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Thermal barrier coatings are widely used in high-temperature components in aircraft thrusters, power generation, and marine
engines, enabling gas turbines to operate at elevated temperatures for extended periods by reducing the superalloys' surface
temperature. During service, high-temperature oxidation, hot corrosion, and sintering occur inside the thermal barrier
coatings, resulting in changes in the macro and microstructure of the coatings, and thermal-mechanical properties
degradation, eventually leading to coating failure. The main factors that lead to the failure of thermal barrier coatings and
affect the life of thermal barrier coatings are reviewed, including the formation of thermally grown oxides on the surface of
the bond coat, the corrosion caused by the deposits on the surface of the coating and the sintering of the high-temperature
ceramic layer, and the failure mechanism of the coating is analyzed. The countermeasures to prolong the service life of coatings
are reviewed from thermal barrier coating materials, coating structure, coating preparation methods, and post-treatment.
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Introduction so thermal conductivity and service life become the
most fundamental characteristics for evaluating the
As aerospace technology continues to advance, performance of TBCs. Thermal conductivity is one of
turbine engines are moving towards higher thrust-to- the intuitive embodiments of the thermal insulation
weight ratios and higher fuel efficiency, which requires function of TBCs. The service life is a critical
increasing turbine front inlet temperatures [1, 2]. The evaluation index to ensure the safe and reliable service
concept of thermal barrier coatings (TBCs) was of TBCs. Due to the complex working environment of
developed by NASA in the 1950s to ensure that the hot the thermal barrier coating, the formation of TGO on
end components inside the engine would operate the surface of the bond coat, the sintering inside the
consistently over long periods in high-temperature ceramic layer, and the deposition of corrosive substances
environments [3, 4]. The TBCs are usually made up of on the surface of the ceramic layer are the main factors
the following four components: 1) nickel-based or leading to the failure of the coating [10-16]. In order to
cobalt-based high-temperature alloy substrates; 2) optimize the performance of the TBCs, researchers
metallic bond coat with excellent oxidation resistance; improve the service life of TBCs at high temperatures
3) thermally grown oxides (TGO) layer formed in the from the aspects of coating material design, preparation
high-temperature environment, and 4) a ceramic method, and surface treatment.
topcoat deposited by air plasma spraying or electron The objective of this review is to present an overview
beam-physical vapor deposition processes [5-7]. The of the failure behavior of TBCs in high-temperature
primary function of the metallic bond coat is to environments and the countermeasures to improve the
improve the physical compatibility between the metal service life of coatings. The article presents the effects
substrate and the ceramic coat, improve the bonding of TGO growth, ceramic layer sintering, and molten
strength of the ceramic layer and enhance the oxidation corrosion on the service life of TBCs, and the
resistance of the metal substrate. Ceramic coatings play optimization methods of TBCs are reviewed from the
a significant role in heat insulation but also need to aspects of coating material design, coating preparation,
prevent the penetration of external corrosion and and coating post-treatment.
effectively resist high-temperature flame erosion [8, 9].
TBCs work in complex high-temperature environments, TGO Failure and Countermeasures
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thermal expansion coefficient difference between the
ceramic layer and the metal substrate, and reduce the
thermal expansion stress in the coating under a high-
temperature environment [17, 18]. At the same time,
the metal elements in the bond coat can react with the
oxygen diffused into the coating in a high-temperature
environment to avoid the oxidation of the bottom
superalloy [19]. Currently, the widely used MCrAlY
(M=Ni, Co) metallic bond coat in the field of TBCs is
mainly composed of B-NiAl and y-Ni(CoCr) phases
[20]. Ni and Co elements in MCrAlY can improve the
metallic bond coat's oxidation and corrosion resistance;
Cr can reduce the critical Al content required for the
formation of dense 0-Al,O; on the metallic bond coat's
surface, improve Al diffusion's ability to penetrate the
metallic bond coat, and slow down the reaction of Ni,
Co, and O, to form spinel oxides [21-23]. At present,
atmospheric plasma spraying (APS) has been applied
to prepare metallic bond coat due to its low preparation
cost, convenient operation process, and wide parameter
adjustment [24, 25]. However, in the process of APS,
the bond coat powder will react with oxygen in the
high-temperature plasma jet, resulting in internal
oxides in the as-sprayed bond coat. The formation of
internal oxide will reduce the content of Al in the bond
coat, resulting in Cr,Os, NiO, (Ni, Co)(Cr, Al),O,, and
other two-stage oxidation products appearing in the
first stage of oxidation, reducing the service life of
TBCs. In addition, the metallic bond coat prepared by
APS has a large surface roughness [26]. Although a
large roughness can enhance the mechanical interlocking
between the bond coat and the ceramic layer and
improve the interlayer bonding strength, in the study of
Busso et al. [27] and Taylor et al. [28] on the roughness
of the metal bond coat, they found that a sizeable
interfacial roughness would increase the diffusion rate
of Cr and Ni at the bulge position. Finally, the non-
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uniform thickness of TGO formed at the bond coat/
ceramic layer interface reduced the service life of the
TBCs. Liu et al. [29] used a cohesive force model and
TGO non-uniform growth subroutine to simulate the
effect of TGO growth on the internal stress of the
coating. The results showed that the non-uniform TGO
during thermal cycling made the internal stress of the
coating reach 162.41 MPa, which was much higher
than that of the uniform TGO of 113.82 MPa. In
addition, Zhou et al. [30] analyzed the effect of TGO
on the service life of APS-TBCs. The results showed
that the increase of TGO thickness would lead to the
change of stress in the coating, resulting in crack
propagation and visible delamination in the ceramic
layer. To reduce the negative impact of non-uniform
growth of TGO, researchers began to improve oxidation
resistance through preparation methods, material
composition designs, and surface treatment of bond
coat.

