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Abstract: It is well known that coating spalling often occurs between the top ceramic coating (TC)
and the metal bonding coating (BC) during the working process where the thermal mismatch
stress between the layers plays a key role. Dynamic changes in the thermally grown oxide (TGO)
between the facing and bonding layers during thermal cycling increase the thermal mismatch at
the interface. The effect of oxide thickening on localized mismatch stresses under thermal cycling
with different interfacial curvatures is quantitatively investigated using numerical methods in this
paper. A dynamic growth model of the oxide was developed based on the consideration of the
composition and morphology of the thermally grown oxide. The results show that TGO growth
behavior, local stress evolution, crack initiation location, and crack propagation length are influenced
by the interface curvature at the same aspect ratio. The interface between the oxide layer and the
bonding layer gradually developed significant tensile to dangerous stresses during thermal cycling.
These tensile stresses are predominantly distributed at the crest during the early stages of thermal
exposure and gradually transferred to the near-peak (the region near the peak) and ramp regions
(the region in between the peak and the valley) as the oxidation process progressed. The crack
initiation and propagation phenomenon can be observed at various regions during thermal exposure.
Increasing interface curvature leads to an earlier dangerous stress moment in the ramp area due
to higher maximum tensile stress. Therefore, the small changes in the interface curvature severely
affected the location and time of crack initiation and the crack length.

Keywords: thermal barrier coating; interface roughness; TGO dynamic evolution; residual stress

1. Introduction

Thermal Barrier Coating (TBC) can protect critical areas such as turbine blades and
combustion chambers due to its excellent resistance to high temperatures [1–3]. A bonded
coating (BC) and a ceramic top coat (TC) are usually applied to the surface of a high-
temperature nickel-based alloy forming the TBC [4,5]. A dense thermally grown oxide
(TGO) layer consisting mainly of Al2O3 is formed at the coating interface to protect the
substrate, and its growth depends on the elemental composition of the bonding layer and
the interface morphology [6–8]. The interfacial mismatch stress of the coating rises further
due to the thickening of the oxide layer, eventually leading to spalling or delamination
during engine operation [9,10]. The atmospheric plasma spraying (APS) process can lead to
uneven coating interface morphology. This phenomenon can seriously affect the mismatch
stress of coatings during thermal cycling and thus lead to failure [11,12].

In recent years, researchers have focused on investigating the influence of interfacial
morphology on TGO growth behavior, residual stress, and coating failure. Che [13] et al.
treated the thermal barrier coating at a constant temperature of 1050 ◦C and observed that
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the rough interface obtained under the APS process caused the growth rate of the peak
region to be higher than that of the valley region in the oxide. Che [14] et al. further found
that the faster diffusion of Al elements led to a thicker oxide layer in the peak region at
interfaces with greater roughness. Meanwhile, Ranjbar-Far [15] et al. and Zhang [16] et al.
showed that the variability of the fluctuation amplitude can affect the size of the maximum
tensile stress by studying different interfacial roughness models and samples. This indicates
that the increase in roughness is a significant reason for the sudden increase in interfacial
mismatch stresses.

The authors believed that the interfacial morphology can further impact the oxide
growth behavior and interfacial mismatch stresses. However, the bonding layer surface
was treated with sandblasted particles of different particle sizes before spraying the top
coat, which not only caused the roughness variations but also caused the change in the
wavelength of the interface oscillation period. There were differences in the evolution of
the composition and morphology of the oxides at different interfacial morphologies. These
factors play an important role in the dynamic development of local stresses in coatings. It
was necessary to investigate the localized growth behavior of the oxide layer and the local
stresses in the coating based on different interfacial curvatures. Unfortunately, existing
models have not fully accounted for the effects of different interfacial curvatures on the
oxide growth process and the distribution and development of local stresses in coatings.

