E coatings

Article

Failure Mechanism of Thermal Barrier Coatings on Nozzle
Guide Vanes Fabricated from Nickel-Based Single-Crystal
Superalloy under Gas Thermal Shock Conditions

Yufeng Wang 1'2-*, Qiangang Fu '*, Chenxi Yang 2, Hui Peng 3 and Hua Zhang 2

check for
updates

Citation: Wang, Y; Fu, Q; Yang, C.;
Peng, H.; Zhang, H. Failure
Mechanism of Thermal Barrier
Coatings on Nozzle Guide Vanes
Fabricated from Nickel-Based
Single-Crystal Superalloy under Gas
Thermal Shock Conditions. Coatings
2023, 13, 2062. https:/ /doi.org/
10.3390/ coatings13122062

Academic Editor: Cecilia Bartuli

Received: 12 November 2023
Revised: 30 November 2023
Accepted: 5 December 2023
Published: 9 December 2023

Correction Statement: This article
has been republished with a minor
change. The change does not affect
the scientific content of the article and
further details are available within the
backmatter of the website version of

this article.

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Materials Science and Engineering, Northwest Polytechnical University, Xi’an 710072, China

2 AECC Aviation Power Co., Ltd., Xi’an 710003, China; yangexyoung@126.com (C.Y.);
zhanghua3888@163.com (H.Z.)

Research Institute for Frontier Science, Beihang University, Beijing 100191, China; penghui@buaa.edu.cn
*  Correspondence: wyfeng3705@163.com (Y.W.); fuqiangang@nwpu.edu.cn (Q.F.);

Tel.: +86-029-86152732 (Y.W.); +86-029-88492642 (Q.F.)

Abstract: The objective of this study was to investigate the early failure behavior of thermal barrier
coatings on single-crystal nozzle guide vanes under gas thermal shock conditions. The microstructure
and mechanical properties of the thermal barrier coating before and after the gas thermal shock tests
were analyzed using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS),
X-ray diffraction (XRD), and microhardness testing. The results indicate the presence of a mixed
layer containing Ni, Cr, Al, Zr, and O at the base of the ceramic layer, and reveal failure behavior
in the thermal barrier coating. The analysis suggests that the incomplete formation of the thermal
growth oxide layer between the ceramic layer and the bonding layer, before the deposition of the YSZ
ceramic layer, led to the easy diffusion of elements from the bonding layer into the root of the ceramic
layer during the gas thermal shock process, resulting in the formation of a mixed layer. In the test
environment, significant thermal stress was generated in the mixed layer, leading to transverse cracks
and ultimately causing early failure of the thermal barrier coating. Consequently, the “incomplete
initial TGO layer” model is proposed.

Keywords: thermal barrier coating; thermal shock; early failure; mixed layer; TGO

1. Introduction

Thermal barrier coatings (TBCs) are extensively employed on the crucial hot-end
components of aircraft engines to enhance their service temperature and lifespan. During
operation, these coatings must withstand the damaging effects of severe environmental
conditions, such as high temperatures, pressures, corrosion, alternating cold and hot
impacts, and foreign object impacts, leading to various possible failure modes [1-5].

Typically, the thermal barrier coating system consists of an upper yttria-stabilized
zirconia (YSZ) ceramic layer and a lower MCrAlY (M: Ni, Co, or Ni + Co) bonding layer [6].
Under the high-temperature service conditions of the engine, the YSZ ceramic layer experi-
ences a phase transformation, accompanied by a volume expansion of approximately 5%,
which causes the coating to spall under the influence of cold and hot alternation [7]. Ele-
vated temperatures can also accelerate coating sintering, damage the coating’s microstruc-
ture, and reduce its insulation performance and strain tolerance [8]. Due to oxidation, a
thermally grown oxide (TGO) layer forms between the bonding layer and the ceramic layer.
The excessive thickening of the TGO layer can lead to significant internal stress between
the bonding layer and the ceramic layer, resulting in coating spallation and failure [9]. The
erosion of molten sediments in the environment (such as CaO-MgO-Al,O3-5i0,, abbrevi-
ated as CMAS) is also a primary cause of failure for thermal barrier coatings [10,11]. Once
CMAS adheres to the thermal barrier coating, it penetrates and reacts with the coating,
causing the latter to spall.