Improvement of preparation methods

To avoid the oxidation of the bonding layer powder
during the APS, researchers began to explore other
preparation methods to obtain a metallic bond coat
with a smooth surface, dense interior, and no oxidation.
New preparation methods mainly include high-velocity
oxy-fuel spraying (HVOF) and cold gas dynamic
spraying (CGDS).

High-velocity oxy-fuel spraying is a thermal spraying
process proposed in the 1980s. Its preparation principle
is shown in Fig. 1 [31]. Combustible gases such as H,,
C;H3, and C3Hg, or liquid fuels such as kerosene and
alcohol were mixed with high-pressure oxygen to ignite
in the combustion chamber. The rapidly expanding high-
temperature gas fully heated the bond coat powder and
accelerated the molten powder to 300-650 m/s to
prepare the metallic bond coat with high bonding
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Fig. 1. (a) Schematic diagram of HVOF and (b) status of the substrate with coating [31].
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Fig. 2. Element mappings of the cross-section of as-sprayed NiCoCrAlYTa coating determined by SEM-EDS [32].

strength and dense internal structure. Hao et al. [32]
prepared the NiCoCrAlYTa metal layer using the
HVOF method and observed its cross-sectional micro-
scopic morphology. The results were shown in Fig. 2.
The bond coat had a dense internal structure with
uniform distribution of elements and no bias clustering,
indicating that no oxidation behavior occurred during
the preparation process. Lu et al. [33] prepared
NiCrCoAlY bond coats using the APS and HVOF
methods, respectively, and prepared YSZ ceramic
layers on the surface of the two bond coats. The two
TBCs were subjected to thermal cycling tests at 1100
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Fig. 3. (a) Schematic representation of CGDS and (b) Picture of
CGDS system [34].

°C to compare the effects of the two bond coats on the
TBCs' service life. Based on the test results, due to the
dense microstructure inside the HVOF bond coat
effectively slowing down the diffusion of oxygen and
reducing the growth rate of TGO, the thermal cycle life
of the TBCs was substantially improved.

Cold gas dynamic spraying is a coating preparation
process proposed in the 1990s, and its preparation
principle is shown in Fig. 3 [34]. In contrast to thermal
spraying, cold gas dynamic spraying carries the powder
particles of the bond coat to the surface of the metal
substrate through high-speed carrier air. The powder
particles with significant kinetic energy will cause
plastic deformation when they touch the metal substrate,
thus forming a dense bond coat. Since the metal
powder is not heated to a molten state during the cold
gas powder coating process, the formation of oxides in
the prepared bond coat is avoided, and the high Al
content in the bond coat is retained. Karaoglanli et al.
[35] prepared CoNiCrAlY bond coats using CGDS and
APS, respectively, and compared the internal micro-
structure of the two bond coats, as shown in Fig. 4.
Compared with the APS-bond coat, the CGDS-bond
coat had significantly lower oxide and porosity content
internally. It had lower surface roughness, which was
beneficial for reducing the diffusion rate of Al,
reducing the growth rate of TGO in a high-temperature
environment, and improving the oxidation resistance of
the thermal barrier coating.

Composition design of the bond coats

Since the MCrAlY currently used are suitable for
environments below 1100 °C, there is a need to
develop metallic bond coat materials that are suitable
for higher temperature environments and to ensure that
the new materials have a slow oxidation rate that can
effectively improve the high-temperature service life of
the TBCs [36,37]. Compared with conventional
MCrALlY, NiAl is considered a new bond coat material
with excellent potential for use due to its higher
melting point, high-temperature oxidation resistance,
and low cost [38-40]. However, the mechanical
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Fig. 4. Cross sectional SEM image of as-sprayed APS CoNiCrAlY bond coating (a) and CGDS CoNiCrAlY bond coating.

bonding strength between NiAl and TGO weakens
with increasing holding time, causing it to delaminate
during cooling, so its composition needs to be designed
to improve its performance [41]. Gleeson et al. [42]
used Pt elements to modify the NiAl bond coat. They
analyzed the isothermal oxidation behavior of the Pt-
NiAl bond coat. The results showed that the increase of
Pt content caused the formation of a dense Al,O; thin
layer on the surface of the bond coat, which could
effectively inhibit the diffusion of external oxygen to
the inside of the bond coat and improve the resistance
of the bond coat to high-temperature oxidation. In
addition, Hou et al. [43] analyzed the bonding strength
between the Pt-NiAl bond coat and TGO. The results
showed that the Pt element could inhibit the segregation
of sulfur elements between the TGO/bond coat and
improve the adhesion ability of TGO. Zhao et al. [44]
chose to dope Lu and Hf elements into NiAl material,
respectively. To improve the oxidation behavior of the
NiAl bond coat during thermal spraying and compare
the thermal cycle life with NiCoCrAlY at an 1150 °C
environment. The results showed that the doping of
active elements could effectively slow down the
growth rate of TGO and improve the thermal cycle life
of TBCs. However, Li et al. [45] researched La-doped
NiAl and found that not all active elements can
improve the oxidation resistance of the material. The
thermal cycle life of the coating was only 100 times
due to the severe oxidation of the La-NiAl bond coat
during the thermal cycle, which is far less than that of
the NiAl TBC doped with Dy, Hf, Y, and other active
elements.

