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Abstract

Thermal barrier coatings (TBCs) are applied to the surface of components that are used in gas turbines and
aircraft engines in order to increase the heat load. In this study, the cross-sectional microstructures of TBCs were
investigated via scanning electron microscopy. After calculating the porosity and the pore size distribution, a
two-dimensional finite element model with four different porosities (0, 1, 3, and 5%) were established. A
stochastic method was used to generate a randomly distributed porous structure. Based on the results of FE
analysis and nanoindentation tests, It was found that, at a high porosity (>3%), radial cracks are affected by the
interaction between neighboring pores and occur at the top/bond coating interface. After the cooling stage,
radial cracks continue their propagating trends. However, axial cracks are commonly generated from the ZrO,—8
wt.%Y,0s3 surface as the tensile stress caused by a single micro-pore can be as much as three times higher than
that of its surrounding area (porosity < 3%) at 1473 K. The addition of a 20 um sealing layer can effectively
eliminate the stress effects of the micro-pores on the YSZ coating surface.
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1. Introduction

Thermal barrier coatings (TBCs) are advanced materials systems and frequently applied to the surface of engine
components in order to prolong the service life and increase operating temperature [1], [2]. TBCs consist of
three different regions which include: top coating (TC), bond coating (BC), and metallic substrate. Typically, TC
and BC are deposited on the surface of a metallic component using thermal spraying and act to protect the
substrate from large and prolonged heat loads. The barrier system is necessary due to the fact that the top
coating is a ceramic with low conductivity and has a different CTE than the substrate [3]. Currently, one of the
more common TBCs in use is based on the MCrAlY (M = Ni, Co, and/or Fe) system and is used as a bond coating
(BC) in the TBC materials. The existing body of research work on TBCs were found to be much more stable under
high-temperature conditions and provided a significant increase in service life [4].

When the operational environment is constant, the TBCs’ microstructure becomes the primary factor affecting
the service life. In particular, the micro-pores and cracks are the basic characteristics for the TBCs fabricated by



plasma spraying [5]. The propagation of the crack is induced by the development of the thermal stress which is
decided by the following factors. First, the thermal mismatch between TC, BC, and substrate can produce stress
concentration easily. In addition, the sintering process of porous TC could increase the thermal conductivity
coefficient which would decrease the insulation performance [6]. And finally, the non-linear behaviors of TBCs
materials have a strong influence on crack growth rates [7], [8]. The non-linear coupled effects of creep,
temperature gradient, and coating morphology need to be further explored for practical applications that
determine the service life of high-temperature components.

Several experimental studies have been performed to investigate stress levels and distribution that develop in
TBCs during service. Sujanto et al. [9] used X-ray diffraction to assess residual stresses in ZrO, coatings and found
that the normal stress state is compressive. Zhu et al. [10] studied the compressive stress existing in the TC using
Moiré interferometry and nanoindentation techniques. However, it must be considered that the above-
mentioned characterizations of stress state were limited to a depth of 5 um below the surface, and the top
coating thickness is typically in excess of 200 um in most TBCs. Owing to the difficulties associated with making
accurate experimental measurements, researchers are increasingly using numerical models to analyze the stress
distribution in TBCs and have found the FE method to be one of the more efficient methods for characterizing
and predicting the structural behavior of whole TBCs. Wang et al. [11] reported that in the case of a surface
crack, the stress at the crack tip is higher than that inside the top coating. Although global stress fields have
been widely studied, the relationship between crack initiation mechanisms and the network structure of micro-
pores is still not completely understood.

In the present study, a thermo-mechanical analysis of porous TBCs was carried out using a two-dimensional (2D)
FE model to analyze the effects of spatial distribution and the interactions between neighboring micro-pores. In
order to study the influence of micro-defects on residual stress, the actual computational model is established
which is based on the cross-section image of the TBCs. The stress distribution and the mechanisms of crack
generation in the TBC were analyzed at four different porosity levels (0, 1, 3, and 5%) and the model was
developed using a random stochastic method. The accuracy of the FE model was verified using closed-form
theoretical analyses and results obtained from nanoindentation tests. Based on the simulation results, the use
of a sealed layer is proposed to eliminate the stress concentration on the TBC surface where the thickness of the
sealed layer is based on the radius of micro-pores.

