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Abstract

Indentation damage is a typical failure mode of thermal barrier coatings (TBCs). In this study, A discrete
element method (DEM)model of TBCs with random pore defects was developed to study the effects of
pore density and pore shape on delamination cracking and mechanical properties under indentation
loading. The results indicate that as pore density increases, the length of interfacial delamination cracks
decreases, suggesting that pores can impede crack propagation. Accordingly, a pore density factor was
defined to quantitatively characterize this negative correlation. Regarding the influence of pore shape on
coating damage, Sharp corners are prone to inducing stress concentration, thereby accelerating crack
initiation and propagation. With increasing pore density, the indentation modulus and hardness of the
coating decrease. The simulation results show good agreement with Mori-Tanaka (M-T) theoretical
predictions and existing experimental data. This study provides a theoretical basis for pore control,
indentation failure assessment, and life prediction of thermal barrier coatings.

1. Introduction

Thermal barrier coatings (TBCs) are primarily applied to critical components in aerospace high-
temperature fields, such as gas turbine engines and blades. It can provide thermal insulation protection
for coated components, reduce their operating temperature, and prevent the coated materials from wear
during long-term service[1-3]. However, during the preparation of TBCs, pore defects are inevitably
introduced into the coating interior due to factors such as inappropriate spraying process parameters
and non-compliant deposition environments. When subjected to external loads such as tension,
compression, or impact, the presence of these pore defects can severely degrade the mechanical
properties of the coating material[4, 5].

Previous studies have mainly focused on the relationship between interface irregularity and interfacial
crack propagation[6, 7], whereas the influence of microscopic pore defects on crack propagation within
the coating has not been clearly elucidated. In fact, since the sizes of pores within TBCs generally range
from the micrometer to the nanometer scale, the size, shape, and other characteristics of micropore
defects are difficult to control precisely during preparation, making it impossible to capture the crack
propagation behavior in real materials at the experimental level[8]. Although some theoretical studies
have provided qualitative explanations for the crack formation process, most of them neglect the
geometric diversity of micropores and are unable to quantitatively characterize the influence of pore
characteristics on the stress field redistribution and crack propagation path within the coating[9, 10].
Therefore, it is necessary to develop a research approach that can overcome the limitations of traditional
experiments and conventional theoretical analysis, so as to precisely and controllably investigate the
intrinsic correlation between the geometric parameters of micropore defects and the mechanical
damage characteristics of TBCs.

In recent years, numerical simulation techniques have gradually become an important means for
studying the microscopic damage mechanisms of materials, owing to their outstanding advantages of
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high precision, reproducibility, and microscopic visualization. For example, the finite element method
(FEM)[11]@boundary element method (BEM)[12] and the discrete element method (DEM)[13] can
accurately reconstruct the microscopic structure of TBCs containing realistic micropore defects,
enabling independent and quantitative control of parameters. However, the FEM is complex to
implement, computationally intensive, and prone to non-convergence when establishing a large number
of pores[14]. In contrast, the DEM avoids these problems and offers significant advantages in
microscopic defect evolution and discrete damage characterization, providing reliable technical support
for quantitatively revealing the crack propagation mechanisms of TBCs under different pore
characteristics.

This paper aims to overcome the limitations of traditional experimental characterization in the study of
micropore defects. A DEM model of a TBCs system containing random pore defects is established. The
damage evolution law of TBCs containing random pore defects under indentation loading is revealed. A
quantitative relationship between random pore characteristics and delamination crack length is
established. The crack propagation mechanism within the coating system is elucidated from a
microscopic perspective. This study provides a theoretical reference for pore

defect control during the spraying preparation of TBCs, indentation failure assessment, and service life
prediction of coatings.

2. Description of the DEM
2.1 Principle of the DEM

The DEM was first proposed by Cundall and Strack[15] in 1979 based on molecular dynamics, and was
initially applied to the analysis of rock mechanics. After years of development, this method has
demonstrated great potential in analyzing the damage, fracture, and post-fracture behavior of brittle
materials.