In addition to NiAl bonding layer materials, high
entropy metal materials doped with active elements
have also become bond coat materials with excellent
application potential. At the beginning of the 21st
century, Yeh et al. [46] proposed the concept of high-
entropy alloys. Compared with the traditional single-
principal and double-principal element alloys, high-

entropy alloys have the following four effects [47-50]:
1) High entropy effect in thermodynamics. High mixing
entropy increases the solid solubility of the alloy,
which is conducive to forming a solid solution phase
structure; 2) Lattice distortion effect in structure. Various
atoms in the high-entropy solid solution randomly
occupy the lattice position of the crystal, causing severe
distortion of the lattice and affecting the mechanical,
thermal, and chemical properties of the high-entropy
alloy; 3) Dynamic hysteresis diffusion effect. The
interaction between different components and lattice
distortion will affect the synergistic diffusion between
components, limiting the effective diffusion rate, and 4)
The cocktail effect on performance. Various elements'
essential characteristics and interactions make high
entropy alloys present a compound effect. High entropy
alloys have attracted much attention due to their unique
structural composition and excellent room/high-
temperature mechanical properties. Zhao and Lu et al.
[21, 51-53] designed and prepared NiCoCrAlFe high
entropy alloys modified by active elements Y and Hf
and analyzed their oxidation resistance at 1100 °C. The
results showed that the AlL,O; thin layer can grow
uniformly and continuously during long-term oxidation
at 1100 °C, and the thickness of TGO is only 4.6 um
after 1000 h. And there is no interface defect in TGO,
which can ensure the excellent bonding strength of the
interlayer interface. In addition, by observing the
microstructure of TGO after isothermal oxidation of Y/
Hf-AlCoCrFeNi and traditional NiCoCrAl at 1100 °C
for 500 h, it was found that (Co,Ni)(AlLCr),O4 spinel
oxides appeared on the surface of NiCoCrAl, indicating
that the bond coat entered the second stage of oxidation.
However, only early oxidation product (Al,Cr),O; was
detected on the surface of the high entropy bond coat,
indicating that the design of a high entropy metal bond
coat can effectively slow the diffusion of oxygen to the
bond coat and reduce the growth rate of TGO. Improve
high-temperature oxidation resistance of TBCs.
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Surface treatment of bond coats

When the TBCs work at a high temperature, Al in
the metal bond coat will diffuse outward, forming a
dense layer of Al,O5 between the ceramic layer and the
metallic bond coat. The TGO layer with uniform
thickness and high o-Al,O; content can effectively
improve the oxidation resistance of the bonding layer
and prolong the service life of the thermal barrier
coating [54]. At the same time, the growth of TGO will
change the interface structure between the bond coat
and the ceramic layer. The failure of most TBCs is
related to the growth morphology of TGO and internal
stress development. In the service process of the coating,
the internal stress of TGO will increase significantly
[55]. When the stress in these areas exceeds its limit,
the crack will form and propagate at the defect, and the
coating will fail. The results showed that the interface
morphology of TBCs was an essential factor affecting
the growth and internal stress of TGO [56]. Surface
treatment is an effective measure to improve the
surface morphology and TGO growth behavior of the
adhesive layer, which can effectively improve the
thermal barrier coating service life. At present, the
widely used bond coat treatment methods include
preheating treatment and laser surface modification.

Preheating treatment of bond coat is to place thermal
barrier coating in a vacuum or inert gas environment
for heat preservation. Preheating treatment can improve
the internal microstructure of the bond coat, optimize
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the growth behavior of TGO and prolong the service
life of the coating. Regarding the phase composition of
the bond coat, relevant studies pointed out that with the
increase in vacuum heat treatment temperature, the
grain size in the NiCrAlY bond coat increased, and the
residual stress in the coating was released. After vacuum
heat treatment at 1050 °C x4 h for the CoNiCrAlY
bond coat, the phase structure of the coating was
transformed from y phase to y+f phase, which was
conducive to the slow and uniform diffusion of the Al
element and improved the oxidation resistance of the
bond layer [57]. In terms of the internal microstructure
of the bond coat, preheating treatment can improve the
crystallinity of the bond coat powder, effectively seal
the defects such as interlayer pores and cracks, and
reduce the diffusion of oxygen in the bond layer. Meng
et al. [58] analyzed the microstructure of prepared and
vacuum-treated MCrAlY coatings, as shown in Fig. 5.
The pores and cracks in the interlayer will be closed.
This relatively dense microstructure reduces the
aluminum loss caused by internal oxidation, which is
beneficial to the aluminum supplement on the surface
of the bond coat. Gao et al. [S7] Prepared a two-layer
structure bond coat by HVOF and APS. The bond coat
was vacuum heat treated to study the oxidation
resistance of the TBCs. The results showed that the
content of B-(Co,Ni)Al phase increased from 13.91% to
27.78% after 1050 °C x 3 h vacuum heat treatment and
the distribution was more homogeneous. The roughness
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Fig. 5. Cross-sectional microstructure of the as-sprayed CoNiCrAlY bond coats: (a) BSE image; (b), (c) EDS results of (a) [58].
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of the HVOF-sprayed bond coating is decreased by
vacuum heat treatment. The roughness of the vacuum
heat-treated bond coat increased from 7.2 pm to 10.4
um by introducing the APS layer. The bonding strength
of TBC was up to 39.4 MPa. Meng et al. [59] preheated
the surface of the MCrAlY bond coat prepared by
LPPS and APS in an inert gas environment. The results
showed that a-Al,O; particles formed on the surface of
the bond coat increased the oxidation resistance of the
two bond coats by three times and eight times,
respectively. The existence of a-Al,O; particles can
effectively inhibit the formation of spinel oxides under
a high-temperature environment, reduce the diffusion
rate of metal ions such as Ni and Cr, and ultimately
reduce the growth rate of TGO.