2. Experimental procedure

The K406 substrate is a precipitation hardening nickel-based superalloy, which is commonly used in turbine
rotor blades, turning vanes, and integral impellers. The chemical composition of K406 is given in Table 1. The
dimensions of the K406 samples used as substrates were @ 20 mm x 3 mm. In this study, a ZrO,—8

wt.%Y,03 ceramic top coating and a NiCoCrAlY bond coating were deposited on a K406 superalloy substrate
using a DH1080 thermal spray system. The detailed summary of the experimental parameters is presented
in Table 2.

Table 1. Nominal chemical composition of the K406 substrate material used in the study.

Element | C Cr Ni Mo Al Ti Fe B Si Mn
wt/% 0.03~0.08 | 18.0~19.0 | The 4.5~6.0 | 3.25~4.0 | 2.0~3.0 | <1.00 | 0.05~0.10 | <0.30 | <0.10
rest

Table 2. Summary of the plasma spray process parameter used to generate the TBCs.



Powder Current | Voltage | Argon flow Hydrogen flow Mass flow rate | Spray
(A) (V) rate (L/min) rate (L/min) (g/min) distance (cm)
NiCoCrAlY 450 75 55 17 35 12
ZrO2-8 wt. 550 70 36 17 30 12
%Y,0;

The cross-sectional morphologies of the coatings were observed by scanning electron microscopy (JSM-6360LV,
JEOL, Japan). To detect the thermal stress of the TBC coating, nanoindentation tests were carried out on the TC’s
surface using a commercial testing machine (DHT-115, Shimadzu, Japan) with a triangular 115° pyramidal
indenter. The maximum indentation force, rate of loading force, and holding time were set to 200 mN,

70 mN/min, and 10 s, respectively. To obtain a stress-free state, the TBCs sample was immersed in hydrochloric
acid to dissolve the metallic substrate so that no additional stresses would be present in the top coating [10].
The residual stress in the other three samples was relieved by natural aging (293 K, 2 weeks). These three
samples were heated in a furnace to 1473 K to simulate the conditions encountered during the actual service.
After progressive heating for 30 min, the samples were cooled to room temperature. Finally, dozens of
nanoindentation tests were performed on all the samples.

3. Analytical model

Generally, thermal stress in TBCs develops as a result of phase transformation, quenching, and thermal
mismatch. A typical ZrO, coating will transform from tetragonal to monoclinic phase with 5% bulk expansion at
elevated temperatures [12]. However, this type of stress can be suppressed by adding 8 wt% Y,0s to stabilize
the tetragonal phase. Therefore, the contribution of intrinsic growth stress to the final thermal stresses is
typically less than that considered in previous studies [13]. Consequently, this stress component can be ignored.
When the TBCs are rapidly cooled from the processing temperature to room temperature, the as-sprayed
coating will contract quickly, resulting in quench stress. The magnitude of the quenching stress g, can be
calculated according to Eq. (1) as shown [4]:

(1)

0q = ar¢(Tm — T5)Erc

where arcis the coefficient of thermal expansion of the top coating, Tm is the melting point of the sprayed
material, T; is the substrate temperature during spraying, and ETC is Young’s modulus of the top coating.
However, the magnitude of the quenching stress tends to be relatively low (~10 MPa) because it is relieved by
defects during the fabrication process and can also be reduced by natural aging [14]. As such, the effect of
qguenching stress considered negligible and is also ignored in the present study. The third stress component is
the thermal mismatch stress which is caused by a difference in the coefficient of thermal expansion between
dissimilar materials that can lead to premature failure of the TBC system. The thermal mismatch stress can be
estimated by the following equations [9], [15]:

(2)

a. — a + 4 Arer — A
Ope = EBC( s BC) Yrc(rc BC) AT

1+4sc +vrc)

(3)




B (as — arc) + 4yvpc(@pc — rc)
Orc = ETC AT
1+ 4(ypc +vrc)

where gsc and orc represent the thermal mismatch stress in the bond and the top coating, respectively. Egcis
Young’s modulus of the bond coating, as and aisc are the coefficients of thermal expansion of the substrate and

the bond coating, respectively. yscis the ratio of the bond coating and the substrate stiffness, yrcis the ratio of
top coating and substrate stiffness, and AT is the difference between operating and room temperatures.

