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Abstract: Under service conditions, apart from the harsh temperature environment, mechanical load-
ing also seriously affects the life of thermal barrier coatings (TBCs). A comprehensive understanding
of the combined effects of thermo-mechanical loads can help to further reveal the failure mechanism
of TBCs. In this work, a portion of a thin-walled circular pipe is intercepted for numerical analysis,
and the interface is simplified as a sinusoidal curve. The dynamic growth of thermally grown oxide
(TGO) is included into the model. A cohesive model is used for interfacial cracking analysis. The
results show that the effects of tensile and compressive loads on the normal stress of the coating are
not significant, while the effect on the shear stress of the coating is more obvious. In addition, the
in-phase load will delay the occurrence of interfacial failure behavior, while an out-of-phase load
can promote the failure. These results will help to better understand the effects of the coupling of
mechanical and temperature loads and to provide support and guidance for the design of new TBCs
structures in the future.

Keywords: thermo-mechanical loading; stress evolution; thermal barrier coatings

1. Introduction

As the temperature in front of the turbine continues to rise, the blade material alone
can no longer meet the requirements. Currently, the use of efficient internal blade cooling
structures with air film cooling technology has become the main means, but this can
greatly increase the manufacturing cost of the blade. The use of advanced thermal barrier
coatings (TBCs) has become the most effective way to reduce the temperature of the blade
substrate [1]. According to the relevant literature, applying thermal barrier coatings with
a thickness of 250 um can reduce the substrate temperature by 110-170 °C [2]. When
spalling occurs, it will cause greater damage and harm to the blade substrate [3,4]. TBCs
are generally considered to have a two-layer structure: ceramic top layer (TC) and bond
layer (BC). The TC layer isolates the metal substrate from the heat flow and reduces the
heat transfer capability. The BC layer can reduce the thermal mismatch between ceramic
layer and substrate, and enhances the oxidation resistance. The thermally grown oxide
(TGO) layer forms between TC and BC, which increases interfacial stresses and accelerates
the occurrence of failure [5-9]. TBCs on turbine blades undergo the cyclic process of
heating, holding, and cooling, resulting in cyclic thermal stresses and then fatigue failure
phenomenon [10-12].

As gas turbine blades rotate at high speeds, TBCs are subjected to not only mechanical
loads due to centrifugal forces, but also thermal and low peripheral fatigue due to frequent
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operation and standstill (Figure 1) [13-15]. In these complex environments, TBCs applied
to gas turbines are exposed to a combination of temperature loads and mechanical loads.
The failure mechanism becomes more complex compared to a single temperature load
because mechanical loads can change the stress distribution and failure behavior of TBCs.
It becomes a joint coupling of thermal mismatch stress, TGO growth stress, and centrifugal
force. Under these conditions, cracks develop and expand within the TBCs, eventually
damaging the TBCs [16-19]. Based on this practical working condition, TMF and TGMF
tests are derived. A coated thin-walled round tube with a high-temperature fatigue machine
is used for the test. However, the high temperature tests are difficult to measure, and it is
hard to capture the internal stresses as well as the cracking behavior of the coating. Finite
element simulations are needed to analyze the coupled effects of temperature loads and
mechanical loads to best simulate the operating environment of the coating in the gas
turbine [20].
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Figure 1. Schematic illustration of thermo-mechanical coupled loads on a turbine blade [16].