Laser surface remelting is a rapid solidification
technology developed in the 1980s for surface
modification of materials. Without any addition of
materials, this technology uses high-energy laser beams
to melt the coating surface rapidly and cool it to refine
the coating grain, reduce the pores and cracks of the
coating, and improve the surface hardness, wear
resistance, and fatigue life of the coating. Currently, the
research on the effect of laser remelting on reducing
residual stresses, pores, cracks, surface roughness, and
grain refinement of coating is relatively mature [60,
61]. At present, many scholars have used this technology
for the post-processing of remanufacturing alloy layers.
Laser surface remelting technology can effectively
improve the surface structure of the adhesive layer. In
this process, the surface of the adhesive layer is rapidly
melted and solidified, forming a dense, uniform, crack-
free, and pore-free layer. In addition, there is a high
aluminum-rich phase in the remelting layer. The TGO
formed on the remelting layer surface is mainly
composed of 0-Al,Os3, and no spinel oxide was found
[62, 63]. Kwakernaak et al. [64] analyzed the phase
composition of the NiCoCrAlY bond coat after laser
surface melting. The research found that the remelted
layer contained a high volume fraction of the  phase.
The B phase contained a small amount of Al and more
Cr and has a lower lattice parameter. The investigation
by Luo et al. [65] revealed that in the initial oxidation
stage, the B phase in the laser melting layer could
rapidly form a-Al,O; and slowly form a dense TGO
layer during the subsequent oxidation process. Therefore,
laser remelting on the surface of the bond coat can
effectively improve the TBC's oxidation resistance,
enhance the bond coat's peel resistance, and improve
the high-temperature service life of the TBCs.

Hot Corrosion Failure and Countermeasures

When TBCs work in a high-temperature environment,
the solid corrosion salt on the surface of the coating
will be transformed into a molten state. The molten salt
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penetrates the coating through microcracks and pores.
It reacts with ceramic materials, resulting in premature
failure of the coating at high temperatures [66, 67]. The
hot corrosion behavior of TBCs mainly includes three
kinds:

1) The first is CaO-MgO-Al,03-SiO, corrosion. When
the dust concentration in the working environment of
the turbine engine is high, the engine's inlet will inhale
particles such as dust and volcanic ash, which are
mainly composed of CMAS [68-70]. When the servicing
temperature is higher than 1200 °C, the particles
deposited on the engine blades begin to sinter, melt and
flow viscously through microcracks and pores to the
inside of the coating [68]. The damage to TBCs by
CMAS at high temperatures is mainly divided into two
aspects: thermomechanical and thermochemical. In the
thermomechanical aspect, CMAS solidifies in cracks
and pores of TBCs due to lower blade temperature
when the engine is extinguished. Due to the difference
in thermal expansion coefficients between ceramic
materials and CMAS, the coating accumulates a large
amount of stress during the cooling process. In
addition, the diffusion of Si accelerates the sintering of
ceramic coatings, increases the elastic modulus of
coatings, and decreases strain tolerance. The strain
space inside the coating is reduced, resulting in
essential changes in the energy release rate, forming a
large number of cracks inside the coating and
eventually leading to coating failure. This series of
internal coating microstructure and stress changes will
make the coating in the thermal cycle process form
many cracks, resulting in coating failure [71-73]. In the
thermochemical aspect, rare earth oxides in ceramic
materials react with CMAS and form corrosion
products such as apatite and aluminate. The consumption
of rare earth oxides leads to the formation of a poor-
rare earth area in the coating, resulting in the instability,
dissolution, and reprecipitation of t-ZrO, into m-ZrO,.
The phase transformation of ZrO, will be accompanied
by 3-5% volume expansion, resulting in cracks in the
coating. Eventually, the coating will fall off. [74]

2) The second is Na,SO4+V,05 corrosion. Bahamirian
et al. [75,76] analyzed the sediment on the turbine
blade surface. They found that insufficient combustion
of fuel leaves two salts, Na,SO, and V,0s, on the blade
surface. Unlike CMAS corrosion, the melting points of
Na,SO, and V,05 are 884 °C and 690 °C, respectively,
so the two salts have different corrosion behaviors of
TBCs in different temperature environments. When the
service temperature is 700-900 °C, only V,0Os reacts
with the ceramic, and Na,SOj is still deposited on the
ceramic layer [77]. When the operating temperature is
higher than 900 °C, Na,SO, reacts with V,05 to form
NaVO;, then NaVO; reacts with ceramic materials as
the intermediate reactant. The specific reaction processes
can be expressed as the following reaction [78]:
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Na,SO4 (/) — Nay,O (/) + SO; (g)
Na,O (1) + V,0s (/) —»2NaVOs (/)

Since the melting point of NaVO; is 610 °C, it will
rapidly react with the rare earth oxides in the ceramic
layer at this temperature. The consumption of rare earth
oxides will lead to many t-ZrO, residues in the coating.
When the temperature exceeds 1200 °C, the t-ZrO,
undergoes phase transformation. It leads to premature
failure of the coating.

3) The third is CMAS+NaVO; corrosion. Marine
engines deposit a mixture of CMAS and NaVO; on the
surface of hot end components during operation. Guo
et al. [79] found that when the doping content of
NaVO; was 10 wt%, the mixed corrosives wholly
transformed into a molten state at 1200 °C, and NaVO;
significantly improved the fluidity and crystallization
ability of the CMAS, accelerated the penetration of
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the molten salt in TBC, resulting in severe corrosion
inside the coating. Zhang et al. [80] investigated the
crystallization behavior of CMAS and CMAS+NaVO;
to potentially clarify their corrosion mechanisms to
TBCs. The results showed that CMAS crystallized at
1200 °C to form CaMgSi,Og, CaSiO;, and CaAl,Si,Og,
while CMAS+NaVO; was molten at 1200 °C without
any crystallization formation. It indicated that the
mixing of NaVO; decreased the melting point of
CMAS and increased the corrosion of the coating by
CMAS. Currently, researchers optimized the coating
structure and ceramic materials to improve the corrosion
resistance of TBCs at high temperatures.