It should be noted that while the influence of elastic strain, thermal expansion deformation, and bending
deformation are considered in Egs. (2), (3), this implies that the structure is fully dense (i.e. no porosity).
However, upon closer examination, it is apparent that the structural influence of a porous network in the TBC
system is not included. Owing to the relatively low thickness of the top coatings (~200 um) relative to the
substrate, the thermal stress can be defined using a plane strain model, and a single micro-pore can be used to
simplify the analysis. As illustrated in Fig. 1, the circle and the square represent the micro-pore and the matrix of
the top coating, respectively. The single micro-pore is assumed to be far away from the boundary and the other
micro-pores (>>2.5 times the radius of micro-pores) of the coating. The stress f; is uniformly distributed around
the circle because of the compression and expansion of internal gas that is contained within the pore. In
addition, the surrounding stress (f> and f3) show that TBC systems are anisotropic, this is attributed to the
thermal spray technique that is used to deposit the layers. In part |, the stresses at the interface can be
described using the following equations [16]:

(4)
r2
0p = _p_2f1
(5)
r2
Op = p_2f1

where 0, is the radial stress, g, is the circumferential stress, r is the radius of the micro-pores, and p is the polar
radius. According to the Kirsch equations derived from the theory of elasticity, the following formulas are
introduced to describe the summary stresses in parts Il and lll [17].

(6)
f+f3 f3 f2 r? r?
O'p=—T 1-; 2 1—? 3?—1 COSZ(p

Ty =—M<1+;—2>+f 2f2<3p—+ 1>c052<p

(7)

where @ is the polar angle.
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Fig. 1. Schematic representation of a single pore model in closed-form analysis.

Based on the principle of superposition, Egs. (4), (5), (6), (7) can be combined and the following equations
obtained for the radial and circumferential stress:

(®)
r? f2+ 13 ™\ fs—f r r’
%= ph ‘T(l‘ﬁ>+7<1‘?> (3? 1)“’52‘”

(9)
r? f2+ /3 i—f
=—f —=—">(1 3—+1 2
Ty p2f1 > <+p> > <p+>cosg0

To further analyze the effect of micro-pores, four different polar radii were selected. The resulting stresses
obtained using Egs. (8), (9) results are shown in Table 3; they indicate that the single micro-pore model has the
features of centrality and locality. The hoop stress near the hole side significantly decreased with an increase in
the polar radius. The value of the maximum hoop stress was calculated to be up to three times higher than that
of its surrounding area, and also satisfies Saint-Venant’s principle.

Table 3. The equations of hoop stress around the micro-pore.

o] r 2r 3r ar

090° | =3f3+f1+ /2 _f 13 -8A+ 1 _f A5 —6f+2f; _19f3—32f; +13f;
3 32 3 54 3 512

4. FE simulation model

The effect of micro-pores on the mechanical field in the TBC was analyzed using the commercially available FE
software ANSYS 15.0. As details regarding the ANSYS formulation are well known, only a summary of the model
is provided here. The FE model consisted of three layers which included: a 200 um-thick top coat, 100 um-thick
bond coat, and a 3000 um-thick substrate (K406). Randomly distributed micro-pores were placed in top coat.
The 2D plane strain element was used in the simulation. The geometry structure and relevant boundary
conditions were established for the tested samples, as shown in Fig. 2. Here, the x and y directions correspond
to the radial and axial directions of the sample, respectively. The abovementioned model, whose parameters
were derived from practical experiments, ensures the effectiveness and correctness of the proposed methods.
To describe the porous structure of the TC more accurately, a stochastic based restructuring technique, called
the random generate method, was used to generate a porous structure. In the simulation, the radius of the
circles was randomly set (limited to the range 3—5 pum), with a random distribution of center points. To ensure
precise calculation and computing power, the width (2000 um) was set to ten times the thickness of the TC. The
morphology of cracks and micro-pores in the TC is a crucial parameter affecting the thermal and mechanical
properties of coatings. Finally, the actual micromechanical model is established which is based on the cross-
section image of the YSZ coatings.
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Fig. 2. Schematic representation of (a) the TBC model, and (b) thermal loading history used in the FE analysis.

