 300 m/s and an 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 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 
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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 7: Cross-sectional views of the pit holes at different impacting times: (a) simulation results; 
(b) experiment results [8]. The curved arrows show the deepest points gradually shifting to the 
right as the AWJ process proceeds, due to 30o of incident angle. 

 

3.4 Analytical erosion model 

Based on the analytical erosion model presented in Equation 16 [24], the erosion rates at different 

incidence angles are calculated, as shown in Figure 8. The following parameters are used in the 

analytical model: 𝑓𝑓𝑤𝑤 is 6.65×10-4,  γ is 5.8 J/m2, 𝜎𝜎𝑓𝑓 is 23 GPa, a is 12 µm, and 𝑚̇𝑚 is the particle 

flow rate, 12.9 g/s [23, 25, 26] . According to the SPH modeling results, the coefficient C is 

determined to be 0.0065.  

As shown in Figure 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 

0

50

100

150

200

250
0 500 1000 1500 2000

Ve
rt

ic
al

 c
oo

rd
.(

µm
)

Horizontal coord. (µm)

0.5 min
1 min
1.5 min
2 min

(b) Experiment (Zhao, Ref.[8])



20 

process. As the incident angle increases, more vertical velocity component contributes to the 

kinetic energy.  

 

 

Figure 8: Simulated erosion rates at different water jet incident angles. The analytical model [24] 
is also included for comparison. 

 

5 Conclusions 

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 water jet incident angle, abrasive 

particle concentration, and impacting time are investigated. The main conclusions are summarized 

as follows.  
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(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  water jet 

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. 

(2) A higher concentration of water jet 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 the water jet incident angle, while the 

width of the impact holes decreases with the increase of the water jet’s incident angle. The 

incident angle dependence can be attributed to the vertical velocity components.  

(4) The erosion rate increases with the water jet incident angle, which shows a good agreement 

with the analytical model. As the water jet incident angle increases, more vertical velocity 

component contributes to the kinetic energy which is responsible for the erosion process.  
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