Structure optimization of coating

The corrosive deposited on the surface of the TBCs
will transform into a molten state under a high-
temperature environment and flow into the coating
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Fig. 6. (A-H) Cross-sectional BSE images showing the microstructure of the pore-tailored APS TBC (TBC1). The phases pointed by arrows
are ALO;. (I) Volume fractions of Al,Os in the different types of pores in the pore-tailored APS TBCs. Error bars represent the 95%

confidence intervals (95% CI) [82].
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through the microcracks and pores on the surface of the
ceramic layer. Therefore, researchers propose to
optimize the structure of the TBCs to reduce the
penetration depth of molten corrosive into the coating.
Currently, the ways to optimize the structure of TBCs
mainly include coating pore design, surface protective
layer, and coating surface treatment.

In the high-temperature environment, CMAS will
transform into a molten state and deposit in the
micropores inside the coating. The stiffness of the
CMAS-infiltrated TBC will increase when CMAS
solidifies, making the coating less strain tolerant and
thus more easy to fail by spallation [81]. Pore design
can optimize corrosion resistance of TBCs from two
aspects: 1) Reducing the accumulated CMAS content
in the coating and 2) reducing the contact area between
CMAS and the ceramic layer. Shan et al. [82] used
Al,O3-sol to modify the microscopic pores and
microcracks inside the APS-TBC, and the internal
microscopic morphology of the modified coating was
shown in Fig. 6. The introduced Al,Os-sol can optimize
the corrosion resistance of the thermal barrier coating
from two aspects. Firstly, the Al,O;-sol effectively
reduced the width of pores and microcracks, increased
the curvature of pores, and even directly blocked the
pores, thus reducing the penetration depth of CMAS in
the TBCs. Secondly, Al,O; would react with CMAS to
form elongated anorthite crystals, thereby reducing the
reaction between the molten and the ceramic layer.
Therefore, adjusting the pore structure of TBC by
Al,O3-sol impregnation is an effective method to
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reduce CMAS damage.

The surface protective layer is a dense and porous
coating, which can protect the thermal barrier coating
from both physical and chemical aspects in a high-
temperature environment [63]. In the physical aspect,
the surface protection layer prevents CMAS penetration
or reduces CMAS content attached to the coating
surface; In the chemical aspect, the surface protection
layer can react with the sediments on the coating
surface, forming a denser surface while digesting the
sediments and slowing the penetration of corrosion
[83]. Zhang et al. [84] deposited Al,O; film on the
surface of 7YSZ coating by magnetron sputtering and
vacuum heat treatment. The AlL,O; film was dense
without cracks and pores, which could effectively
prevent the penetration of CMAS at 1200 °C. In
addition, CaAl,Si,0g and MgAl,O, formed by the
reaction of Al,O; and CMAS could further seal the
cracks and pores inside the coating and inhibited
CMAS penetration. The test results were shown in Fig.
7. After CMAS corrosion, buckling and spallation were
observed in the as-prepared 7YSZ TBCs. However, no
cracks appeared in the Al,O;-modified 7YSZ-TBCs.
Islam et al. [85] prepared a CeO, overlay on the
surface of 7YSZ-TBCs by APS. Among all the rare
earth oxides, CeO, is an impressive material for
corrosion resistance due to its peculiar electronic
structure, which intimates an attractive electron transfer
property. In the Na,SO4+V,0s5 corrosion environment,
the CeVO, formed by the reaction of CeO, and NaVO;
could effectively fill the pores inside the coating and

7YSZ coating
after polishing
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after polishing

As-sprayed TYSZ coating after CMAS corrosion

7YSZ coating
without polishing

7YSZ coating
without polishing

Top 7YSZ coating
after polishing
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Fig. 7. As-sprayed and ALO;-modified PS-PVD 7YSZ TBCs after CMAS corrosion. (a-c) As-sprayed TBCs after CMAS corrosion (a: as-
sprayed TBCs showing buckling between 7Y SZ coating and substrate, b: cross-sectional microstructure without polishing, and ¢ magnified
image showing spallation). (d-f) Al,O;-modified TBCs after CMAS corrosion (d: cross-sectional microstructure, e: cross-sectional
microstructure without polishing, and f magnified image showing no apparent spallation) [84].
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Al, Mg, Si, and O elements through the YSZ coatings at different temperatures (1200-1400 °C) and (d-1)-(f-8) shows the individual

distribution of Ce, Zr, Y, Ca, Mg, Al, Si, and O [85].

prevent the penetration of corrosive salts. In the CMAS
corrosion environment, as shown in Fig. 8, according
to the dissolution/reprecipitation mechanism, CeO, was
diffused into molten CMAS and formed CeAlSiO
precipitates [86]. CeAlSiO as the sealant could effectively
fill the pores in the CeO, overlay and prevent CMAS
from penetrating into TBCs. Soltani et al. [87] prepared
a CSZ+AlL,O;+MoSi, self-healing protective layer on
the surface of a CSZ coating using APS. MoSi, in the
coating would be oxidized at a high temperature and
reacted with ZrO, to form ZrSiO,. The specific
reaction process was as follows:

5MOSi2 (S) + 702 (g) — MOSSi3 (S) + 78102 (S)
SlOz (S) + ZI'OQ (S) — ZI'SIO4 (S)