A novel stress analysis model with interface curvature as a reference was proposed
in this investigation based on the consideration of the co-variation of roughness and
wavelength. The oscillation period transverse to longitudinal ratio and the peak curvature
were defined by counting multiple sets of electron microscope images. An FEM method
was used to quantify the evolution of oxide growth and localized stresses under thermal
cycling. The impact of interfacial curvature on oxide growth and mismatch stress was
studied. This model not only improved the relationship between the topology of the
interface, the localized growth behavior of the oxide layer, and the local stress distribution
and development of the coating, but also inferred the occurrence location, time, and
propagation length of cracks at different interface curvatures. This provided the foundation
for the coating design of the hot end components such as guide vanes.

2. Test and Model Preparation
2.1. Coating Preparation and Testing

Hastelloy-X alloy of Φ25.4 mm × 6 mm was selected as the substrate. Before spraying,
the samples were treated with 60 mesh white corundum sand to improve the bonding
strength between the coating and the substrate. The bonding layer was obtained with
a thickness of 130 µm using commercial Yttrium Nickel/Cobalt Chromium Aluminum
(MCrAIY) powder prepared under the APS. The surface of BC was then blasted with
low pressure and a small angle using 24 mesh, 36 mesh, 60 mesh, and 96 mesh of Al2O3,
respectively. The burst pressure was 0.4 MPa. A working angle (the angle between
the substrate surface and the nozzle axis) of 75◦ was considered ideal for sandblasting
operations [17]. Finally, TC was prepared using 8 wt.% stabilized Zirconia with Yttrium
Oxide (YSZ) to obtain a thickness of 160 µm (Figure 1a). The samples were designed to
yield a variety of interfacial curvatures to allow for following investigations of oxide growth
and internal stresses in the coatings. The equipment used for the preparation process was
Praxair Model 3710 plasma arc spraying system and Model 2400 M six-axis manipulator.
The four groups of the prepared samples were noted as No.1 (24 mesh sandblasting
treatment), No.2 (36 mesh sandblasting treatment), No.3 (60 mesh sandblasting treatment),
and No.4 (96 mesh sandblasting treatment). The spraying process parameters are shown in
Table 1. The coating was subsequently tested using the heat treatment of Figure 1b.
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Figure 1. Coating structure and thermal cycling process: (a) coating structure and (b) thermal
cycle process.

Table 1. Deposition parameters of thermal barrier coatings.

Spraying Process Spraying
Voltage/V

Spraying
Current/A

Powder Feeding
Amount/r·min−1

Spraying
Distance/mm

Spray Gun
Rate/mm·s−1

Surface layer 39 850 3.5 85 250
Bonding layer 38 750 2.5 85 450

2.2. Morphological Analysis of Thermal Barrier Coatings

The typical areas of the samples after treatment of different sandblasted particles were
selected. The cross-sectional morphology of the samples was investigated using a TESCAN
MIRA LMS type scanning electron microscope (SEM). The 3D morphology and interfacial
roughness of BC were examined by 3D laser microscopy.

With the decrease of the sandblasting particle size on the surface of the treated bonding
layer, there was a decrease of 1.8 µm–2.2 µm in the TC/BC interface amplitude compared
with the previous set of samples, and a decrease of 3.5 µm–5.0 µm in the wavelengths of
the oscillation cycles, which can be observed from Figure 2. It is tentatively indicated that
the sandblasting treatment changed the interfacial morphology to a certain extent, which
provides a reference for the subsequent study.
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Figure 2. Interface morphology after different sandblasting treatments: (a) No.1 (24 mesh)
(b) No.2 (36 mesh) (c) No.3 (60 mesh) (d) No.4 (96 mesh).
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The 3D surface morphology of BC was measured by 3D laser microscopy, as shown in
Figure 3. It can be seen that the surface fineness was improved with the decrease in particle
size. The same indicates that the interfacial morphology was affected by different sandblast
particle treatments to some extent.
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Figure 3. 3D morphology of the bonding coating surface: (a) No.1 (24 mesh) (b) No.2 (36 mesh)
(c) No.3 (60 mesh) (d) No.4 (96 mesh).

Three areas of the coating were selected from four groups of samples after different
sandblasting treatments. Each area was selected at three positions to measure its line
roughness in the X-direction. Finally, the average value of the line roughness was obtained.
The line roughness Ra was taken as the primary discriminator of roughness. The surface
roughness of the coating was recorded to Table 2 after collation. As can be seen from the
figure, there were different degrees of decrease in roughness with the decrease in the size
of the sandblasted grains.

