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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 the 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.
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1 Introduction

Thermal barrier coating (TBC) is a multi-layer material system which 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 [1, 2]. 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 less than 75 um cannot be filtrated [3].
Therefore, the top ceramic coat in TBCs has shown vulnerability to intake flows that contain sand,
dust, and/or fly ash, which adhere and react at high temperatures. It may cause premature failure
in the components through both impingement and combined mechanical-thermal-chemical attack

(4, 5].

There are several studies regarding TBC failure process due to foreign particle impact or the
erosion process. The failure process of Al,O3/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 [6]. 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 [7]. Additionally, the optimization of blade section shape subject to
particle erosion in 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 [8]. 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 [9]. Also, the sand corrosion behavior for

ceramic coating was studied using a computational fluid dynamics model. The numerical results
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for the eroded surface geometry and the performance deterioration showed the same tendency as
the experimental data [10]. Also, non-ordinary state-based peridynamics was 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 [11]. High-speed impacts and penetration processes
usually cause large deformations. Traditional grid-based numerical methods such as finite element
method (FEM) is 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 brittle fracture of ceramic
materials [12]. 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 [13]. In summary, despite of the above-mentioned efforts, a detailed study of

the impact behavior of particle 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.
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Section 4 presents the simulation results compared against experimental observation. Finally,

Section 5 summarizes the conclusion.

The simulation results help deeply understanding of the impact process which is nearly impossible
completed in the lab. In addition, it can help to improve the manufacturing process of the thermal
barrier coating. Also, the removing and repair process of damaged TBCs will be studied based on

these simulation results.
2 Model description
2.1 Smoothed Particle Hydrodynamics (SPH) method

In SPH models, the value of a function f at a position 7; can be calculated by the following particle

summation [ 14]:

f(r) = z;-Ll’;’—jf(rj) W (11, h) (1)
W (115, h) =7 © [ @)

where m and p 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 4 is a smoothing length of the kernel to control

the size of the summation domain. W (;-1;, h) —06 when h— 0, where 8 is the Dirac function [14].

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 % and a scale factor k that

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

W (r;-rj,h) =0 when |r;-1;| > 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 a compressible fluid. The Cauchy stress tensor can be separated into
a hydrostatic stress tensor and a deviatoric stress tensor. The deviatoric stress is calculated by the
material model constitutive law. The pressure term must then come from an EOS. The EOS
provides a relationship between pressure and volume. Depending on the compressibility of the
material, different types of EOS’s are possible [15]. A commonly used EOS is the Mie—Griineisen

equation of state as follows [16, 17]:

PoC2u[1+(1—y/2)u—(a/2)p?]
[1=(S1—1)u—=Szp?/(u+1)—S3pu3/(1+w)]?

p= +(r + ako (4)

where p is pressure; Sy, Sz, S3 are the coefficients of the slope of the Uy — U, curve, where U; and
U, are shock wave velocity and particle velocity, respectively; y is the Griineisen factor; C is the
Hugoniots intercept of the U — U, curve [17]; Ey is internal energy; a is volume correction factor;

and u= p/po— 1 is compression factor, where p/po is the ratio of current density to initial density.

The Johnson-Holmgquist 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

o*=o0; — D (0] —0y) (5)

where

o/ =a (p*+t)n(l + clnéx) (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,

£x1s the normalized plastic strain rate, and,

MATS-19-1214, Zhang, Page 6



T

v " PHEL (7
x= P
P ~PHEL (®)

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

Hugoniot elastic limit, and p is the pressure.

D=y~ 9)
&

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

cycle and the plastic strain to fracture
p
e = di(p* + t) & (10)

and
af =b(p*x)™ (1 + ¢ Inéx) < SFMAX (11)
represents the damaged behavior. The parameter d controls the rate at which damage accumulates.
In undamaged material, the hydrostatic pressure is given by
P =k + kop?® + ki (12)
in compression and
P=kiu (13)
in tension where u = p/py — 1[18]

2.2 Numerical model details

The SPH model set up is shown in Fig.1. A spherical alumina particle with a diameter of 60 um 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 500x500x125 um?®. The top layer is
meshed with SPH with a thickness of 25 um, and the bottom layer is meshed by finite element
with a thickness of 100 pum. Connect nodes are used to bond the top and bottom layers. The bottom

of bottom layer is fixed. The layered structure allows to efficiently capture the deformation process
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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. [19].