The heat transfer interface acts as a thermal load for the structural simulation, causing thermal expansion or
contraction. During the simulations, heat flow at 1473 K was introduced on the top surface for 30 min (Fig. 2c).
The details of the physical properties used to represent each material are given in Tables

4 (7], [9], [18], [19], [20], [21], [22]. Because plastic deformation represents a possible stress-relaxation
mechanism in bond coating and substrate, the elastic-plastic properties were used in the calculation with
bilinear hardening behavior being assumed. In addition, all layers are assumed to be combined with creep-
plastic materials. The 2D FE model of micro-pores was prepared, and the mesh around the TC/micro-pore
interface was confirmed to be sufficiently fine by independent test (Fig. 3). The independent test of porous
thermal barrier coating selects four different parameters, which are the number of element division, are shown
in Fig. 2b. When the parameters are changed, the total mesh, the maximum radial stress, are shown in Table 5.
It can be seen that when the number of mesh is mesh3, the computational domain of mesh3 is the smallest. And
the maximum radial stress of the target surface compared to mesh 4 does not change the substance. Therefore,
selecting the mesh3 as the minimum calculation domain will not affect the results due to the number of mesh.



Table 4. Thermophysical properties of the substrate, bond coating and top coating materials used in the study [7], [9], [18], [19], [20], [21], [22].

Materials Temperature | Thermal Young Linear coefficient | Poisson's | Yield Tangent Creep Creep
(K) conductivity modulus of thermal ratio strength modulus coefficient | index
[W/(m-K)] (GPa) expansion (MPa) (GPa)
(10°5-K™?)
K406C 273 11.30 189 15.76 0.26 560 1.7 2.2x107%4 3
473 12.56 182 0.25
673 15.49 173 0.25
873 18.84 163 0.27
1073 22.29 150 0.29
1273 22.61 149 0.32
1473 22.61 149 0.32
NiCoCrAlY 273 4.3 186 14.3 0.3 270 0.69 1.4x10%% |3
673 6.4
1073 10.2
1473 11.1
Zr0,-8 wt.%Y,03 | 273 2.42 45 10.2 0.1 1.8x10" | 0.48
473 2.48
673 2.43
773 241
1273 1.6
1473 1.6
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Table 5. Parameters associated with different meshes used for independent test.

Mesh | x; X2 X3 X4 | Total mesh | Maximum radial stress (GPa)
1 100 | 200 | 400 | 400 | 305 227 1.57
2 100 | 200 | 400 | 500 | 367 339 1.72
3 100 | 250 | 500 | 500 | 416 286 1.81
4 150 | 250 | 500 | 550 | 453 588 1.86

5. Results and discussion

5.1. Microstructure

The cross-sectional morphology and the porosity of the as-deposited ZrO,-8 wt.%Y,05 top layer is shown in Fig.
4. It can be seen that the coating microstructure is not uniform and that numerous inter-lamellar micro-pores
are also visible because the adjacent splats do not overlap fully. In addition, the gas dissolved in the plasma jet
will penetrate into the molten or semi-molten state of the droplet. Further, the small bubbles are not afforded a
timely escape owing to the decrease in the solubility when single splats are sputtered onto the substrate, and
pores can also be produced. However, this unique feature of the thermal spray deposition process also
contributes to a further decrease in thermal conductivity due to the presence of the pores. The porosity values
(approximately 4.87%) and the pore-size distribution of the TC were determined using the digital image capture
and analysis method. The calculated result (Fig. 4b) which showed that the majority of the voids were randomly
oriented isolated micro-pores with a narrow size distribution. An analysis of the micro-pore size of the TC
showed that 83.4% of the micro-pores had a radius between 3 and 5 um, while the remaining 6.73% had a
radius below 3 um, including nano-sized micro-pores. The remainder of the micro-pores had a radius exceeding
5 um. To analyze the effect of porosity, porosity values of 1, 3, and 5% were tested (Fig. 5). The porosity values
of 3 and 1% were chosen to represent the TC that exhibited densification due to the healing of the micro-pores
and sintering phenomena that occurred during high-temperature processing. In order to study the influence of
micro-defects on residual stress, the geometry of the cross-section profile (Fig. 6) was carefully reconstructed
according to the real microstructural features such as micro-pores, splats, and cracks taken from SEM
micrographs of coating cross-section.
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Fig. 6. Modeling representation of ceramic top coating based on the cross-sectional image.