The computational principle of the DEM is to divide the research object into a finite number of particles.
As shown in Fig. 1a., particles can contact and overlap with each other, which generates contact forces
between particles. As shown in Fig. 1b, According to Newton's second law and the force—displacement
law, the translational and rotational equations are given in Egs. (1) and (2), respectively:

Translation: (1)
Rotation: (2)

Where m;lz;10;11; represent the mass, displacement, rotation angle, and moment of inertia of the i-th
particle, respectively, is the gravitational acceleration, t is the time, Nprepresents the total number of
particles in contact with particle i, F;; and Mijrepresent the contact force and moment exerted by
particle j on particle i, respectively.
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In the DEM, several built-in models are available for simulating bonded contacts between particles,
including the contact bond model and the linear parallel bond model. Among them, the contact bond
model can only transmit forces, whereas the parallel bond model can transmit both forces and bending
moments. The latter is therefore more suitable for simulating brittle materials such as rocks and
ceramics. Consequently, the parallel bond model was selected as the contact model for the ceramic
layer in this study. The contact force and contact moment of the linear parallel bond model follow the
laws given below:

F,=F' 4+ FlyF@)
M, = M (4)

Where F'is the linear force, F'%is the damping force, F is the parallel bond force, and M is the parallel
bond moment.

2.2 Parameter calibration of DEM

The software used in this study is PFC2D (Particle Flow Code 2D). It is specifically designed for
simulating and analyzing the behavior of particle systems, and has been applied in various fields such as
mining, geotechnical engineering, architecture, and materials science. PFC simulates the interactions
between microscopic particles within materials using a particle-based approach., making it particularly
suitable for studying materials exhibiting discrete and discontinuous behavior, such as brittle solids.

In the DEM, the mechanical properties of materials usually need to be calibrated through virtual
microscopic unit tests. Therefore, commonly used microscopic unit tests were adopted in this study, as
shown in Fig. 2, which correspond to the uniaxial compression test, three-point bending test, and fracture
toughness test, respectively.

Through uniaxial compression test on the model, the elastic modulus E, Poisson's ratio , and
compressive strength o. of the material can be obtained. Previous studies have shown that in uniaxial
compression tests, when the ratio of the specimen height to width is 2, the overall stress distribution
within the model is relatively uniform[16]. As shown in Fig. 2a, the dimensions of the uniaxial
compression model are 19.2 x 38.4 uym. In numerical simulation, this can be simplified as two walls
moving toward each other to compress the material. Zhang[17] pointed out that the acceptable upper
limit of the loading velocity is 0.08 m/s. To ensure static loading, the wall velocity was set to 0.05 m/s in
this study until the specimen failed. The compressive strength o is the peak stress in the compression
test, which can be directly obtained from the curve, while the elastic modulus and Poisson's ratio can be
calculated using Egs. (5) and (6)

B =122 (5

(€a2—€41)

v — (er2—em) (6)

(€A2—6A1)
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Where o1 and o5 are the axial stresses corresponding to the linear stage, € 41 and € 4o are the
corresponding axial strains, €71 and 4 are the corresponding lateral strains.

As shown in Fig. 2b, the three-point bending test can be used to obtain the flexural strength of the
material. The dimensions of the three-point bending specimen are 61.762 x 11.2 ym, with a span of 44.8
um. The upper circular indenter moves downward at a velocity of 0.02 m/s until the specimen fractures
at the central axis. The flexural strength is calculated using Eq. (7):

3Fmax l

b = o2

Where Fimaxi is the maximum load borne by the upper circular indenter, | is the distance between the
two lower supports, b is the thickness of the specimen (taken as 1 in the two-dimensional case), and h is
the height of the specimen.

As shown in Fig. 2c, the fracture toughness test was conducted. In this test, a notch was created by
deleting particles at the center near the bottom of the specimen, with a notch depth of 5.6 pm and a
width of 0.227 pm. The upper circular indenter moved downward at a velocity of 0.02 m/s until the
specimen completely fractured. The fracture toughness is calculated using Egs. (8) and (9):

Kic = Fma;Ql fi(s) 8

bw?2

Fi(2) = 2.9(2)7 —4.6(%)F +21.8(2)7 — 37.6(2)F + 38.7(2) (9)

Where Fimaxo is the maximum load borne by the indenter, / is the distance between the two lower
supports, b is the thickness of the specimen (taken as 1 in the two-dimensional case), w is the height of
the specimen, and a is the notch depth.