Table 2. Average roughness (Ra), amplitude (A), wave length (λ), and peak curvature (Kp) at the
interface.

Grouping
of Samples Ra/µm A/µm Average/µm λ/µm Average/µm Kp/µm−1 Average/µm−1

No.1 7.526 ± 0.836
10.381

10.276 ± 1.361
54.348

51.868 ± 5.952
0.188

0.192 ± 0.0419.016 43.341 0.242
11.431 57.914 0.146

No.2 5.941 ± 0.775
8.862

8.289 ± 1.527
43.393

41.527 ± 5.149
0.253

0.243 ± 0.0296.994 35.358 0.274
9.012 45.831 0.202

No.3 4.542 ± 0.709
6.536

6.159 ± 1.178
33.465

31.942 ± 4.739
0.353

0.319 ± 0.0275.040 27.369 0.292
6.901 34.992 0.312

No.4 3.541 ± 0.684
4.466

4.295 ± 0.757
25.358

23.517 ± 4.463
0.498

0.480 ± 0.0213.821 18.358 0.474
4.597 26.836 0.468

The TC/BC interface images were processed and analyzed using Image-Pro Plus 6.0
image analysis software. Three SEM cross-section images were selected from the samples
treated with different sandblasting grain sizes, as shown in Figure 2, and Figure 4 shows the
schematic diagram of the interface morphology. The laws of roughness (Ra), amplitude (A),
wavelength (λ), and peak curvature (Kp) of the interface oscillation period after different
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treatments were summarized from each image (four sets of data were extracted to take the
mean value), and finally the mean value of twelve sets of data were obtained, as shown
in Table 2. It can be observed from the table that there was a proportional relationship
between roughness, amplitude, and wavelength (A/Ra ≈ 1.33 and the aspect ratio of the
oscillation period λ/A ≈ 5.18). Therefore, the introduction of the mean peak curvature Kp
(the curvature at the maximum value in one cycle in a cosine-like function interface, as
shown in point one) can be a good reflection of the overall level of interface curvature. It
can be found that the interfacial curvature increased with decreasing sandblast grain size.
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Figure 4. Schematic diagram of interface morphology.

Typical areas were selected for four groups of samples experiencing different numbers
of thermal cycles and the TGO thickness was measured [18].

δTGO = ∑S/∑L (1)

where δTGO is the thickness of oxide layer thickness/µm; ∑S is oxide layer area/µm2; ∑L
is the sum of interface lengths/µm.

A randomly selected group (sample No.1 as an example) was analyzed for the growth
of TGO layers with different numbers of thermal cycles, as shown in Figure 5. A large
number of holes and microcracks were present in the ceramic layer in Figure 5a. The
interface showed a cosine shape. It is obvious from Figure 5b that the α-Al2O3-dominated
TGO is first formed preferentially in the peak and near-peak regions after 10 thermal
cycles [19]. After 60 thermal cycles (Figure 5c), a dense oxide layer was generated at the
interface. After 200 thermal cycles (Figure 5d), the Al2O3 thickened longitudinally, and
an uneven local thickness appeared. After 340 thermal cycles (Figure 5e), a gray mixed
oxide (MO) was produced in the sharp region. The rapid growth of MO (especially in the
peak region) led to a further increase in interface fluctuations. After 390 thermal cycles
(Figure 5f), the uneven growth led to a further increase in the thickness difference in each
region, and the thickness of the peak region exceeded 10 µm. The transitional division
between the mixed oxides and Al2O3 can be seen in the spectra.