Coatings 2023, 13, 2062. https:/ /doi.org/10.3390/ coatings13122062

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings13122062
https://doi.org/10.3390/coatings13122062
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0009-0009-0612-4817
https://doi.org/10.3390/coatings13122062
https://www.mdpi.com/journal/coatings
http://www.mdpi.com/2079-6412/13/12/2062?type=check_update&version=2

Coatings 2023, 13, 2062

20f12

The overall performance of a material is primarily determined by its microstructure,
which comprises factors such as crystal size, shape, and orientation [12,13]. Commonly em-
ployed techniques for the fabrication of thermal barrier coatings encompass electron beam
physical vapor deposition and thermal spray technologies, such as atmospheric plasma
spraying [14]. Thermal barrier coatings featuring columnar microstructures prepared via
electron beam physical vapor deposition exhibit exceptional strain tolerance and effectively
suppress crack propagation, thereby significantly prolonging the coating’s operational
lifespan [15,16]. In the realm of high-temperature thermal protection for aviation engines,
electron beam physical vapor deposition has gained widespread application.

In recent years, however, the early failure of EB-PVD-prepared thermal barrier coatings
in aero engines, i.e., failure before reaching the end of their designed service life, has been
increasingly witnessed in the engineering field. This failure mode, characterized by large-
area spallation of the coating following short-term engineering examination, differs from
the conventional failure modes mentioned above. Due to the frequent occurrence of this
failure mode, it has emerged as one of the “pain points” in the process of engineering
application research for thermal barrier coatings. Following the early failure of the thermal
barrier coating, local high-temperature ablation of turbine vanes will occur during service,
potentially leading to vane fracture and a catastrophic accident. However, replacing vanes
without a thermal barrier coating before the end of their designed service life will reduce
the engine’s service life cycles and increase its maintenance cost.

With the increasing demand for aircraft engines [6], thermal barrier coating technology,
as a pivotal core technology in the field of aviation engine technology, is poised to gain a
wider application. The ability to address premature failure issues of thermal barrier coatings
on aircraft engines is crucial for the advancement and implementation of this technology.
Furthermore, with the development of novel aircraft engine types, turbine blade operating
temperatures are increasing and, consequently, thermal barrier coatings have become
indispensable in ensuring stable turbine blade operation. Henceforth, resolving the issue of
early failure in thermal barrier coatings on aircraft engines will be of paramount importance
in facilitating the development of new-generation aircraft engines.

In order to investigate the early failure of thermal barrier coatings fabricated using
electron beam physical vapor deposition (EB-PVD), this study employs a combination
of multi-arc ion plating and EB-PVD techniques to fabricate the thermal barrier coating.
The microstructure of the coating after experiencing gas thermal shock is examined, the
failure mode of the coating is analyzed, and the underlying failure mechanism is elucidated.
Based on this research, an “initial TGO layer incompleteness” model is proposed to explain
the premature spallation of the coating, and a solution is provided to address the early
failure of EB-PVD thermal barrier coatings. This investigation not only supplements the
understanding of failure modes in thermal barrier coatings but also offers theoretical
and technical foundations for the successful incorporation of single-crystal superalloys
with thermal barrier coatings in aerospace engines. Furthermore, it provides valuable
reference insights for the theoretical exploration and engineering implementation of thermal
barrier coatings.

2. Materials and Methods
2.1. Material Preparation

In this study, a nickel-based single-crystal superalloy nozzle guide vane was employed
as the substrate material for a thermal barrier coating, to accurately represent the coating’s
state under thermal shock conditions in engineering applications. The nozzle guide vane,
composed of airfoil I and airfoil II, is shown in Figure 1. Cooling slots and film cooling
holes were incorporated for effective cooling. A NiCrAlYSi bonding layer was deposited
on the vane’s surface using multi-arc ion plating technology, with key parameters including
a deposition temperature of 500 °C, a bias voltage of 100 V, an arc source current of
150 A, and a deposition time of 8 h. The chemical composition of the NiCrAlYSi ingots is
given in Table 1; the thickness of the prepared bonding layer was approximately 30 um.
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Subsequently, the substrate with the NiCrAlYSi bonding layer was insulated for 2 h at
980 °C in a vacuum environment to enhance adhesion. A YSZ ceramic layer was then
fabricated using electron beam physical vapor deposition (EB-PVD) technology, with
specific process parameters including a deposition temperature of 900 °C, a rotational speed
of 20 rpm, a voltage of 20 kV, an evaporation current of 1.4 A, and a deposition time of 0.5 h.
The chemical composition of the ceramic ingots is displayed in Table 2; the thickness of the
ceramic layer was approximately 110 um. The selection of the aforementioned preparation
parameters was based on our experimental research and validated through engineering
verification, ensuring the attainment of exceptional coating quality.