In recent years, many scholars have used numerical simulation methods to model
and analyze the failure of TBCs [21-23]. Studies have been carried out on TC layer thick-
ness [24,25], plasticity [26,27], creep [28-30], sintering [31-33], TGO growth [34,35], and
interface roughness [8,36-38]. Wei et al. [31] explored the effect of material parameters
on residual stresses by combining various material properties based on the univariate
principle. Yu et al. [38] analyzed the TBCs stresses based on the factors of interfacial rough-
ness and TGO thickness. Song et al. [39] analyzed the stress distribution as well as the
cracking behavior of coatings under thermal cycling conditions considering the increase
in TGO thickness and found that the stress rises dramatically with the increase in TGO
thickness. Ahrens et al. [40] investigated the stress distribution at the TBCs interface by
a combination of experiments and finite elements. Yang et al. [20] analyzed the stress
distribution and evolution under thermal cycling and thermal gradient mechanical fatigue
loading. However, the coupled effects of temperature and mechanical loads have not been
deeply investigated. Mercedes T et al. [41] quantified the thermo-mechanical response of
the BC and TGO and found that creep greatly influences the stress distribution in the TBCs.
However, the effect of mechanical loading was not further explored.
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In this paper, finite element calculations will be carried out based on a user subroutine
program. The material parameters such as plasticity, creep, TGO growth, and pressure loads
are included in the model. The stress distributions in TBCs under constant tension, constant
pressure, in-phase loading, and out-of-phase loading under thermal cycling conditions
are compared. Then, the damage evolutions under in-phase/out-of-phase loading are
analyzed. Based on this study, a more comprehensive and in-depth understanding of the
effects of mechanical and temperature load coupling can be made, and a more accurate
prediction and analysis of the actual working conditions can be carried out. It also provides
a basis for the structural modification of TBCs.

2. Finite Element Model
2.1. Geometry and Mesh

Considering that the specimens used are generally hollow cylinders coated with the
thermal barrier coatings on the surface, the circumferential unit is taken as the object of
study and a two-dimensional finite element geometric model is established as shown in
Figure 2 below. The structural features of a typical TBCs include a ceramic layer (Top Coat,
TC), thermally grown oxide layer (TGO), bonding layer (Bond Coat, BC), and base metal
material (substrate, SUB). TBCs are modeled with a thicknesses of 0.25 mm (TC), 0.001 mm
(TGO), 0.15 mm (BC), and 3 mm (SUB), respectively. In the simulation, it is assumed that
the TGO is uniformly dense x-Al,O3 [42,43], and the effect of the spinel oxides in the TGO
on the failure of the TBCs is ignored [44].
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Figure 2. Geometric model of TBCs.

The interface of the TC/BC is extremely complex and exhibits rough characteristics
due to the spraying technology and TGO growth. So an ideal sinusoidal curve is used for
approximate fitting of the interface, and the function is denoted by y(x) = Ag-sin(27tx/A),
where Ag/A = 0.5 and A = 0.06 mm, and this model has been widely used by scholars. In
addition, due to the symmetry and periodicity, the model contains only half a cycle.

Local encryption is performed for the TGO by setting the grid size to 0.0004 mm and
all grid types are set to quadrilateral. Except for the cohesive element type COH2D4, all
cells are set as temperature-displacement coupling, i.e., CPE4T. Transient temperature-
displacement analysis is performed.

2.2. Material Property

For all the layers involved in the simulations, the materials are assumed to be homoge-
neous and isotropic. The thermophysical properties such as thermal expansion coefficient,
modulus of elasticity, Poisson’s ratio, etc. of the TBCs materials vary with temperature. The
properties of the materials involved are shown in Table 1 below [45].
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Table 1. Material parameters of TBCs. Data from [45].
Material Temperature/ Elastic Modulus/ Density/ CTE/ Thermal Conductivity/ Specific Heat/
ateria Q) (GPa) (kg-m~3) (ppm-°C-1) (W-m—1.K-1) (J-kg1-K-1)
25 17.5 0.20 5650 9.68 1.05 483
TC 400 - 0.20 5650 9.70 1.05 483
800 - 0.20 5650 9.88 1.05 483
1000 12.4 0.20 5650 10.34 1.05 483
25 380 0.27 3978 5.10 25.2 857
TGO 400 - 0.27 3978 - 25.2 857
800 338 0.27 3978 - 252 857
1000 312 0.27 3978 9.80 25.2 857
25 183 0.30 7320 - 4.6 501
BC 400 152 0.30 7320 12.50 6.4 593
800 109 0.30 7320 14.30 10.2 781
1000 - 0.30 7320 16.00 16.1 764
25 129.9 0.30 8344 - 8.6 469
DZ411 400 118 0.30 8344 12.90 15.5 501
800 101 0.30 8344 14.50 21.1 547
1000 86 0.30 8344 15.60 23.1 575

Due to the brittleness of ceramic materials and the extremely low high-temperature
creep rate, it is believed that the TC only exhibits elastic behavior and does not consider its
plastic behavior. The yield strength of each layer of TBCs is shown in Table 2 [46,47].