The maximum thickness of the oxide layer in the peak region for the samples with
different interfacial curvatures was seen in Figure 6 (The thickness of the oxide layer is the
average of all observations of the sample at that moment in time and is connected by a
straight line). The growth rate of the oxide layer in the peak region progressively declined
with the rise in the mean peak curvature. The TGO growth rate in the peak region was
essentially the same as the other regions until Kp = 0.480 µm−1. It is noticed from the figure
that the TGO started thickening rapidly at the late stage of thermal exposure, which was
the fastest at Kp = 0.192 µm−1 and the peak area could reach 10.618 µm.
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2.3. Calculation of Oxidation Kinetics

To provide a more accurate description of TGO growth under thermal cycling, the
composition of TGO growth under different oxidation processes was refined. The regional
growth rates of Al2O3 and MO were introduced to provide data support for the construction
of the TGO dynamic growth model in this research.

Equation (3) can be derived from Wagner’s high-temperature oxidation theory [20]:

h =

[
2DVC1

∫ t

0
exp

(
σy∆Ω

kT

)
dt
] 1

2
(2)

where h is the size of the oxide layer, Dv is the diffusion coefficient, C1 is related to
the oxygen concentration, t is the time, σy is the y-direction stress, ∆Ω is the activation
volume during the oxidation process, and k and T are the Boltzmann constant and the
thermodynamic temperature, respectively. The enhancement of stress in the y-direction
increases the diffusion of elements as shown by the equation. However, compressive stress
restrains elemental diffusion [21,22]. Elemental diffusion ability dictates the growth of
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the oxide layer. In order to further research the impact of localized oxide morphology on
coating stress, the model was split into two parts: the peak region and the others.

The oxide thickening was characterized on the basis of Equation (4) [23]:

hTGO = K·t0.5 (3)

where K is the growth coefficient and t is the holding time (This is due to the fact that it is
generally believed that TGO grows more significantly at temperatures above 900–1000 ◦C.
However, under the warming and cooling phases, this time was brief and ignored in this
paper [19]). In order to accurately analyze the effect of TGO growth behavior on stresses
at different interfacial curvatures, the TGO growth process in each region of Figure 7 was
simplified into two stages (the TGO rate abruptly increased after 96 × 103 s, and this time
was assumed to be the critical point). The first stage was the slow thickening of Al2O3, and
the second stage was mixed oxide growth. The growth rates of TGO regions with different
interfacial curvatures are shown in Table 3. A more accurate geometric dynamic model was
constructed based on the growth rates in Table 3.
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Table 3. Growth rates of TGO (Al2O3 and MO) regions at different roughness levels.

No. Phase I
Components

KPeak
(µm·s−0.5)

KOther
(µm·s−0.5)

Phase II
Components

KPeak
(µm·s−0.5)

KOther
(µm·s−0.5)

1 Al2O3 4.242 × 10−5 3.179 × 10−5 MO 7.177 × 10−5 4.337 × 10−5

2 Al2O3 4.063 × 10−5 2.923 × 10−5 MO 6.498 × 10−5 4.265 × 10−5

3 Al2O3 3.543 × 10−5 2.917 × 10−5 MO 5.235 × 10−5 4.198 × 10−5

4 Al2O3 3.000 × 10−5 2.857 × 10−5 MO 4.728 × 10−5 4.198 × 10−5

2.4. Model Size, Meshing, and Boundary Conditions

In order to analyze the effect of coating on stress under thermal cycling with different
interfacial curvatures, the corresponding model was established. The model was calculated
by ANSYS 21.0 software. The ideal TC/BC interface and model were built according to
Figure 7a. The data in Table 2 were simplified to make it easier to construct the model.
The amplitudes (A) are 10 µm, 8 µm, 6 µm, and 4 µm, and the corresponding wavelengths
(λ) are 50 µm, 40 µm, 30 µm, and 20 µm, respectively. The initial model was presented in
Figure 7b.

The model was divided using a quadrilateral mesh. Mesh coding was performed near
the interface, as shown by the arrow in Figure 7c. The thermal load was imposed on the
coating according to Figure 1b, and a frictionless support was set up at the lower edge of
the model, as shown in Figure 7d.
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2.5. Material Parameters

The materials in the model were assumed to be homogeneous and isotropic. The
material parameters were shown in Table 4 [24]. The creep factor of the coating is not
ignored in high temperature environments, so then by the Norton power law creep:

εcr = B/σn (4)

where εcr is the strain rate/s−1, B is the pre-factor/s−1 MPa−n, σ is the stress/MPa, and n
is the power-law creep exponent. The creep parameters are shown in Table 5 [25].