5.2. Simulation results

In this section, the thermal stress distribution is discussed in detail by comparing the FE simulation results and
the closed-form analysis. The sign convention used here is that compressive stress is negative and tensile
stresses are positive values. Fig. 7 shows the radial stress field of a solid TBC (i.e. 0% porosity) at 1473 K. It is
evident that the top coating was under tensile stress; however, the bond coating and the substrate exhibited
compressive stress under real service conditions. The thermal expansion of the coating surface was unrestricted,
however, the lower layers slowed the effective free expansion. The radial stress-position curve at the coating
surface is shown in Fig. 7b. All of them are free elements at the right edge; the deformation can transfer to the
free edge and release the energy in time. As a result, the value of radial stress showed a retardation trend near
the right edge. The accuracy of the FE models (without defects) was also verified by comparing the
computational result and the closed-form calculation of thermal stress. The simulation result of stress obtained
at the TC surface has an average value of 314 MPa which shows good agreement with the theoretical value of
324 MPa obtained from Eq. (3). According to the above results, the boundary condition and the parameters of
the established models are verified to be correct. Fig. 8 shows the stress distribution after the substrate and the
sprayed materials were cooled to the 293 K. There is overall compressive stress in the top coating, and the
average radial stress at the surface is -210.37 MPa (Fig. 8b). However, the maximum tensile stress (137 MPa) is
generated at the top/bond coatings interface because of the mismatch in the coefficient of thermal expansion.
The irreversible nature of plastic deformation within the TBC led to an inverted stress distribution. This is the
principal reason for the failure of TBC coatings, resulting in the spallation of the top coating when turbine blades
are operated under the service condition.
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Fig. 7. Calculated radial stress distribution obtained from solid TBC of (a) the whole part and (b) the coating
surface at 1473 K.
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The FE results indicate that the tensile stress existed within the porous TC when heated to 1473 K (Fig. 9). During
densification processing, the average value of stress increased from 265 to 308 MPa within the whole TC. In the
axial direction, the maximum stress (1487 MPa) near the micro-hole edge is approximately three times higher
than that of the surrounding area (Fig. 10), in accordance with the results in Table 1. In the sustained high
temperature, the tensile stress would exceed the yield points of the materials and result in permanently deform.
The isolated micro-hole was squeezed and released the deformation energy to the TC surface or TC/BC interface
along the axial direction, which played an important role in the mechanisms of crack initiation.
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Fig. 9. Simulated radial stress contours obtained at 1473 K from the FE model at of (a) 5%, (b) 3%, and (c) 1%
porosity levels.
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Fig. 10. Simulated results showing radial stress field at 1473 K for a porosity of 1%

After cooling to 273 K, the porous TC will switch from a tensile stress state to a compressive state owing to the
CTE. The radial stress of TC is lower than that of the solid one (porosity 0%) also because of the deformation of
micro-pores as a stress—relaxation mechanism in the as-sprayed coatings (Fig. 11). When the level of porosity is
above 3%, the stress-affected areas are prone to connect in the radial direction. The average value of the
compressive stress increased from -127.8 to -175.4 MPa, while the porosity sintered from 5 to 1%. Tanaka et
al. [23] also calculated the value of residual stress (-270 to -120 MPa) by micro-Raman spectroscopy. It was
proved that the simulation results are reliable and accurate. However, the micro-hole edge maintains the tensile
stress state in the radial direction, which suggests that radial cracks still propagate during the cooling process
(Fig. 12). As a result, spallation will occur within TC. When the level of porosity is 1%, a single micro-pore formed
in the stress-affected area, which is almost isolated owing to the distance between neighboring micro-pores.
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Fig. 11. Simulated radial stress contours obtained from the FE model at porosity levels of (a) 5%, (b) 3%, and (c)
1% at 293 K.
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Fig. 12. Simulated results showing radial stress for the porosity of 1% at 293 K.