Table 2. Yield strength of materials in TBCs. Data from [46,47].

Layers Temperature/°C Plastic Strain oy/MPa

TGO 20 0 10,000
900 0 10,000

1000 0 1000

BC 20 0 1000

300 0 1000

750 0 100

1000 0 100

DZ411 20 0 1280

650 0 1255

700 0 1185

800 0 955

900 0 655

980 0 595

1000 0 356

When the TBCs temperature is greater than 600 °C, the creep behavior of the BC
is particularly evident, while the creep behavior of the TC and the TGO only occurs at
high temperatures. The creep behavior over time is represented by the following creep

Norton formula:

& = Bo"

1)

where &, and o are the strain rate and stress, respectively. B and n are temperature-
dependent parameters fitted experimentally, as shown in Table 3 [48]. It is realized by the
user subroutine “CREEP” in Abaqus/standard.

Table 3. Creep parameters of each material [48].

Layers B (s—1MPa—m) n T(°Q)
TC 1.8 x 1077 1 1000
TGO 73 x 1077 1 1000




Crystals 2024, 14, 2

50f 16

Table 3. Cont.

Layers B (s—1MPa—n) n T(°O
BC 6.54 x 10719 457 <600
220 x 10712 2.99 700
1.84 x 1077 1.55 800
2.15 x 108 245 >850

2.3. Boundary Conditions

As shown in Figure 3a, a symmetric constraint along the horizontal direction is applied
for the left side of the model due to the periodicity of the selected model. The right side is
constrained using multipoint constraints (MPC) and mechanical loads are applied. The
multipoint constraint (MPC) allows the nodes on the right side to move with the same
displacement in the horizontal direction while allowing free movement along the vertical
direction. The initial unstressed temperature is set to 1000 °C and the thermal history
experienced by the whole model is shown in Figure 3b below. For a single cycle, it rises
from 25 °C to 1050 °C after 55 s, then undergoes a 300 s holding phase, and then cools down
to 25 °C after 5 s, for a total of 20 cycles. Since this paper is a parametric modeling analysis
based on finite element simulation, it focuses more on the effect of mechanical loads on
the thermal barrier coating. The simulation will not be strictly based on experimental or
engineering specifications. The selection of 20 thermal cycles is a comprehensive measure
of the results presented as well as the results obtained from computational resources. A
uniform temperature field is applied for the whole model, and no heat transfer occurs
during the temperature change. Creep at high temperatures allows the release of tensile
stresses in the TBCs, resulting in stress reduction. The mechanical loading cycles experi-
enced by the model are shown in Figure 3c below. The solid line indicates in-phase loading
(i.e., maximum temperature corresponds to maximum mechanical load), while the dashed
line indicates out-of-phase loading (i.e., maximum temperature corresponds to minimum
mechanical load).

> — 1050 -~ o N r \
\ o I \ / | / |
— s |/ |/ | ‘
P 2 *‘j i l‘\ / l‘\ /“ l'w
—> - g |/ | / | / |
' [ \/ | / |
> — g \ \f |
% 20 f--t-mmmm - - b
1 | 11
[> —> . PR — 48
( b) 555 300s 5s n cycles
MPC 60 [ 1 ,‘
SR SN . ol i e Y L B
e % / l‘ “ll “ /l “l
> = g |/ | / \ / ;
7 / |/ \ / \
A g / I “1 '/ "\ /i “
~o a | Ay \/ \
~ ‘ il N | ‘.
. [1) P T— C
> — / 55s, 300s Pg n cycles
> — |
(a) — (c) |
-60 f---1 ]' N

Figure 3. TBC analysis model: (a) boundary conditions, (b) temperature history, and (c) mechanical

load history.
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2.4. TGO Growth Design