Table 4. Material parameters of 8YSZ coatings.

Type of Material
Physical Parameters TC MO Al2O3 BC SUB

Temperature range (◦C) 20–1100 20–1100 20–1100 20–1100 20–1100
Elastic modulus (GPa) 48–22 100 400–320 200–110 220–120

Poisson’s ratio 0.1–0.12 0.3 0.23–0.25 0.3–0.33 0.31–0.35
Coefficient of thermal expansion

(10−6/◦C) 9–12.2 5–8 8–9.6 13.6–17.6 11.8–18.7

Table 5. Creep effect parameters of 8YSZ coatings.

Material B (s−1 MPa−n) n T (◦C)

TC 1.8 × 10−7 1 1000
Al2O3 7.3 × 10−10 1 1000

MO 5 × 10−10 1 1000

BC

6.54 × 10−19 4.57 600
2.2 × 10−12 2.99 700
1.84 × 10−7 1.55 800
2.15 × 10−8 2.45 850

SUB
4.85 × 10−36 1 20
2.25 × 10−9 3 1200

Based on the oxide growth at different interface curvatures (Table 3), the oxide growth
program was prepared using APDL. The dynamic growth of the oxide (C is the number of
cycles) and the coating stress evolution process were simulated.

Taking No.1 as an example, Figure 8 shows the TGO dynamic growth process. The
simulation process was simplified without loss of computational accuracy. The important
nodes of coating TGO growth in 390 thermal cycles of the actual test process were refined
into three main stages of the TGO dynamic growth model: (1) Al2O3 initial stage at the
TC/BC interface (C = 1–3), as shown in Figure 8a,b. Al2O3 began to emerge from the crests
and valleys when C = 2, as shown by the arrows in Figure 8b. (2) Al2O3 in the longitudinal
slow growth phase at the interface (C = 4–9). At C = 4 (Figure 8c), an Al2O3 layer had
formed at the interface. The uneven growth of oxides at the interface was clearly seen at
C = 7 (Figure 8d). (3) Longitudinal rapid growth phase of MO (C = 10–13). MO exhibited
explosive growth at C = 10 (Figure 8e). The MO in the peak region still remained fast
growing at C = 13, and the maximum thickness of the oxide in the eventually peak region
could reach 11 µm (Figure 8f). Figure 9 shows the final growth morphology of TGO at
other interfacial curvatures.
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Figure 8. Growth model of oxide layer: (a) C = 0, (b) C = 2, (c) C = 4, (d) C = 7, (e) C = 10, and (f) C = 13.
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3. Results and Analysis
3.1. Residual Stress

The oxidized layer was tested by using a Raman fluorescence spectrometer with
a wavelength of 532 nm. To more accurately test the residual stresses in the TGO layer,
the TGO stresses were characterized by tracking the frequency shift of R2 for Cr3+ in
α-Al2O3 [26]. Since the appearance of cracks near the interface in the later stages of thermal
exposure influenced the accuracy of the survey, locations with more pronounced features
and no visible cracks were selected for testing. Three regions—the crest region (EU),
the near crest region (N-EU), and the ramp region (ER)—were selected simultaneously
(Figure 10). Figure 11 represents the Raman spectroscopy test locations and Figure 12
shows typical PLPS spectra of the TGO interior.
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Figure 12. Typical PLPS spectra inside the oxide layer.

The Gaussian Lorentz function was fitted to the spectral curves by Labspec 5.0 software
with an accuracy of about 0.5 cm−1. The TGO can be considered under biaxial stress due to
its flat structure. Lipkin and Clarke et al. [27] discussed the stress tensor of TGO in more
detail. The residual stress σ is [28]:

∆υ = 5.07σ (5)

where ∆υ is the frequency shift of R2 fluorescence. All the Raman measurements were
carried out at room temperature.