Cooling air exits

Figure 1. The 3D profile of single-crystal nozzle guide vane.

Table 1. Chemical composition of NiCrAlYSi ingots (wt. %).

Ni Cr Al Y Si
Bal. 23.5 15.8 1.1 1.3

Table 2. Chemical composition of YSZ ceramic ingots (wt. %).

Y,03 Total Impurities (Si/Mn/Ni/Cr/Fe/V) ZrO,
8.2 <0.10 Bal.

2.2. Characterization Methods

The thermal shock performance of the as-prepared thermal barrier coating was evalu-
ated in a simulated engine service environment. The testing conditions were as follows:
subjecting the vane to a high-temperature gas of 1150 °C for 5 min, followed by a rapid
cooling phase of 5 min in a compressed air environment of 0.4~0.5 MPa. The gas mixture
consisted of acetylene and oxygen, with a flow rate of 1.2 Ma. During the thermal shock
process, the vane was rotated at a speed of 10 rpm, powered by the equipment, to ensure a
uniform and consistent impact assessment across the entire vane. The test was repeated
until the coating spalled.

The surface and cross-section morphology of the coating was examined, in both the
as-prepared state and the after-thermal-shock state, using scanning electron microscopy
(SEM, Carl Zeiss SUPRAS5, Oberkochen, Germany) with an energy dispersive spectrometer
(EDS). The phase composition of the coating was determined using X-ray diffraction (XRD,
D/MAX-2500, Rigaku, Tokyo, Japan). To examine the v’ phase morphology of the substrate
superalloy, an electrolytic corrosion operation was performed on the vane, using a 3%
nital solution. Additionally, the hardness of different layers within the thermal barrier
coating was analyzed by employing a Vickers hardness tester (Dura Scan, Struers, Ballerup,
Denmark), with a test force of HV 0.5, to measure their respective hardness values.
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3. Results
3.1. Microstructure and Phase Composition of the As-Prepared Coating

The cross-section and surface microstructures of the as-prepared thermal barrier
coating are presented in Figure 2a,b, respectively. The deposited YSZ ceramic layer exhibits
a typical columnar crystal structure, with a crystal size of approximately 5 to 6 um. The
interface between the bonding layer and the ceramic layer is distinct, and no microcracks
are visible. Notably, after vacuum thermal diffusion, a thin interdiffusion zone forms at
the interface between the substrate and the bonding layer. Elemental composition analysis
was conducted on the cross-section region (Figure 2a), with the analysis site evenly divided
into 20 test areas (spaced approximately 5 um apart) from the substrate to the ceramic
layer. The elemental contents in each test area were recorded separately, and a graph of the
elemental composition trend was generated, as shown in Figure 2c. A limited amount of
element interdiffusion behavior can be observed. The interdiffusion zone is attributed to
the internal diffusion of the elements Cr and Al from the bonding layer into the substrate,
and the external diffusion of Ni, W, and the strengthening elements Mo, Ta, and Re from
the substrate into the bonding layer [17,18].
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Figure 2. The microstructure and elemental composition trend of the as-prepared thermal barrier
coating: (a) cross-section morphology, (b) surface morphology, (c) elemental composition trend.

The phase structure patterns of the as-prepared thermal barrier coating are presented
in Figure 3. The primary phase structure of the NiCrAlYSi bonding layer consists of y’-
NizAl and 3-NiAl phases (Figure 3a). The dominant phase structure of the YSZ ceramic
layer is t'-ZrO, (Figure 3b).
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Figure 3. XRD pattern of the NiCrAlYSi bonding layer and the ceramic layer of the as-prepared
thermal barrier coating: (a) bonding layer, (b) YSZ ceramic layer.

3.2. Structure Morphology of the Thermal Barrier Coating after Thermal Shock

Figure 4 displays the macroscopic morphology of the nozzle guide vane coated with a
thermal barrier coating after 355 gas thermal shock tests. Yellow carbon deposits, generated
by gas combustion, are visible in the basin (Figure 4a) and on the back (Figure 4b) of the
nozzle guide vane. The residual carbon deposit in the vane basin is greater than that on
the back. No spallation of the thermal barrier coating was observed in the vane basin,
whereas spallation occurred at similar positions on the back of these two airfoils, exhibiting
an irregular long strip shape in the spallation area.