MosSi;, SiO,, and ZrSiO4 generated by the reaction
could fill and seal the pre-existing pores and cracks in
the TBCs, preventing the penetration of molten salt

(a)

YSZ coating

e -
Femtosecond laser ablated coating

< Spreading —

o

into the coatings. In addition, CeO, in the form of a
free state in the protective layer reacted with NaVO; to
form cubic CeVO, crystals, which further filled the
cracks and pores inside the coating. Dharuman et al.
[88] prepared a La,Mo,Oy corrosion protection layer
on the surface of YSZ coating. They analyzed the
protection mechanism of the La,Mo,0y layer on YSZ.
In the environment of Na,SO,+V,0s, La,Mo0,0q
reacted with NaVO; to form LaVO, and MoO;. The
specific reaction process was as follows:

Na,SO4 (/) + V205 (/) — 2NaVOs (/) + SO; (g)

2N8.VO3 (l) + LazM0209 (S) —
2LaVOs, (5) + 2MoO; (s) + Na,O (/)

La;Mo0,0¢ could effectively consume the corrosion
products deposited on the surface of the coating, and
LaVQO, in the shape of rice grains could effectively fill
the cracks and pores between the splats and slow down

Penetration

T T TCapiIIaryforce

Fig. 9. (a) Schematic diagram of contact angle decreasing process; (b) Schematic representation of CMAS droplet on femtosecond laser

ablated coating [89].
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the penetration of NaVOs.

The surface treatment of the coating can modify the
surface morphology of the TBCs and reduce the
penetration of the deposit into the coatings by closing
the micro-cracks and pores on the surface of the
coatings. At present, the surface treatment technology
for TBCs is mainly laser surface modification.

Laser surface treatment technology is to scan the
surface of TBCs with a laser beam with a high power
density. High power laser rapidly melts the surface of
the ceramic layer, then rapidly cools and solidifies,
closing the microcracks and pores on the coating
surface during solidification. In addition, laser surface
treatment limits the deposition of corrosives on the
coating surface by changing the coating surface
morphology and the wettability between the coating
surface and the molten salt [26]. Kang et al. [89] used a
femtosecond laser to ablate the surface of the YSZ
coating. As shown in Fig. 9, the square grooves formed
on the surface of the coating after ablation changed the
wettability of CMAS and the surface of the TBCs,
limiting the deposition of CMAS on the surface of
coatings. Yan et al. [90] used a laser to adjust the
surface microstructure of the YSZ coating. The
morphology of the modified coating was shown in Fig.
10, and a segmented dense columnar remelted layer
was formed on the surface of the coating. In a CMAS
corrosion environment, the remelted layer could keep
the columnar structure for a long time and not react
with CMAS to form a precipitate. However, due to the
high fluidity of CMAS at high temperatures, the gap
between the columns became a diffusion channel for
CMAS, causing CMAS to damage the YSZ coating
below the remelted layer. Yi et al. [91] used a continuous
diode laser to treat the surface of YSZ coating and
analyzed the influence of laser power on the surface
morphology of the coating. The surface and cross-
sectional morphology of laser-modified TBCs were
shown in Fig. 11. By increasing the laser power and
scanning rate from the case of low-power laser to high-
power laser, wider segmented cracks appeared, which
could be attributed to the higher thermal tensile stresses
that occurred in the case of high-power laser and could
not be released easily during the rapid cooling stage in
the local volume. In the Na,SO4+V,0s environment,
the top dense remelted layer could effectively prevent
the penetration of V into the coating, but the existence
of segmented vertical cracks became the only path for
the molten salt penetration. To slow down the diffusion
of corrosive in the vertical cracks inside the remelted
layer, Guo et al. [81] proposed a double-layer laser
layer design to reduce the penetration of corrosive by
designing vertical cracks as segmented structures. Guo
et al. [92] used Nd: YAG laser to prepare a double-
layer laser glaze on the surface of YSZ coating.
Compared with the single laser glaze layer, the vertical
cracks inside the double laser glaze layer exist in the
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Fig. 10. Surface (a) and fracture cross-section (b) of the laser-
glazed coating [90].

form of bifurcation and staggered. Under molten CMAS
conditions, the coating with double laser-glazed layers
highly resists to melt penetration, and the glazed layer
exhibits excellent phase stability and structural integrity.

Coating Material Design

Yttrium oxide partially stabilized zirconia (YSZ) has
become the most widely used TBCs ceramic material
due to its low thermal conductivity, significant thermal
expansion coefficient, and excellent fracture toughness
[93]. However, in a hot corrosion environment, Y,O;
reacts with the corrosive, resulting in a phase change in
the ZrO, and ultimately the failure of the TBCs [94].
To enable TBCs to serve in complex environments,
researchers have begun to develop ceramic materials
with superior corrosion resistance. New corrosion-
resistant TBCs materials mainly include multi-rare
earth oxide doped ZrO,, rare earth zirconate, and rare
earth phosphate.