The evolution of residual stresses in the TGO peak region with different interfacial
curvature was calculated and analyzed (Figure 13). As can be seen from the test results in
the figure (shown as circular points in Figure 13), the increase in the number of thermal
cycles increased the compressive stress in the TGO until the end. The rate of compressive
stress rise was higher in the Al2O3-dominated growth phase. The presence of MO slowed
the rising rate as the oxidation progressed. The TGO residual stress becomes smaller in
the same number of cycles as the curvature of the interface increases. The compressive
stress of No.1 can reach 2285.3 MPa after the end of the thermal cycle. However, the trend
of the stresses was the same, whatever the curvature of the interface changed. The test
results were consistent with the results of Xu [29] and with the biaxial stress results (The
biaxial stress is the sum of the principal stress vectors in both directions) for each region at
room temperature in the finite element model (shown as rectangular points in Figure 13).
This result can further confirm the accuracy of the model constructed based on oxidation
kinetics at different interfacial curvatures.
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Figure 13. TGO Residual Stress Evolution in Thermal Cycles under Cooling Phase.

3.2. Stress Level and Distribution in the Oxide Layer under Thermal Cycling

The basic characteristics of stress distribution and evolution under thermal cycling
are the prerequisites for understanding the behavior of crack initiation and propagation.
The appearance of interfacial cracks is the fundamental reason for the coating’s localized
spalling [30,31]. The normal stress σyy is the main cause of crack initiation. Therefore, the
stress analysis in this research was focused on the normal stress σyy.

Figure 14 shows the coating stress diagram in the initial state. The maximum tensile
stresses were present in the peak region (Peak 1) near the TC/BC interface at different
interface curvatures in the initial state, and the values were highly similar. The stress
direction was reversed along the direction of the interface.
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Figure 14. (a–d) Stress diagram of the coating in the initial state.

Figure 15 shows the stress diagram of the coating with a dense Al2O3 layer. A dense
oxide layer gradually formed with the Al2O3 initiating and thickening. The maximum
tensile stress was maintained in the peak region at the TGO/BC interface (Peak 2). However,
the stress size in the peak region started to change at different interface curvatures (The no.
1 peak region had the lowest stress, and No.4 had the highest stress). The relatively even
compressive stress distribution in the ramp region (Ramp 1) can protect the thermal barrier
coating more effectively [32].
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Figure 15. (a–d) Stress diagram of TGO layer with a dense Al2O3 layer.

Figure 16 shows the stress diagram of the oxide layer under Al2O3 growth. The tensile
stress in the peak region (Peak 3) at the TGO/BC interface increased steadily with the
growth of Al2O3, and there was a significant gap (No.1 stress was the smallest at +441 MPa;
No.4 stress was the largest at +480 MPa). A high stress concentration zone was present at
the near-peak position (Near Peak 1) of the TGO/BC interface. The tensile stress was higher
and gradually transferred to the ramp region along the interface as the interface curvature
increased. The maximum tensile stress (+579 MPa) in the near-peak region clearly exceeded
the peak region in No.4. The slow “laminar” thickening of the Al2O3 layer caused the
compressive stress zone in the ramp region to move with the TC/TGO interface, and the
compressive stress also decreased. As shown by the TGO layer stress comparison with
different interface curvatures, the larger the interface curvature, the faster the compressive
stress in the ramp region decreased, and the worse the protection effected.
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Figure 16. (a–d) Stress diagram of oxide layer under Al2O3 growth.

Figure 17 shows the stress diagram for the mixed oxide emergence phase. The tensile
stress in the peak region consistently maintained a rising trend with a more significant stress
difference (No. 1 had the lowest stress of +465 MPa, and No. 4 had the highest stress of
+498 MPa). The maximum tensile stress in the near-peak region was gradually transferred
to the ramp region (Ramp 2). That tensile stress was much larger than the tensile stress
in the peak region with the MO initiating. As shown by the TGO stress comparison with
different interface curvatures, the larger the interface curvature, the higher the maximum
tensile stress in the ramp region.