The creep and plastic deformations can simultaneously develop at suitable stress levels. For creep behavior of all
layers, the following creep model is used [24]:



(10)
e=Co™

where € is the uniaxial equivalent creep strain rate, o is Von Mises equivalent stress. C and n are the creep
coefficient and creep index, respectively. The creep and plastic deformations, as well as the thermal mismatch,
dominate the stress development. The time-dependent evolution with the four different porosities are
evaluated (Fig. 13), to show how the creep strain evolve. With the increase of porosity, the creep strain is
decreased. The direct reason is that the micro-pores affect the stress distribution characteristic and the stress
magnitude. The thermal barrier coating with high levels of porosity can resist high temperatures and reduce
creep deformation after working a long time.
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Fig. 13. Evolution of the maximum equivalent creep strain of top coating.

According to the simulation results of image-based modeling (Fig. 14), it can be seen that the maximum tensile
stress (1872 MPa) appears at the crack tip at 1473 K. During the service condition, the micro-pores in the top
coating can affect the residual stress distribution in the local area around the cracks. In addition, the inner of the
porous TC also has some connections between cracks and micro-pores that affect the stress distribution and
magnitude. As for the cracks, the radial crack, axial crack, and crack length will also affect the failure behavior of
the TBCs. Some branched cracks will be formed at the interface between two contiguous upward and underlying
splats [25]. The micro-cracks will propagate, link at the axial direction and then reach the TC/BC interface
eventually, then the failure of the coating will occur.
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Fig. 14. Simulated results showing radial stress for image-based modeling in the top coating.

The different levels of porosity and the service environment may cause two different types of micro-cracks in
the ceramic top layer which include: (1) radial cracks within ceramic coatings from the interactions of
neighboring micro-pores; (2) axial cracks that are easily initiated near the surface because of tensile stress



propagating radially during the heating stage. A radial crack will form when the porosity reaches above 3%
owing to the overlap of the affected stress area. After the cooling stage, the radial cracks will continue
propagating. As a result, coating spallation may occur, especially along the top/bond coating interface (Fig. 15a).
This region can easily store the elastic strain energy, and the energy release rate for a crack is also increased
because the different materials exist at the interface. In addition, the micro-pores that exist near the interface
enforce coating spallation because the connected area of tensile stress promotes crack propagation, and the
surrounding high-stress state further increases the stress intensity of the radial crack. If the top coating has low
porosity, below 3%, or suffered crashed particles (CMAS) at high temperature, micro-cracks may propagate
through the micro-pores that are near the surface, finally reaching the top/bond coat interface (Fig. 15b). This is
attributed to the higher in-plane tensile stress; single micro-pores have an important influence in the axial
direction. The affected area is hardly connected in the radial direction when the porosity is below 3%. On the
one hand, radial cracks can relax the thermal stresses and improve the strain tolerance within the top coating
and cracks may be closed during the cooling stage. On the other hand, the durability of the TBC is limited
because of their susceptibility to corrosion caused by vanadium salts or oxidation in practice. Overall, the
increased porosity will decrease the whole stress level and may eventually delay the propagation rate of the
main cracks.

(b)

Fig. 15. SEM micrograph showing cross-sectional morphology of the TBC: (a) axial cracks and (b) radial cracks.

Fig. 16 shows the stress distribution of the TC surface at 1473 K. All the radial stress-position curves show a
moderating trend because the energy is released completely at the right edge. The “jump” phenomenon of
stress appears in the micro-pores-affected area because the plastic-elastic behavior resulted in a very high
tensile stress in transient analysis. When the TC surface suffers particle collisions such as calcia-magnesia-
alumino-silicate (CMAS) during service life, the cracks may penetrate to the TC/BC interface quickly. In
particular, the sintered TC maintains the highest tensile state (porosity < 3%), which results in coating failure.
After cooling to the room temperature, the radial stress-position curves suggest that the surface isin a
compressional environment. The “drop” phenomenon of stress appears at regions around the micro-pores



because of contraction distortion (Fig. 17). The bottom value is approximately two times higher than the
surrounding area depending on the distance between the surface and the micro-pores.
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Fig. 16. Radial stress-position curve of the top coating surface at 1473 K.
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Fig. 17. Radial stress-position curve of the top coating surface at 293 K.