According to the microscopic unit tests and the calculations based on Egs. (5)-(9), the mechanical
property parameters of the ceramic layer, bond coat, and substrate in the thermal barrier coating were
finally obtained, as listed in Table 1:
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Table 1
Mechanical properties of ceramic coat, bond coat and substrate

Ceramic
coat

Bond coat

Substrate

Mechanical property

Poisson's ratio v
Elastic modulus (GPa)

Bending strength o, (MPa)

Compressive strength o.(MPa)

Fracture toughness K ;o
(MPa-m'/?)

Elastic modulus (GPa)

Poisson's ratio v

Tensile strength o (MPa)
Elastic modulus (GPa)

Poisson's ratio v
Tensile strength o;(MPa)

Shear strength o,(MPa)

Simulation
values

(this work)

0.263

271.79
72.91

208.72

2.24

186
0.29

420

182
0.31

1139

803

Experiment

values[18-
20]

0.28

270
76.5

227

2.05

183
0.3

416

187
0.3

1150

780

Relative
error

6.07%

0.66%
4.69%

8.05%

9.27%

1.639%
3.300%

0.961%

2.673%
3.333%

0.957%

2.949%

As can be seen from Table 1, the errors between the simulated and experimental values of the
mechanical properties are all below 10%, indicating that the calibration results for the mechanical
properties of the ceramic layer, bond coat, and substrate meet the requirements. Therefore, this set of
parameters can be used as the mechanical parameters of the numerical model.

3. Discrete element modeling of TBCs under indentation loading

As shown in Fig. 3, the microscopic SEM image of the EB-PVD coating reveals that random pore defects
of various shapes and sizes are distributed within the ceramic layer. Since the ceramic layer itself is a
brittle material lacking the capacity for plastic deformation, it is highly prone to cracking under
indentation or impact loading. Therefore, reasonable control of pores can, to a certain extent, alleviate
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stress concentration, disperse external stresses, and enhance the damage resistance of the coating.
Accordingly, this section establishes a discrete element model of TBCs containing random pore defects,
aiming to explore the influence of random pore defect distribution on TBCs damage under indentation
loading, and reveal the crack propagation mechanism within the coating system from a microscopic
perspective.

The structure of the TBCs system is shown in Fig. 4a. The system consists of a ceramic top coat (TC), a
metallic bond coat (BC), and a metallic substrate (Sub). Random circular pores, with a radius denoted as
r, are distributed within the TC layer.

As shown in Fig. 4b, when an indentation load is applied to the surface of the thermal barrier coating, the
TC layer is locally subjected to high compressive and shear stresses, resulting in the formation of shear
bands. At the interface between the TC layer and the BC layer, delamination cracks form due to tensile
stress. These delamination cracks continue to extend along the interface as the load increases, further
weakening the coating and eventually leading to large-area spalling of the coating.

The discrete element model of the TBCs system is shown in Fig. 4c. The total length of the model is
2000 pm; the heights of the TC layer and the Sub layer are both 200 pm, and the height of the BC layer is
50 um, which conforms to the standard dimensions of an actual coating system. The circular pores are
implemented in the model by deleting particles. The indenter is represented by a wall in the PFC
software. The indenter is assumed to be rigid and has the shape of a Vickers indenter (with a bottom
angle of 136°), moving downward at a velocity of 0.01 m/s.

The results show that when the penetration depth of the indenter reaches 100 pm, cracks propagate
downward from the surface of the TC layer and penetrate through the TC layer along the grain
boundaries, eventually extending to the TC/BC interface. During this process, a large number of tensile
cracks concentrate beneath the indenter, and the TC layer material in the region below the indenter
undergoes damage. The cracks continue to propagate laterally along the interface direction, causing the
TC layer and the BC layer to completely separate and spall. Meanwhile, influenced by local stress
concentration and shear stress, shear bands form within the TC layer. The numerical simulation results
are consistent with the experimental results, thereby validating the effectiveness of the numerical model.