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

ceramic coating is 3420 kg/m>, the shear modulus is 108 GPa and the Poisson’s ratio is 0.22 [16].

The parameters used in the SPH Mie—Griineisen equation of state in Eq. 4 are shown in Table 1
[16], which assumes alumina. The parameters of *MAT JOHSNON HOLMQUIST CERAMIC

(JH-2) used in the FEM layer are shown in Table 2 [20].

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 surface are used
between the top SPH layer and 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 [21].

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.
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 the Table 3.
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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 angle of 0°, 30°, and 60°.

To ensure stability and convergence of the 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[22].
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 [15].

3 Results and discussion

3.1 Damage of the ceramic coating layer

The side views of the impact process with different impact angles and velocities are summarized
in Fig.2. 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° (Fig. 2g) has the maximum
penetration effect, while the case of velocity 100 m/s and impact angle 60° (Fig. 2¢) has the

minimum penetration.

The extent of particle penetration and coating particle spattering increase with the vertical velocity
component Vz, where the impact energy is proportional to 1/2mV,2. Also shown in Fig. 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.
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Fig.3 shows the von Mises stress and impact penetration profiles of the coatings [23]. 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 distributes are in a ring shape
with an impact angle 0°. The difference of stress distribution is caused by the horizontal velocity

component Vx, which is most obvious in the case of 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
penetration depth. The case of velocity 100 m/s and impact angle 60° has the minimum penetration

depth and area.

The coating’s energy evolutions at different angles and velocities are shown from Figs. 4 to 7.
Fig.4 shows the total energy and internal energy evolutions at different combination of angles and
velocities, respectively. In LS-DYNA, total energy is the sum of internal energy, kinetic energy,
contact (sliding) energy, hourglass energy, system damping energy and rigid wall energy [18, 24].

The results show that the total energy increases linearly with time.

Fig. 5 shows the internal energy evolutions at different combination 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 xincremental strain xvolume). The internal energies of all the elements
is summed to give the total internal energy. [18, 24]. The results show that the internal energy

increases with time.
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Additionally, Fig.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, Fig.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 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 impact are shown in Fig.6. The total energy
of 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 horizontal
velocity component Vx. The initial energy converted to the internal energy or doing work becomes

less.

The internal energy values of the coating at different impact angles at the end of impact are shown
in Fig.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.

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 Fig. 8. The figure
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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.

To understand the role of horizontal velocity component Vx on the impact behavior, Vx is varied
to 0, 150, and 259.8m/s, while keeping the same vertical velocity component Vz of 259.8m/s. The
combinations of the velocity components correspond to impact angle of 0 °, 30 © and 45°,

respectively.

Fig.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.

Figure 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 (R? =0.9579) is

obtained between the vertical velocity component and the penetration depth.

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 Fig. 11, for the combination 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 direction 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.
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The von Mises stress evolution of the coating layer at different times of the combination 100 m/s
& 0° is shown in Fig.12, which is consistent with the internal energy changes shown in Fig. 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 Fig.12 (c), the particle protrusion at 50 ms is most evident.

3.2 Deformation of spherical impacting particle

Fig.13 and Fig.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 of impact velocity, and decreases with the increasing of impact angle. The
increasing deformation of spherical particle with the same impact angle is consistent with the
increasing depth of the impact pit shown in Fig.3 (a), (d) and (g). The damage of the spherical

particle and the ceramic layer is increasing with the increasing impact velocity.

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 Fig.4 and Fig.5, and the decreased kinetic energy of the
spherical particle as shown in Fig.15, Fig.16 and Fig.17. Fig.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 coating layer is related to the vertical velocity

difference between the particle and the coating layer. In addition, the energy transmitted from the
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spherical particle to the coating decreases with the increasing of the impact angle as shown in
Fig.16, suggesting the vertical velocity component is the dominant factor. It is also consistent with

the particle deformation shown in Fig.14.