Due to the porous structure of the TC, oxygen diffusion is not prevented. Oxygen
passes through the TC with elements such as Al, Cr, etc. from the BC to form the internal
oxidation by a chemical reaction at high-temperature conditions (>900 °C). Internal oxida-
tion mainly involves two typical oxides: TGO and internal oxides. When internal oxides
are formed, the stress distribution as well as the failure mode of the coating can influence
the impact. The growth rate is generally higher than that of TGO, so the interface in contact
with the internal oxide is more prone to cracking, and cracks tend to propagate along the
interface. The amount, location and distance of the internal oxide from the coating interface
all have an effect. In this paper, only the growth of TGO is considered, which is shown to be
feasible [45—49]. It grows uniformly normal to the TC/TGO interface, introducing greater
growth stresses to the interface. In ABAQUS for TGO growth simulation, generally the
CREEP user subroutine was used to define the SWELLING option in this simulation due to
the predefined TGO thickness of 0.001 mm, and its growth mode for the qualitative analysis
of the stress does not have much impact, thus the definition of a constant strain rate.

hee = 1.0 x 1074 )

To achieve a normal uniform growth along the TC/TGO interface, the following
deformation parameters are defined as follows:

. oxidation 1-
= riighcr 3)
where the subscripts i = 1, 2, 3 are determined by the coordinates and direction 2 is the
interface normal direction. Considering that the thermal growth strain grows only along
the direction normal to the TGO layer, in this finite element simulation, 1y = 3, r11 = r33 = 0.

Therefore, all thermal growth strains are applied in the direction of the thickness of the
- oxidation

TGO layer with h = hcr [49].
2.5. Crack Growth Modeling Tool

The failure of TBCs is characterized by TC spalling by way of crack sprouting and
expansion. In this simulation, the cohesive element is placed between the TC/TGO to
simulate crack initiation and expansion. The separation law used is shown in the following

equation [50].
(om) 2 0 )2 o 2_
(o) {3 & -0 ®
o) ={ G2y ®)

where oy, 05 and oy denote the nominal stresses when the deformation is completely
perpendicular to the interface and completely along the first and second shear directions,
respectively. 03, 0 and ¢{ denote the tensile and shear strengths in the corresponding
directions, respectively. The BK criterion is used to determine the damage evolution [50,51].

7
Gn® + (G5 — Gnc){gi} =G* (6)
Gs¢ = G¢ ()
Gs = Gs + G (8)
Gr = Gn+Gg )

where G, Gs¢, G¢¢ denote the normal as well as the first and second critical fracture
energies at the onset of fracture, respectively. # is a material parameter. In this model,
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the interfacial properties are described according to previous literature [49-51]: critical
interfacial strength ag = US =100 MPa, critical fracture energy Gn® = G5 = 0.02 m]J/ mm?,
and # = 1.45. The interfacial modulus is calculated to be K, = Kss = 0.50 x 107 N/mm>.

Ky = 1002/ GS (10)
Kgs = 1002/ GS (11)

3. Result and Discussion
3.1. Stress Distribution in TBCs
3.1.1. Without Mechanical Loading

The stress distribution in the TC, taking into account the material plasticity, creep, and
TGO growth, is shown in Figure 4 below. The stress distributions of the TC after different
thermal cycles are all for the cooling to room temperature stage. Positive values of normal
stress Spp represent tensile stress and negative values represent compressive stress, so only
positive values are analyzed. The shear stress Sq, causes interface damage both positive
and negative. Along with the increase in the number of thermal cycles, the value of normal
stress Spp in the off-peak area gradually increases. Especially at the interface, it becomes
the maximum stress area, while localized high compressive stress areas appear at the peak
and the valley areas. The overall normal stress of the TC is weakly compressive except in
the off-peak area. For the shear stress 515, the absolute values are analyzed. It is found
that with the increase in the number of thermal cycles, a high-stress region appears at the
interface of the off-peak area. This region shows an ellipsoid-like attenuation distribution,
and the overall shear stress shows a weak shear stress.