4. Results and discussion

4.1 Effect of pore density on delamination cracks

In the two-dimensional model, the pore density is expressed as the ratio of the total pore area to the total
model area[23], denoted by d. The pore density within the TC layer typically ranges from 0.04 to 0.2[24].
This section focuses on analyzing the influence of pore density, only circular pores are considered (the
influence of pore shape will be discussed in Section 4.2), and the pore density is controlled by fixing the
pore radius at 2 pm and adjusting the number of pores (ranging from 20 to 60 with an interval of 10),
with d = 0 added as a control group.
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Figure 5 shows the effect of different pore densities on the delamination crack propagation length under
indentation loading. The overall trend indicates that the delamination crack length gradually decreases
as the pore density increases. When d = 0, the delamination damage at the TC/BC interface is the most
severe, with the single-side delamination crack length reaching 978.48 um, and the TC layer and BC layer
are almost completely separated. This indicates that in a dense structure, cracks tend to propagate
along the interface and connect to form longer delamination cracks. When d = 0.0628, the delamination
crack length is 907.91 ym, which is 7.21% shorter than that of the non-porous case, indicating that pore
defects impede crack propagation. Pores act as stress concentration sites and crack propagation
barriers, thereby limiting the overall length of delamination cracks. When d = 0.1257, the delamination
crack length is reduced by 23.64%, and the delamination cracks are significantly suppressed. When d =
0.1885, the delamination crack length is reduced by 60.72%, and the crack morphology changes from
planar propagation to a localized feature, confined only to the vicinity of the indenter contact zone. The
above analysis results indicate that pore defects enhance the coating's resistance to delamination crack
propagation.

To further quantitatively describe the relationship between the delamination crack length and pore
density, the ratio of the delamination crack length L to the pore density d is defined as the pore density
factor Q, and its expression is given by Eq. (10):

L
©=7

10

The variation of the pore density factor with pore density is shown in Fig. 6. Since Q exhibits a singularity
(tending to infinity) as d approaches zero, the data point at d = 0 was excluded. When d =0.0628 and d =
0.0943, the corresponding Q values are as high as 14457.17 and 9041.08, respectively. When d =0.1257,
the decrease in Q slows down to 5943.91. When d = 0.1571, the Q value further moderates, reaching
3961. When d = 0.1885, Q reaches 2038.83. The above analysis indicates that Q decreases as d
increases, implying that the crack length per unit pore density decreases; that is, the inhibitory effect of
increasing pore density on crack propagation is enhanced. This parameter provides a theoretical
reference for the performance optimization of coatings.

As shown in Fig. 7, the stress distributions in the Y direction of the coating system are presented for pore
densities of 0, 0.0943, and 0.1885, respectively.

From Fig. 7a, it can be seen that when d = 0, the stress distribution in the coating system is relatively
continuous. The stress beneath the indenter transitions from dark blue to green, and the stress
propagates to a relatively deep level, exhibiting a "bulb-shaped" pattern. This indicates that this region is
the zone of maximum compressive stress concentration and is also the area most susceptible to
material damage.
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From Fig. 7b, it can be seen that when pore defects are present, stress concentration occurs around the
pores, indicating that the pores bear part of the compressive load and thereby alleviate the stress
concentration in the matrix. Compared with Fig. 7a, the compressive stress zone in Fig. 7b is more
concentrated on the coating surface and the shallow layer beneath the indenter, and the "bulb-shaped"
zone becomes narrower and shorter. This indicates that an appropriate amount of pores can effectively
disperse and weaken local stress concentration, thereby enhancing the damage resistance of the
coating.

From Fig. 7c, it can be seen that the blue-green region is extremely small, while most of the area is yellow
to red, and the stress gradient is more gradual. This indicates that a higher pore density significantly
reduces the stress concentration in the coating.

In summary, since the pores deform under compressive stress and cracks propagate simultaneously,
this process releases energy. A higher pore density means that the coating can disperse and absorb
more energy, resulting in a reduction in the area of the stress concentration zone within the coating.

4.2 Effect of Pore Shape on Delamination Cracks

The pore shapes within the coating are diverse, and differences in pore shape can exert varying
influences on crack propagation. This subsection focuses on investigating the effect of pore shape on
coating damage. Taking the pore density d = 0.1257 as an example, Fig. 8 show the crack propagation
conditions in coating systems containing circular pores, square pores, and triangular pores under
indentation loading. It can be seen from the figures that as the pore shape changes from circular to
square and then to triangular, the corresponding delamination crack length gradually increases. This
indicates that triangular pores cause the most severe damage to the coating, followed by square pores,
while circular pores cause the least damage.