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 [25] is shown in Fig. 18. It is evident that the impact pit observed in the
experiment has a similar pattern as the simulated one shown in Fig.8a. Thus, a qualitative
agreement is achieved between the SPH model and experiment. It is noted that more quantitative

comparisons would be needed, which would be included in the future work.

5 Conclusions and future work

In this work, an SPH based model to simulate the impact of 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.
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(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 deceases with increasing impact angle. It is consistent with the deformations
of the coating layer and spherical particle.

(5) The penetration depth is mainly controlled by the vertical velocity component, in a linear
relation.

(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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List of Figure Captions

Fig.1. SPH model of a spherical alumina particle impacting on an alumina coating

Fig.2. Side view of the impact with different velocities and impact angles (a) 100 m/s & 0°, (b)
100 m/s & 30°, (¢) 100 m/s & 60°, (d) 200 m/s & 0°, (¢) 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°

Fig.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°

Fig.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°

Fig.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°

Fig.6. The final total energy values of SPH coating layer at different impact angles and velocities

at the end of impact at 100 ms

Fig.7. The final internal energy values of SPH coating layer at different impact angles and

velocities at the end of impact at 100 ms

Fig. 8. Internal energy of the coating as a function of square of the vertical velocity component of

the particle

Fig.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

Fig.10. Coating penetration depth as a function of particle’s vertical velocity component
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Fig.11. von Mises stress distribution in the FEM layer of the combination 300 m/s & 0°

Fig.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

Fig.13. The spherical particle deformation after the impact: (a) 300 m/s & 0°, (b) 200 m/s & 0°,

(c) 100 m/s & 0°

Fig.14. The spherical particle deformation after the impact: (a) 300 m/s & 0°, (b) 300 m/s & 30°,

(c) 300 m/s & 60°

Fig.15. Kinetic energy evolutions of spherical particle at different impact velocities

Fig.16. Kinetic energy evolution of spherical particle at different impact angles

Fig.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°

Fig.18. Cross sectional view of the experimental impact pit of YSZ ceramic coating [25]
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Table 1. Parameters used in the Mie—Grlineisen equation of state for the SPH ceramic layer [16]

C(m/s) Si S> S3 Y
9003 -3.06 2.350 -0.383 1
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Table 2. JH-2 parameters of finite element ceramic layer [20]

Parameters Value
A 0.93
B 0.31
C 0
M 0.6
N 0.6
HEL(GPa) 2.79
PHEL 1.46
DI 0.005
D2 1
Ki(GPa) 130.95
K> (GPa) 0
K5 (GPa) 0
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Table 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
100 50 86.6 86.6 50
200 100 173.2 173.2 100
300 150 259.8 | 259.8 150

[} el Ran]
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Fig.1. SPH model of a spherical alumina particle impacting on an alumina coating
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(2) (b) (©)

) (e) ®

(2) (h) (1)

Fig.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°
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Fig.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°
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Fig.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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Fig.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°.
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Fig.6. The final total energy values of SPH coating layer at different impact angles and velocities

at the end of impact at 100 ms.
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Fig.7. The final internal energy values of SPH coating layer at different impact angles and

velocities at the end of impact at 100 ms.
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Fig. 8. Internal energy of the coating as a function of square of the vertical velocity component of

the particle.
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Fig.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.
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Fig.10. Coating penetration depth as a function of particle’s vertical velocity component
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Fig.11. von Mises stress distribution in the FEM layer of the combination 300 m/s & 0°
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Fig.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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Fig.13. The spherical particle deformation after the impact: (a) 300 m/s & 0°, (b) 200 m/s & 0°,

(c) 100 m/s & 0°.
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Fig.14. The spherical particle deformation after the impact: (a) 300 m/s & 0°, (b) 300 m/s & 30°,

(c) 300 m/s & 60°.
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Fig.15. Kinetic energy evolutions of spherical particle at different impact velocities
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Fig.16. Kinetic energy evolution of spherical particle at different impact angles
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Fig.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°.
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Fig.18. Cross sectional view of the experimental impact pit of YSZ ceramic coating [25].
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