Figure 18 shows the stress diagram of the TGO layer under the MO rapid growth
phase. It can be seen from the figure that the tensile stress in the peak region remained
almost unchanged (No.1 tensile stress was the smallest and No.2 tensile stress was the
largest at this time). The tensile stress in the ramp area decreases rapidly as the MO grows
rapidly. The larger the interface curvature, the higher the decrease rate. The maximum
tensile stress eventually at the TGO/BC interface was still concentrated in the ramp region.
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Figure 17. (a–d) Stress diagram of TGO layer under MO initiating stage.
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3.3. Transfer and Evolution Law of Stress in Typical Regions

In order to clarify the effect of TGO growth behavior on the distribution and size
of coating stresses at different interfacial curvatures, the stresses (σyy) in typical regions
with a different number of thermal cycles were extracted and compared for four samples,
as shown in Figure 19. Taking No.1 as an example, the hazardous loads at the TGO/BC
interface were mainly concentrated in the EU (near the peak region and the ramp region
where the tensile stress was close to 0) at the end moment of the first stage of cooling. Large
tensile stress (MAX:+201 MPa) existed in the N-EU firstly in the holding state, and the area
of dangerous stresses during the holding period began to be transferred in the second stage.
The tensile stresses in the three typical regions continuously increased, especially in the
ER (the maximum tensile stress existed during the 8th cycle of holding) with the oxidation
process. The tensile stresses in N-EU and ER first exceed EU under the cooling phase,
completing the region transfer of dangerous stresses under the whole process after entering
the 9th thermal cycle (as shown in the pink circular box in Figure 19a). The tensile stress
in the typical regions started to decrease with the rapid growth of MO. The dangerous
stress transfer phenomenon in the process was over (the tensile stresses in N-EU and ER
decreased rapidly below EU in the cooling stage) at the 13th cycle, and the dangerous loads
were mainly concentrated in ER, as shown in the green circular box in Figure 19a.

It can be seen from the above regional stress evolution results that the regional trans-
fer phenomenon of dangerous stress in the whole process appeared gradually earlier.
Meanwhile, its end time was gradually delayed as the interface curvature increased. The
dangerous stress loaded for a longer time in N-EU and ER. The time at which the maximum
tensile stresses in N-EU and ER reached the highest point in the thermal cycle also gradually
advanced with the increase in the interface curvature. It can be seen that small changes in
interfacial curvature can seriously affect the interfacial mismatch stresses in TBCs, espe-
cially the timing and size of hazardous loads. The crack initiation and propagation were
more easily caused by this phenomenon in coatings with higher interfacial curvature [33].
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Figure 20 shows the crack initiation and propagation near the TGO/BC interface under
thermal cycling. It can be seen that there was crack initiation in the ramp region with large
interfacial curvature after 200 thermal cycles (the maximum length was 8.37 µm) when the
TGO layer equivalent thickness was 3.25 µm, as shown in the orange curve in Figure 20a.
A large-scale crack propagation phenomenon (the maximum length was 75.45 µm) has
appeared. The internal oxidation behavior was severe after experiencing 300 thermal cycles,
as shown in Figure 20b. The crack initiation (the maximum length was 6.83 µm) appeared
in the peak, near-peak, and ramp regions of the small interface curvature sample after
300 thermal cycles when the TGO layer equivalent thickness was 5.36 µm, as shown in
Figure 20c. The crack propagation phenomenon (the maximum length was 41.11 µm) was
observed after 390 thermal cycles. However, there was no obvious crack penetration, as
shown in Figure 20d. This phenomenon was consistent with the conclusions obtained by
Karadge [34] and Hille et al. [35].
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The consecutive average crack lengths were summarized and calculated using five
typical SEM images in each group of samples selected for the cracks located at the TGO/BC
interface location, as shown in Equation (6).

Mean crack length (LMC) = Total crack length (LTC)/number (N) (6)

According to the relationship between the number of thermal cycles, interfacial curva-
tures, stresses, and crack initiation and propagation lengths, the situation was summarized
as shown in Table 6. The influence of interfacial curvature on the evolution of stress and
cracking under thermal cycling was reflected by quantitative methods. The crack length
expansion rate was slower when the tensile stress was small at different interfacial cur-
vatures, as can be found from the table. The rate of interfacial crack extension increased
significantly when dangerous stresses were present [36]. The expansion rate increased with
the rise in the interface curvature. It indicated that there was a strong correlation between
crack propagation time, rate, and interfacial curvature.
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Table 6. Relationship between the number of cycles, interfacial curvature, stress, and crack length
under thermal cycling.