From the local magnified views of the pores, it can be seen that cracks around circular pores propagate
in a relatively random manner, and cracks can initiate from various positions around the pore. In contrast,
for square and triangular pores, cracks mainly propagate along the sharp corners of the pores. This is
primarily because, under indentation loading, when stress concentration occurs around the pores, the
stress concentration for triangular and square pores appears at the inner corners of the pores (the inner
angle is 360° for a circular pore, 90° for a square pore, and 60° for a triangular pore). As the pore shape
changes from circular to square and then to triangular, the inner angle gradually decreases. The smaller
the inner angle, the more prone the pore is to stress concentration, which in turn makes crack initiation
easier. This is consistent with the conclusions of Yang[25]. The above results indicate that the sharper
the pore corners, the more severe the stress concentration and the longer the delamination cracks.
Compared with pores having sharp corners, circular pores exhibit a stronger hindering effect on crack
propagation.

As shown in Fig. 9, the stress distribution contour plots of coating systems with different pore shapes
are presented. Limited by the measurement accuracy, it is difficult to display the stress concentration at

Page 9/24



the sharp corners of the defects in the stress contour plots. However, the variation in the area of the
compressive stress zone can indirectly reflect that, as the pore shape changes from circular to square
and then to triangular, the area of the compressive stress zone (blue-green) gradually increases. This
further indicates that circular pore defects have the greatest hindering effect on stress propagation
within the coating system, followed by square pores, while triangular pores have the least hindering
effect on stress propagation.

4.3 Mechanical Property Analysis

The testing and analysis of the system's mechanical properties help reveal the coating failure
mechanism and predict the laws of crack initiation and propagation. Accurate mechanical parameters
are a prerequisite for ensuring the accuracy of numerical simulations, and can also provide a basis for
optimizing the coating material system and improving the preparation process, thereby enhancing the
thermal shock resistance and service life of the coating.

In indentation test, the method proposed by Oliver and Pharr[26] is commonly adopted to evaluate the
indentation hardness and indentation modulus during the unloading stage. First, the indenter is loaded at
a certain loading rate until the load reaches its maximum value, and then unloaded at a certain unloading
rate. Figure 10 shows the finally obtained load—displacement curve, which consists of two stages:

loading and unloading. In the figure, h . is the maximum indentation depth, and h,, is the contact depth,

which can be determined from the intersection of the initial linear portion of the unloading curve with the
horizontal axis.

The indentation hardness H,, is calculated using Eq. (11):

P
Hy = =7 (1)

Where P ax is the maximum load borne by the indenter, and A, is the projected contact area between
the tested material and the indenter, which is calculated using Eq. (12):

A, = 24.56h. (12)
Where h,, is the contact depth.

The indentation modulus can be obtained indirectly through the reduced modulus. The reduced modulus
E, is calculated using Eq. (13):

Vi s
E, =Y 2
26 /4,

13
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Where B is a geometric parameter of the indenter, which is 1.012 for a Vickers indenter, and S is the
contact stiffness, which is calculated using Eq. (14):

g_ % _ _Pmax _ Pmax (14)
dh lpmax  Pmax—he  hmax(1—hc/hmax)

Where, d, and dj, are the load increment and indentation depth increment, respectively, within the range
of 60%—95% of the maximum unloading load.

The relationship between the indentation modulus E); of the coating and the reduced modulus E, is
given by Eq. (15):
1 1—v2 1—y2
_|_
E, Ey E;

15

Where E; and v; are the elastic modulus and Poisson's ratio of the indenter, respectively. In the discrete
element method, the indenter is assumed to be a rigid body, therefore, E; tends to infinity, and 1/E; tends
to zero. After simplification, Eq. (15) becomes Eq. (16):

1 12
= By (16)
For predicting the variation of indentation modulus of porous coatings with pore density under
indentation loading, the Mori—Tanaka scheme (abbreviated as the M—T scheme)[27] can be adopted. It
is a classical method for predicting the effective properties of multiphase materials and has been widely
used in the mechanical property analysis of composite materials and porous materials, enabling the
prediction of the equivalent elastic properties of composites. The prediction model expression for the
normalized indentation modulus is given by Eq. (17)[28]:

_1-d
Eyv/Eumo = 155 (17)
Where d is the pore density, and Epo is the indentation modulus corresponding to a coating pore
density of 0.