Multi-rare earth oxide ceramic materials refer to the
corrosion resistance of ceramic materials optimized by
various rare earth oxides. In Na,SO,4 and V,0;5 corrosion
environments, rare earth oxides with a strong Lewis
basicity will first react with the molten salt. In contrast,
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Fig. 11. SEM micrographs of the (a) top surface and (b) cross section of the as-sprayed coating, (c) top surface and (d) cross section of the
retreated coating in the case of LR-low, and (e) top surface and (f) cross section of the retreated coating in the case of LR-high [91].

rare earth oxides with weaker basicity can still be
retained, and the ZrO, is stabilized to the t phase to
avoid coating shedding caused by the ZrO, phase
transition [95]. Song et al. [96] prepared Y,05-Gd,0O;-
Y,0;5 doped ZrO, TBCs and analyzed the corrosion
behavior of the coatings with Na,SO4+V,0s. Since
Gd,05 had the largest ionic radius, it had the strongest
alkalinity and would be the first to react with NaVOs;;
In contrast, Yb,O; had the smallest ionic radius and the
lowest alkalinity and would remain in the coating until
the final corrosion stage and stabilize the ceramic layer
to t-ZrO,. In the CMAS corrosion environment, the
corrosion resistance of rare earth oxides is judged by
optical alkalinity. Optical basicity essentially refers to

the ability of electron transfer. When rare earth elements
have strong optical alkalinity, they will preferentially
dissolve into CMAS and form precipitation [97]. Fan et
al. [98] prepared Sc,03-Y,0; co-stabilized ZrO, TBCs
and analyzed the CMAS corrosion behavior. The
results showed that Y,0O; with large optical basicity
(OB=1.00) would dissolve into CMAS and form
precipitates during the corrosion process, while Sc,0;
with small optical basicity (OB=0.89) remained in the
coating and stabilized ZrO, into the t phase. Fang et al.
[99] doped Yb,05 with optical basicity of 0.94 in YSZ
and analyzed the CMAS corrosion behavior of Yb-
Y,05-ZrO, TBCs. The results showed that Y,0; with
high optical basicity would dissolve in CMAS and
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Fig. 12. Cross-sectional micrograph of Na,SO,+V,0s mixture
reacted La,Zr,0; coating zone heat treated at 1350 K for 5 h [102].

form a dense reaction layer at the top to prevent the
penetration of CMAS; The solubility of Yb,O; in
CMAS is negligible, so Yb,O5 could be retained in the
coating to stabilize ZrO, and improve the corrosion
resistance of the coatings.

The rare earth zirconate chemical formula is M,Zr,O,
which has two crystal structures. When M is a light
rare earth element such as La and Nd, it is a pyrochlore
structure (Pyrochlore, P); when M is Tb, Dy, and other
heavy rare earth elements, it is a defective fluorite
structure (Fluorite, F) [100, 101]. Rare earth zirconate
has good high-temperature phase stability, high melting
point, and excellent corrosion resistance, and it is the
most promising material in TBCs. Lanthanum
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zirconate (La,Zr,0;, LZO) and gadolinium zirconate
(GdyZr,04, GZO) are the most widely used rare earth
zirconate TBCs materials. Both materials have good
sintering resistance and high-temperature phase stability.
Yugeswaran et al. [102] analyzed the hot corrosion
behavior of APS-LZO coatings against Na,SO4+V,0:s.
The cross-sectional microstructure of LZO coating
after hot corrosion of Na,SO4+V,0s was shown in Fig.
12. The coating reacted rapidly with the corrosive, and
the formed LaVO, effectively filled the cracks and
pores in the coating. The dense reaction layer
effectively inhibits the continuous penetration of the
Na,SO4+V,0s, indicating that La,Zr,0O; has good
corrosion resistance. Ozgurluk et al. [103] analyzed the
corrosion behavior of CMAS with LZO, forming
substances such as La-apatite, gehlenite, baghdadite,
and Ca,Al;Si,0g in the coating. Krimer et al. [104]
found that the reaction process between Gd,Zr,O; and
CMAS was very rapid, could quickly form an apatite
phase within tens of seconds, and closed the cracks and
pores inside the ceramic layer, prevented the penetration
of CMAS into the interior of the coating. Although the
two materials have excellent high-temperature corrosion
resistance, the rare earth zirconate has a low thermal
expansion coefficient and poor fracture toughness.
Therefore, the coating is prone to fall off during the
cooling process, failing the thermal barrier coating.
Thus, optimizing the mechanical properties of rare
earth zirconate has become the focus of its application
in corrosion-resistant environments. Lyu et al. [105]
mixed YSZ with LZO to optimize the mechanical
properties of the TBCs. The cross-sectional morphology

Upper
area

Lower
area

Fig. 13. Results of CMAS corrosion tests for the LZ-YSZ coating: (a) cross-sectional microstructure after 10 h, (b) cross-sectional
microstructure after 20 h, and (c) Raman spectra after 20 h. Each number indicates the overall and highly magnified microstructures and the
EDS mapping result. The thicknesses of both the upper and lower areas are 150 pm [105].
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of the composite coating after corrosion for 10 h and
20 h in a CMAS environment were shown in Fig. 13.
A dense corrosion layer was formed at the top of the
coating, and the thickness of the corrosion layer
increased with the extension of the holding time. The
corrosion layer was dense without cracks, indicating
that YSZ could effectively optimize the mechanical
properties of the LZO coating and avoid the formation
of cracks in the top corrosion layer during cooling. Cai
et al. [106] prepared La,Zr,O;,-SrZrO; TBCs by APS
and analyzed the CMAS corrosion resistance of the
coatings. The experimental results showed that La,Zr,0+-
StZrO; composite TBC has better corrosion resistance
than 8YSZ coating. During the corrosion process, a
dense reaction layer was formed between CMAS and
TBCs, mainly composed of Ca,Lag(SiO4)¢O, and c-
ZrO,. The results showed that the composite coating
could effectively prevent CMAS penetration, and
StZrO; could optimize the fracture toughness of LZO
and avoid cracks in the coating during cooling.