11
\A

Figure 4. Stress distribution after different numbers of cycles without considering mechanical loading.
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The stress evolution in different areas is shown in the following Figure 5. The normal
stress Spp is significantly affected by the thermal mismatch stress, and the stresses in all
areas show cyclic variations with thermal cycling. The maximum stresses all appear in the
room temperature stage, which is consistent with the damage observed in the cooling stage
of the test. The normal stress Sy, at the off-peak area shows an increasing trend due to the
effect of TGO growth, and the thermal mismatch stress from cooling is further enhanced.
The normal stress in the off-valley area, on the other hand, is less affected by the TGO
growth stress, and only the thermal mismatch stress from cooling to room temperature
exists. The compressive stresses in the peak and valley areas keep increasing with the
number of thermal cycles.

(b)

@ 100

100 4

200 -
50

-50 4
200 4

-100 4

Normal stress, S,, (MPa)
Shear stress, S, (MPa)

=400
-150

-600 2004

T
0 5 10 15 20 0 5 10 15 20
Number of thermal cycles, V Number of thermal cycles, N

Figure 5. Stress evolution in different areas without considering mechanical loading: (a) normal
stress and (b) shear stress.

The shear stress Sq; at the off-peak area is gradually reduced by the thermal mismatch
and shows an increasing trend. The shear stress Sy, in the off-valley area exhibits similar
characteristics to the normal stress Sy, in the off-peak area. There is almost no shear stress
in the valley area, while the shear stress Si; in the peak area tends to converge with the
number of thermal cycles. It is noteworthy that the shear stresses Sy, in all the areas are
deteriorated due to the thermal mismatch stress, except for the shear stress Si, in the
off-peak area, which is released due to the thermal mismatch stress.

3.1.2. Considering Tensile Loading

A constant tensile stress of 60 MPa is applied to the right boundary of the TBCs and
the stress distribution in the TC is shown in Figure 6 below. It is found that the tensile stress
does not affect the distribution of normal stress Sy, and shear stress S1p, but only the stress
values. The normal stress Sy, is released to a certain extent, the positive value of the shear
stress is reduced and the negative value is increased.

For the maximum value of normal stress Sy, none of the values changed significantly
in the 1st cycle. The maximum stress value decreased from 254 MPa without tensile loading
to 222 MPa after 10 cycles. After 20 cycles it only decreases from 409 MPa to 401 MPa
due to the relaxation effect of creep and plasticity. For the maximum value of shear stress
S12, it has a decreasing effect after 10 cycles, and it is somewhat increased after 20 cycles,
from 789 MPa to 799 MPa. It can be analyzed that the tensile stress somewhat reduces the
normal stress S1» and increases the shear stress Sq,.

The stress evolution in different areas is shown in the following Figure 7. The normal
(compressive) stress Sy in the peak and off-valley areas is released to some extent, while
the stresses in the other areas do not undergo significant changes. The shear stress S, in
the off-valley area is reduced and the shear stress Sq, in the off-peak area is increased. The
stresses in the other areas did not change greatly.
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Figure 6. Stress distribution after different numbers of cycles considering tensile loading.

(2) 100 . ;

200 4 b

-50

~200 4

-100

Normal stress, S,, (MPa)
Shear stress, S, (MPa)

~400

— peak
—= valley —evalley
—a of f-peak —a of f-peak
—* of f-valley ~200 | |—*off-valley
T T T T T T T T
0 5 10 15 20 0 5 10 15 20

Number of thermal cycles, N Number of thermal cycles, N

-150 4

~600

Figure 7. Stress evolution in different areas considering tensile loading: (a) normal stress, and
(b) shear stress.

3.1.3. Considering Compression Loading

A constant compressive stress of 60 MPa is applied to the right boundary of the coating
system, and the stress distribution in the TC is shown in Figure 8 below. The compressive
stress affects the normal stress Sy, distribution, which puts most of the region in a lower
tensile stress state. When no compressive load is applied, most areas of the TC are in a
stress-free state. The effect of compressive stress on the positive value of normal stress Sy
is not significant and is more reflected in the negative value, which is not analyzed in depth
in this paper. The compressive stress has a certain effect on the distribution of shear stress
S12, which leads to the expansion of the stress attenuation region of the off-peak area. At
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the same time, the absolute value of shear stress Sq; is increased, and the interface damage
is further aggravated.