The results predicted by the M—T scheme were compared with the numerical simulation results and the
experimental results of Vanstreels[29], as shown in Fig. 11a. The simulation results are consistent with
the trends of the M—T scheme predictions and the experimental results, that is, as the pore density
increases, the indentation modulus of the porous coating exhibits a gradually decreasing trend. The
numerical results were fitted using a nonlinear equation. The results indicate that pore shape also has a
certain influence on the mechanical properties: circular pores have the least influence on the mechanical
properties of the coating, while triangular pores have the greatest influence. This variation pattern is
consistent with the influence of pore shape on delamination crack length discussed in Section 4.2,
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further indicating that pores with smaller inner angles are more likely to weaken the mechanical
properties of the coating.

Figure 11b shows the normalized indentation hardness results. The results indicate that its variation
trend is similar to that of the indentation modulus. Both the normalized indentation modulus and
indentation hardness decrease by approximately 50%, and both indicate that an increase in pore density
reduces the mechanical properties of the coating system.

5. Conclusions

This paper investigated the damage to TBCs system caused by defects with different pore densities and
pore shapes under indentation loading, and conducted a detailed analysis of crack propagation and
mechanical properties of the coating. The conclusions are as follows:

(1) Under indentation loading, the damage to the coating system mainly occurs within the TC layer and at
the TC/BC interface. Shear bands and coating delamination were observed in the numerical simulation.
When the penetration depth of the indenter reaches 100 pm, cracks propagate downward from the
surface of the TC layer and penetrate through the TC layer along the grain boundaries, eventually
extending to the TC/BC interface. The simulation results are in good agreement with the experimental
results, verifying the reliability of the model.

(2) With respect to pore density, a higher pore density can alleviate the stress concentration at the TC/BC
interface and reduce the delamination crack propagation length. When the pore density increases from 0
to 0.1885, the delamination crack length is reduced by 60.72%. By defining the pore density factor Q, the
negative correlation and attenuation characteristics between the delamination crack length and pore
density were quantitatively described.

(3) With respect to pore shape, the degree of influence on coating damage follows the order: triangular
pores > square pores > circular pores. The fundamental reason is that the smaller the inner angle of the
pore, the more prone it is to stress concentration, thereby promoting crack initiation and propagation.

(4) The mechanical properties of TBCs gradually decrease with increasing pore density. Both the
normalized indentation modulus and indentation hardness decrease with increasing pore density, and
the numerical simulation results are consistent with the variation trends of the M—T theoretical model
and experimental results, verifying the accuracy of the numerical simulation results.

In summary, this study established a discrete element numerical model and investigated the crack
propagation behavior of the TBCs system under indentation loading. Through comparison between
theoretical predictions and numerical simulation results, the reliability of the model was verified. This
study can provide a theoretical basis for controlling pore density during coating processing. Although
this paper mainly adopts the numerical simulation method and the model is a simplified two-
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dimensional model, future work will carry out experiments based on this study to further verify the
research conclusions.
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Figure 1

Particle contact model and iterative calculation cycle of DEM (a) Contact geometry of two particles (b)
Calculation cycle of DEM.
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Figure 2

Parameters calibration experiment (a) Uniaxial compression test (b) Three-point bending test (c)
Fracture toughness test
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Figure 3

Microscopic SEM image of an EB-PVD coating containing random pores[21]
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Figure 4

Delamination damage of the coating under indentation loading: (a) Theoretical model (b) Experimental
results[22] (c) Discrete element numerical model
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Variation trend of delamination crack length with pore density
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Figure 6

Variation trend of the pore density factor with pore density
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Figure 7

Stress distribution contour plots of coating systems with different pore densities (a) d = 0 (b) d = 0.0943
(c)d=0.01885
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Figure 8

Effect of pore shape on delamination crack propagation: (a) Circular pore (b) Square pore (c) Triangular
pore
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Figure 9
Stress distribution contour plots of coating systems with pore defects of different shapes: (a) Circular

pore, (b) Square pore, (c) Triangular pore
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Figure 10

Indentation load—displacement curve of the indentation test
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Figure 11

Variation of indentation modulus and indentation hardness with pore density: (a) Normalized indentation
modulus (b) Normalized indentation hardness
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