The FE analysis of YSZ coatings at different porosity levels shows that the stress concentration phenomenon of
the micro-pores will increase the stress value near-surface region. When the coating surface subjected to
particle impact, the axial cracks expand along the stress concentration area. The results of a single micro-pore
analysis show that the range of affected areas is three times than of its own radius. Therefore, a sealed layer
with a thickness of 20 um was added to investigate the effect on the surface stress state of the YSZ coating. Fig.
18 shows the radial stress curve on the outer contour of the sealed YSZ at 1473 K. The stress curve still maintains
a downward trend on the right side suggested the overall surface stress state of the sealed YSZ coating does not
change greatly. However, the 5%, 3%, and 1% radial curves become smoother, indicating that the addition of a
20 um sealing layer effectively eliminates the stress effects of the micro-pores on the YSZ coating surface. When
the temperature drops to 293 K, the radial stress curve on the outer contour of the sealed YSZ is shown in Fig.
19. The smoothing effect of the sealing layer also appears on the stress curve. In our previous study [26], the Al-
Y/YSZ layered design ensured the maintenance of high porosity within the YSZ coating, allowing the coating to
retain its superior thermal isolation performance and improving the oxidation resistance.
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Fig. 18. Radial stress-position curve of the sealed coat surface at 1473 K.
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Fig. 19. Radial stress-position curve of the sealed coat surface at 293 K.

5.3. Nano-indentation results

The nanoindentation technique was utilized to measure the thermal stress state of the top coating, and it
provided a qualitative assessment of the stress distribution obtained using the FE method. The indentation load-
displacement curve is shown in Fig. 20. With an increase in the load, the plastic deformation was increased in
steps, which is a non-linear loading process. However, the unloading process is irreversible because of the
recovery period of materials. The load-displacement curve of the stressed sample is shown on the right side of
that of the unstressed TBC, which suggests that compressive stress remained within the coating. During the
indentation process, the pressure stress from the indenter is perpendicular to the surface of the specimen. If the
specimen has inner compressive stress, the direction of the compressive stress is opposite to that of the shear
stress caused by the indenter. As a result, the compressive stress will obstruct the penetration of the indenter
and the penetration depth will decrease. A theoretical model using a geometrically similar sharp indenter has
been proposed by Suresh and Giannakopoulos for the determination of equi-biaxial stress [27]. When the load is
fixed, the compressive stress can be calculated by the following equation:

(11)
H, (h?
sina \ hi

o =

where Hy is the dynamic hardness of the TBC under stress-free state (around 5.41 GPa), a is the pressure angle
(32.5°), and h and hg represent the indenter displacement of the unstressed and the compressively stressed
samples when the load reaches 100 mN, respectively. The indenter displacement of the unstressed and the
compressively stressed samples are 2.99 and 2.96 um, respectively. Based on the above data, the value of inner
stress is calculated to be -230.2 MPa at 3 um below the surface. This lowers the FE result (175.4 MPa) because
the surface of the top coating is totally sintered after heat processing. Furthermore, the real contact area
between the indenter and the coating surface is smaller than the values obtained during the experiment.
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Fig. 20. The indentation load-displacement curve of the top coating.

6. Conclusion

In this study, an FE model of a TBC containing a porous ceramic top coating was developed based on a
guantitative image analysis of plasma-sprayed samples and was used to investigate the effect of porosity on
stress distribution and magnitude. Based on the results that were obtained, the following conclusions can be
made:

(1) The thermal spray process resulted in the formation of well-aligned pores with a narrow pore-size
distribution (3—5 um radius) in ceramic coating.

(2) In the porous system, a single pore affected the structure field over a limited area (below 3 times the pore
radius) which is in accordance with Saint-Venant’s principle.

(3) According to the FE results and the nanoindentation tests, the whole top coating shows compressive stress
which remained within the layers and was manifested as residual stresses during cooling at room
temperature. Furthermore, the compressive stress level tends to decrease with an increase in the
number of micro-pores or porosity.

(4) Based on the nucleation of micro-cracks, axial cracks that penetrate to the top/bond coating interface are
generated when the porosity is below 3%. However, with an increase in the percentage of porosity, the
type of cracks changes to radial cracks at the top/bond coating interface. The results also suggest that
the porosity and service environment may affect the crack growth orientation.
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