Figure 4. The macro-morphology of the nozzle guide vane after the gas thermal shock test: (a) vane
basin; (b) vane back.

The cross-section and surface morphologies of the YSZ ceramic layer at the spallation
area from the vane back were analyzed using SEM, as illustrated in Figure 5. The ceramic
coatings on airfoil I (presented in Figure 5a,b) and airfoil II (depicted in Figure 5c,d)
of the nozzle guide vane exhibit typical columnar crystal structures, characterized by
relatively uniform columnar crystal sizes. The transverse average size of columnar crystals
is consistent with that of the as-prepared coating, ranging from 5 to 6 um. This suggests
that there is no significant alteration in the size of columnar crystals when compared to the
as-prepared coating.

The microstructure of the bonding layer and the ceramic layer at the interface between
the coating spalling region and the non-spalling region on the airfoil back was examined,
as shown in Figure 6a. Figure 6b presents a local enlarged view of the selected box in
Figure 6a. The crack location of the thermal barrier coating is at the base of the ceramic
layer, as can be clearly seen. A residual YSZ ceramic layer, approximately 5 pm in thickness,
remains on the surface of the bonding layer. Due to the oxidation of Al in the bonding
layer, a thin TGO layer is generated between the residual YSZ layer and the bonding
layer. Figure 6c illustrates the interface morphology of the coating on the side of the



Coatings 2023, 13, 2062

6 of 12

airfoil basin, and Figure 6d shows the local enlarged view of the selected box in Figure 6c.
Although Figure 4a demonstrates that the coating remains intact at the airfoil basin, the
microstructure presented in Figure 6d suggests the presence of cracks at the root of the
ceramic layer, indicating a slight cracking of the coating. Just as on the back of the airfoil,
the presence of TGO can be noted.

Figure 5. Microstructure of the ceramic coating in the spallation area of the vane back: (a,b) airfoil I;
(c,d) airfoil II.

To investigate the distribution of elements within the coating after gas thermal shock,
a meticulous point-by-point analysis was performed on the cross-section of the coating
(as illustrated in Figure 7a), employing a method analogous to that depicted in Figure 2.
This process resulted in the element distribution shown in Figure 7b (See supplementary
materials for a mixed map). When examining Figure 7b, it is evident that gas thermal
shock produces more significant interdiffusion of elements between the substrate and
bonding layers, thereby augmenting the number of precipitated phases as compared to the
initial state. Notably, a mixed layer containing elements such as Ni, Cr, and Al is observed
between the bonding layer and the ceramic layer, with a thickness of approximately 6-8 um.
In combination with Figure 6, we can infer that the residual YSZ layer in Figure 6 must
be part of this mixed layer, and that transverse cracks indeed propagate within the mixed
layer. This suggests that the presence of the mixed layer might be the primary cause of the
premature coating failure.
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Figure 6. Microstructure of the coating in the spalling and non-spalling zones: (a,b) spalling area of
ceramic coating on vane back; (¢,d) non-spalling zone of ceramic coating on vane basin.
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Figure 7. The cross-section microstructure and the elemental composition trend of the coating after
gas thermal shock testing: (a) cross-section morphology, (b) elemental composition trend.

3.3. Composition and Microhardness Analysis of the Mixed Layer

In order to conduct a comprehensive analysis of the chemical composition of the
mixed layer, EDS analysis was performed on eight distinct regions (as depicted in Figure 8)
located within and near the mixed layer. The results are presented in Table 3.
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Figure 8. Eight designated regions for the EDS element analysis within and near the mixed layer.

Table 3. EDS results of the different regions in the mixed layer (wt.%).