Interface Curvature/µm−1: 0.198 Interface Curvature/µm−1: 0.257

Cycles Maximum Tension Stress/MPa LMC/µm Maximum Tension Stress/MPa LMC/µm

0 153 0 ± 0.11 150 0 ± 0.12
10 189 0.34 ± 0.14 185 0.46 ± 0.17
60 224 1.06 ± 0.25 229 1.11 ± 0.25

200 441 4.61 ± 0.74 465 6.53 ± 0.95
340 628 18.76 ± 3.72 831 21.48 ± 5.24
390 562 34.31 ± 5.21 690 38.17 ± 8.11

Interface curvature/µm−1: 0.372 Interface curvature/µm−1: 0.499

Cycles Maximum tension stress/MPa LMC/µm Maximum tension stress/MPa LMC/µm

0 149 0 ± 0.10 150 0 ± 0.11
10 205 0.49 ± 0.13 228 0.53 ± 0.12
60 225 1.38 ± 0.42 230 1.71 ± 0.37

200 482 9.85 ± 2.52 579 15.51 ± 2.96
340 1045 28.17 ± 4.72 1239 39.43 ± 6.01
390 800 49.42 ± 7.85 860 64.82 ± 10.45

4. Conclusions

A hazardous stress analysis model based on the dynamic growth of oxides with differ-
ent interfacial curvatures was established. The distribution of stresses and the evolution of
cracks in thermal barrier coatings with different interfacial curvatures were revealed. The
main conclusions drawn from this research are as follows.

(1) The interfacial curvature has a strong correlation with the growth behavior of the oxide.
TGO thickening was fastest in the peak region and was 1.1–1.6 times higher than
in other regions. The growth rate of oxides for coatings with different sandblasting
treatments rose with increasing interfacial curvature at the same oscillation period
aspect ratio. The TGO thickness in the peak region of Kp = 0.198 µm−1 was more than
1.4 times that of Kp = 0.499 µm−1 at the end of the thermal cycle. This phenomenon
provided data to support the development of accurate FEM.

(2) High tension stress concentrations were eventually generated in the near TGO/BC
ramp region during TGO growth. The magnitude of these stresses increased with
increasing interfacial curvature. This was closely related to the geometrical parameter
λ/A and the properties of the formed oxide. Taking No. 4 with Kp = 0.499 µm−1 as
an example, the maximum tensile stress near the interface was 228 MPa at the begin-
ning of the thermal exposure, which was in the peak region. The maximum tensile
stress was gradually transferred to the ramp region as the oxidation progressed. The
maximum tensile stress at this time was 1239 MPa, which was more than 5.4 times the
early stage of thermal exposure. The stress evolution rules were similar for different
interface curvatures. The high tensile stress concentration zones were maintained in
the ramp region eventually. Therefore, different interfacial curvatures were the main
factor producing the large differences in tensile stress concentration phenomena.

(3) The generation of interfacial tensile stresses was mainly to maintain the continuity
of the coating and to accommodate the differences in strain displacement. Therefore,
high tensile stresses were highly likely to cause microcracks. With the increase in the
interface curvature, the higher the maximum tensile stress at the interface, and the
longer the dangerous stress load lasting in the ramp region. This phenomenon led to
differences in the crack propagation behavior at different interface curvatures. Taking
No. 4 with Kp = 0.499 µm−1 as an example, the crack propagation rate was slow at
the early stage of thermal exposure with an average crack length of 1.71 µm, which
was nearly consistent with the crack propagation rate of other interfacial curvature
samples. The rate of crack extension increases significantly with the appearance
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of hazardous stresses. The average crack length reached 64.82 µm, which is nearly
double the crack length of the Kp = 0.198 µm−1 sample at the end of the thermal cycle.
It is indicated that the interface curvature seriously affected the time and speed of
rapidly propagating cracks at the TGO/BC interface.
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