N=1 N=10 N=20

S5 (MPa)

+410.0
+305.0
+200.0
+95.00
-10.00
-115.0
-220.0
-325.0
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-535.0
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-745.0
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S12(MPa)
+135.0
+57.50
-20.00
9750
-175.0
2525
-330.0
4075
~185.0
-562.5
-640.0
7175
~795.0

Figure 8. Stress distribution after different numbers of cycles considering compression loading.

The stress evolution in different areas is shown in Figure 9 below. For the normal
stress Sy, the compressive load releases the compressive stress in the off-valley area and
increases the compressive stress in the peak area considerably. There is no effect on the
other parts. For the shear stress Sy, it increases the shear stress in the off-valley part and
decreases the shear stress in the off-peak area. It makes the shear stress in the off-valley
and peak areas converge to a constant value.

(a) 100 T T T T (b) T T i !
100 4 4
200 4
= —~ 50 -
[ <
& Y
= =
01 1 S g 1
& S0
g 7
£ 200 ] e 50 1
+ +
[ 17
El g -100 i
£ 400 . 2
2 1%}
-150 /— peak i
-600 valley B —evalley
—a of f-peak —aoff-peak
—koff-valley -200 off—valley i
-800 T T T T T T T T
0 5 10 15 20 0 5 10 15 20
Number of thermal cycles, V Number of thermal cycles, ;'

Figure 9. Stress evolution in different areas considering compression loading: (a) normal stress and
(b) shear stress.
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3.1.4. Considering in-Phase Loading

For in-phase loading, the temperature maximum corresponds to the mechanical load
maximum, i.e., 1050 °C corresponds to 60 MPa and 25 °C corresponds to 0 MPa. The stress
distribution in the TC is shown below in Figure 10. Since the mechanical loads (stresses)
are applied at high temperatures, the influence of the mechanical loads is more in harmony
with the plasticity and creep properties of the material. It can be found that the in-phase
loading has some influence on the normal stress Sy, distribution. The stress attenuation
region in the off-peak area is narrowed, and the maximum value of tensile stress is reduced
to some extent. In-phase loading has little effect on the shear stress Sy, distribution and
somewhat increases the maximum shear stresses. The stress evolution in different areas is
shown in Figure 11 below. The in-phase loading has a greater effect on Sy, in the peak area,
which reduces the compressive stress. The shear stress Si, in the off-peak areas is further
increased and has less effect on the other areas.

N=1 N=10 N=20

Figure 10. Stress distribution after different numbers of cycles considering in-phase loading.
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-2733
-350.0
—426.7
—-503.3
—-580.0
—656.7
-7333
—-810.0
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Number of thermal cycles, V Number of thermal cycles, V'

Figure 11. Stress evolution in different areas considering in-phase loading: (a) normal stress and
(b) shear stress.
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3.1.5. Considering Out-of-Phase Loading

For the out-of-phase loading, the temperature maximum corresponds to the mechanical
loading minimum, i.e., 1050 °C corresponds to —60 MPa and 25 °C corresponds to 0 MPa.
The stress distribution in the TC is shown in Figure 12 below. The out-of-phase loading leads
to a stress distribution similar to the previous compression loading. The distribution of the
normal stress Sy is strongly affected, and the maximum value is reduced to some extent.
The distribution and the value of the shear stress S;, are not significantly affected. The stress
evolution in different areas is shown in Figure 13 below. The out-of-phase loading has a
greater effect on the normal stress Sy, in the peak area, increasing the compressive stress. For
the shear stress, Sy in the off-peak area is released to some extent.
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Figure 12. Stress distribution after different numbers of cycles considering out-of-phase loading.
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Figure 13. Stress evolution in different areas considering out-of-phase loading: (a) normal stress and
(b) shear stress.
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3.2. The Failure Behavior of TBCs