Spectrum

Element 2 3 4 5 6 7 8
(@) 26.9 26.7 229 31.8 111 35.9 37.7 /
Al / 1.5 1.3 3.2 8.9 38.0 36.1 10.2
Si / / 0.5 3.5 0.6 / / 0.5
Cr / 1.4 1.6 27.5 18.3 13.8 53 31.3
Ni / 17.4 56.1 9.9 61.1 5.0 6.5 57.7
Y 6.9 / 21 1.7 / 2.0 / 0.3
Zr 66.2 52.9 15.5 225 / 52 14.5 /

As revealed by Table 3, the mixed layer is primarily composed of the elements Zr, Ni,
Cr, and Al. According to the relevant literature, the self-diffusion coefficients of Ni, Cr, and
Al in a Ni-Cr-Al ternary alloy are ordered as follows: Dy > Da) > D¢, [19]. Therefore, it
can be clearly seen from spectra 2 and 3 that the element Ni has diffused into this region.
Furthermore, due to the high oxygen content, it can be inferred that a substantial amount
of NiO spinel phase has been formed. The main elements in spectra 6 and 7 are Al and O,
suggesting the initial development of the TGO layer. However, the TGO layer is adulterated
with the elements Ni, Cr, and Zr, and the structure exhibits discontinuity.

The microhardness of the metal bonding layer, the mixed layer, and the ceramic layer
was analyzed, with five points tested for each layer. The test results are displayed in Table 4.
It can be seen in the table that the microhardness values of the mixed layer are higher than
those of the bonding layer but lower than those of the ceramic layer, indicating a notable
disparity in mechanical properties between the mixed layer and the ceramic layer.

Table 4. Microhardness of the different layers of the thermal barrier coating.

Microhardness/MPa Standard
Position . ..

1 2 3 4 5 Average Deviation
Bonding layer 460 483 479 456 489 473 13.03
Mixed layer 632 619 637 628 633 630 6.11

Ceramic layer 739 728 746 719 734 733 9.24
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3.4. Phase Structure Analysis of Substrate and Ceramic Layers

To exclude the possibility of mixed layer formation induced by excessive gas tem-
perature during the gas thermal shock testing process, a comparative analysis of the
microstructure of the single-crystal superalloy substrate before and after the thermal shock
testing was conducted (Figure 9). After 355 gas thermal shocks at 1150 °C, the v’ phase size
of the single-crystal superalloy substrate marginally increased compared to the as-received
superalloy, but no vy’ phase redissolution occurred. Consequently, we can conclude that no
overtemperature phenomenon was present during the test. The growth of the v’ phase un-
der high-temperature conditions represents a normal structural evolution of the substrate
during the testing process.

Figure 9. Microstructure of single-crystal alloy before and after thermal shock: (a) before thermal
shock, (b) after thermal shock.

Figure 10 shows the XRD result of the YSZ ceramic layer after the thermal shock
test. The main phase structure of the YSZ ceramic layer is t’ phase, which is unchanged
compared to before the test, further indicating that the temperature of the gas thermal
shock test does not overtemperature.

m
=]
N
i=
]

o
=

t'-ZrO2
| 1 ‘ I 1 1
20 30 40 50 60 70 80 90

20 (degree)
Figure 10. XRD pattern of the YSZ ceramic layer after the thermal shock test.

4. Discussion

The presence of a mixed layer composed of the elements Ni, Cr, Al, Zr, and O, as
revealed by the test results from Figures 6-8, is the primary cause of the spallation of
the ceramic layer under gas thermal shock test conditions. SEM analysis unambiguously
demonstrated the absence of a continuous and intact TGO layer at the interface between
the bonding layer and the ceramic layer (Figures 6 and 8), which is consistent with the
discontinuity of the TGO layer attributed to the depletion of Al content over an extended
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oxidation period [20,21]. Typically, when subjected to long-term oxidation, a TGO layer
thicker than 7 um can generate excessive internal stress, potentially leading to TBC cracking
in the TGO layer [22]. Furthermore, the thickening of the TGO layer results in insufficient
Al content in the bonding layer, causing the diffusion and oxidation of Ni, Cr, and other
elements to form a brittle spinel phase [23]. The gradual thinning of the TGO film eventually
leads to the replacement by a spinel phase containing Ni, Cr, Al, Co, and other elements,
thereby allowing the spalling of the TBC.

The findings of this study, as illustrated in Figure 7, demonstrate that there was no
significant alteration in the Al content within the bonding layer before and after thermal
shock. This suggests that the bonding layer does not exhibit Al depletion behavior. In
conjunction with Figure 8, the TGO layer remains exceedingly thin subsequent to the
thermal shock, with a thickness of less than 1 um. This thickness is insufficient to cause the
TBC failure, according to the aforementioned theory. Thus, the failure mechanism of the
TBC in this research cannot be reasonably attributed to Al depletion and TGO thickening.

The current state of the art in the engineering manufacturing process for thermal
barrier coatings involves subjecting the bonding layer to vacuum heat treatment, a well-
established technique designed to enhance the interfacial bonding between the bonding
layer and the substrate [24,25]. This process is characterized by the presence of a 3-NiAl
phase, which results in the formation of a thin TGO layer on the surface of the bonding
layer. This layer, in turn, facilitates the subsequent bonding between the yttria-stabilized
zirconia (YSZ) ceramic layer and the bonding layer. However, during the engineering
manufacturing process, factors such as blade turnover and inspection must be taken into
account. Typically, prior to the ceramic surface preparation, the blade surface requires
wet sandblasting and ultrasonic cleaning to achieve the purification of the blade surface,
a technique that is extensively employed in the production of thermal barrier coatings.
Subsequent to wet sandblasting and ultrasonic cleaning, the TGO layer on the surface of
the metal bonding layer is effectively cleaned. The absence of a prefabricated TGO layer
in thermal barrier coatings can lead to failure, as demonstrated in this article. This failure
mode has been thoroughly verified in engineering manufacturing.

Based on the above experimental findings and analysis, and drawing upon practical ex-
perience in engineering manufacturing, we propose the “initial TGO layer incompleteness”
model to elucidate the early failure mechanism of thermal barrier coatings.

Figure 11 depicts the “initial TGO layer incompleteness” model. Based on this model,
the early failure mechanism of thermal barrier coatings can be summarized as follows:
the absence of pre-oxidation in the bonding layer impedes the formation of a complete
TGO layer on its surface prior to the initial deposition stage of the ceramic layer, resulting
in an incomplete initial TGO layer (Figure 11a). When subjected to a gas thermal shock
test, the elements in the bonding layer will diffuse into the root of the ceramic layer in the
absence of a complete TGO layer (Figure 11b). As the test duration increases, the elements
in the bonding layer further diffuse into the root of the ceramic layer, generating a mixed
layer containing elements from both the bonding layer and the ceramic layer (Figure 11c).
Given that the mixed layer is composed of multiple phases, such as alumina and nickel
oxide, the thermal stress at the interface of these phases can lead to the initiation and
propagation of transverse cracks (Figure 11d), ultimately leading to the spallation of the
thermal barrier coating.

Based on the theory of the “initial TGO layer incompleteness” model mentioned
above, it is imperative to administer a sufficient pre-oxidation treatment to the surface of
the bonding layer to achieve a complete TGO layer prior to the fabrication of the ceramic
layer. This process can prevent the emergence of a mixed layer, ultimately enhancing the
service life and reliability of thermal barrier coatings in engineering applications.
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References
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Figure 11. The evolution diagram of the “initial TGO layer incompleteness” model: (a) incomplete
TGO layer, (b) element diffusion of the bonding layer, (c) formation of the mixed layer, (d) crack
initiation inside the mixed layer.

5. Conclusions

(1) Following 355 iterations of short-term gas thermal shock testing, delamination was
observed in the thermal barrier coating. A mixed layer with a thickness of approximately
6-8 um, consisting of elements such as Ni, Cr, Al, Zr, and O, formed at the interface between
the ceramic layer and the bond coat. The microhardness value of this mixed layer was
found to be higher than that of the bond coat but lower than that of the ceramic layer.

(2) In accordance with the proposed “initial TGO layer incompleteness” model, the
absence of a complete thermally grown oxide (TGO) layer, before the deposition of the YSZ
ceramic layer, facilitates the diffusion of elements from the bonding layer to the root of the
ceramic layer during the gas thermal shock process, resulting in the formation of a mixed
layer. The variation in the thermal expansion coefficient between the various phases within
the mixed layer fosters the development of thermal stress, which ultimately leads to the
failure of the thermal barrier coating.

(3) Based on the analysis of the “initial TGO layer incompleteness” model, it is crucial
to conduct an adequate pre-oxidation treatment on the surface of the bonding layer to form
an intact TGO layer before the preparation of the ceramic layer, thereby enhancing the
service life and reliability of thermal barrier coatings in engineering applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/coatings13122062/s1, Figure S1: The mixed map by overlaying
elemental composition trend on the cross-section microstructure image of the coating before and after
gas thermal shock testing. (a) before gas thermal shock testing; (b) after gas thermal shock testing.
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