Figure 14a shows the evolution of damage in different regions in the absence of
mechanical loading. The damage in the near-peak region occurs at the beginning of the
cycle, which is due to the cooling process from 1000 °C to 25 °C experienced at the beginning
of the thermal cycle. The damage accumulation has started to occur in this area under the
effect of the great thermal mismatch stress. Afterwards, the stress evolution shows that
the normal stress in the near-peak area is subjected to TGO growth and then shows an
increasing trend, and the thermal stress realizes an amplification effect. The shear stress
is also reversed by TGO growth and then increases. The thermal stresses are reduced. As
a result of the shear stress at the crest area, damage accumulation also started to occur
at the crest area after seven thermal cycles. No damage occurred in the off-valley area
or in the valley area. The damage evolution in different areas with applied in-phase and
out-of-phase loads is shown in Figure 14b,c below. In the case of in-phase loading, damage
in the off-peak area still occurs in the initial cycle, but damage accumulation is mitigated.
The damage at the peak area is delayed until after 9 thermal cycles, and the accumulated
damage after 20 thermal cycles is lower than that without mechanical loading. For out-of-
phase loading, damage to the off-peak area is the same as without mechanical loading, and
it occurs from the beginning. However, the damage in the peak area starts after six thermal
cycles and the damage accumulation is more significant. The remaining two areas show no
damage after 20 thermal cycles. Although it was found from the previous stress analysis
that in-phase loading is worse than out-of-phase loading, the damage is affected by the
stress coupling. It is generally accepted that stress analysis can be performed to predict
damage-prone areas, which will be affected by damage parameters once damage begins
or cracks start to develop. This is the reason why damage does not fully correspond to
stress analysis. The analysis shows that the in-phase load has a certain damage mitigation
effect on the interface, slowing down the accumulation of damage in the off-peak area and
delaying the damage onset in the peak area. The out-of-phase load has a certain damage
promotion effect on the interface, accelerating the damage accumulation in the off-peak area
and advancing the damage in the peak area. The occurrence of such damage characteristics
is the result of mechanical loads in opposite directions super-imposed on the sinusoidal
interface, harmonized with the plastic and creep properties of the material. Also, according
to the analysis of the damage with different load combinations, the mechanical loads did
not change the damage pattern. It still maintains the characteristic of preferential damage
in the off-peak area and subsequent damage in the peak area. It only promotes or delays
the damage evolution of these two areas. The valley and off-valley areas are not affected by
mechanical loading and no damage occurred.
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Figure 14. Damage evolution in different areas, (a) without considering mechanical loading, (b) consider-
ing in-phase loading, and (c) considering out-of-phase loading. The lines of label “off-valley” and
“valley” are overlapping.
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4. Conclusions

In this paper, the coupled effects of mechanical and temperature loads on coating
failure are investigated based on finite element simulation. By applying different combina-
tions of mechanical and temperature loads, the stress distribution of the coating and the
stress evolution in different areas are investigated. The evolution of interfacial damage
under different combinations of conditions is also analyzed. The conclusions drawn are
as follows:

(1) Mechanical loads have different effects in different areas of the coating due to the
undulation of the interface. The main effect is on the stress values and the evolution
of the stresses in the coating, while the distribution of the stresses is not yet obvious.
It is hypothesized that the mechanical load may be small.

(2) The effect of tensile and compressive loads on the normal stress of the coating is not
significant, while the effect on the shear stress of the coating is more obvious. The
peak and off-peak areas are more susceptible to mechanical loads, and the effects of
different mechanical loads are opposite.

(8) Mechanical loading did not change the original failure mode and preferentially oc-
curred in the off-peak area. In-phase loading delayed the initiation and accumulation
of damage, while the opposite is true for out-of-phase loading.

(4) Damage is affected by the coupling of stresses, which can predict preferential damage
sites but cannot correspond exactly to damage. Damage initiation or crack initiation
will be influenced by damage parameters.
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