Rare earth phosphate (MPO,) has two structures
depending on the ionic radius of the rare earth element.
When M is No. 57-64 rare earth elements, the rare
earth cation has a larger radius, and the rare earth
phosphate has a monazite structure; when M is No. 65-
71 rare earth elements, the rare earth cation radius is
small, and the rare earth phosphate is the structure of
xenotime. The rare earth phosphate with xenotime
structure has high thermal conductivity and low thermal

expansion coefficient, which is unsuitable for the top
layer material of thermal barrier coating. The material
with a monazite structure is considered an excellent top
layer material for thermal barrier coatings due to its
significant thermal expansion coefficient and low
thermal conductivity. Lanthanum phosphate (LaPQOy,)
with a monazite structure is a widely studied and
applied material in rare earth phosphates. It has a high
melting point (2070 °C), low thermal conductivity,
excellent high-temperature phase stability, and good
high-temperature sulfur and vanadium corrosion
resistance [107]. Therefore, LaPO, is used as the top
layer material in TBCs. Zhang et al. [108] analyzed the
corrosion mechanism of LaPO, and V,Os at different
temperatures. When the ambient temperature was 700-
900 °C, the corrosion product was La(P,V)O,. Since the
formation of La(P,V)O, did not affect the internal
microstructure of the coating, the TBCs could still be
used commonly, indicating that LaPO, had excellent
corrosion resistance at this temperature; When the
ambient temperature was 1000 °C, the corrosion products
contained a small amount of LaVO,. The rice-shaped
LaVQ, filled the voids in the coating, prevented further
penetration of V,0s, and effectively protected the
internal structure of the coating. Guo et al. [109] analyzed
the CMAS corrosion resistance of LaPO, at 1250-
1350 °C. At 1250 °C, LaPO, reacted with CMAS to
form C3A12Si208 and Ca2+x(La,Al)g_x(PO4)X(SiO4)6_x02
precipitates. The formation of apatite and square

Fig. 14. Cross-section SEM images of the CMAS attacked bulks. (a) YSZ, (b) NdPOy, (c) SmPO,, (d) GAPO,4 [109].
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crystals formed an effective seal on the surface of the
coating, preventing continuous penetration of the molten
CMAS. However, at 1300 and 1350 °C, the viscosity of
CMAS was low, which made the penetration rate of
CMAS in the coating more significant than the rate of
reaction with LaPO,. Therefore, it was difficult to form
crystalline products in the coating to prevent continuous
CMAS infiltration. Wang et al. [110] prepared NdPOQ,,
SmPO,, and GdPO, rare earth phosphate TBCs by APS
and compared the CMAS corrosion behavior with
conventional YSZ at 1250 °C. The cross-sectional
morphology of the coating after CMAS corrosion was
shown in Fig. 14. A loose reaction layer of ~50 um
was formed on the surface of the YSZ coating, while a
dense and crack-free reaction layer of ~15 um was
formed on the surface of three rare earth phosphate
thermal barrier coatings. The reaction layer was mainly
composed of apatite, anorthite, and spinel crystals,
which effectively inhibit the penetration of CMAS. The
above studies show that rare earth phosphate is a new
type of TBCs ceramic material with excellent corrosion
resistance.

Coating Sintering and Countermeasures

Performance degradation caused by ceramic layer
sintering is the main problem of TBCs' durability
degradation when TBCs work in a high-temperature
environment. And with the increase in the working
temperature of the TBCs, the degree of sintering and
densification of the coating will increase [111]. During
thermal spraying, the ceramic powder located outside
the plasma flame is fully melted and deposited on the
surface of the bond coat. Due to the molten ceramic's
ultra-fast cooling on the bond coat's surface, a large
amount of stress is accumulated inside the splats,
resulting in many microcracks inside the splats [112].
The ceramic powder located inside the plasma flame is
deposited in a partially melted or unmelted state due to
insufficient heat heating. The microscopic pores in
unmelted and partially melted powders can provide
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space for phonon scattering and optimize the thermal
insulation performance of TBCs [113]. Microcracks
between the splats can offer a large amount of strain
space for the coating and reduce the internal stress of
the coating during thermal cycling. When the TBCs are
kept at a high temperature for a long time, the diffusion
rate of atoms around the microcracks and pores will
increase, which will heal the pores and cracks inside
the coating, resulting in a significant increase in the
thermal conductivity and elastic modulus of the coating
[63]. Tsipas et al. [114] analyzed the sintering behavior
of plasma sprayed YSZ TBCs at 1350 °C. When the
holding time was 100 h, 1.4% shrinkage occurred
inside the coating, and the overall in-plane stiffness of
the coating increased from 10+£5 GPa to 60+10 GPa. Li
et al. [115] and Thompson et al. [116] analyzed the
relationship between Young's modulus of coating and
the sintering process. As shown in Fig. 15, due to the
thermodynamic properties of the coating being very
sensitive to sintering time and temperature, in the
initial stage of sintering coating, internal microcracks
and pores healed rapidly, and Young's modulus quickly
increased; when the sintering reached the second stage,
the sintering driving force of the coating decreased due
to the disappearance of micropores, so the increase rate
of Young's modulus decreased. Currently, researchers
optimized the coating structure and ceramic powder
structure to improve the sintering resistance of thermal
barrier coatings at high temperatures.

Coating structure design

In terms of TBCs structure, bimodal microstructure
TBCs have been proven to optimize the sintering
resistance of coatings effectively. The bimodal structure
refers to embedding porous powder particles into the
coating during plasma spraying so that a large quantity
of nano-pore areas are retained in the prepared coating.
Microcracks and pores in the nano-pore areas can
effectively improve the fracture toughness of the coating,
release internal stress, and resist crack propagation
[117]. In addition, at high temperatures, microscopic
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Fig. 15. Changes of elastic modulus during thermal exposure on double logarithmic plots: (a) macroscale and (b) microscale [114].
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Fig. 16. Typical (a) cross-section microstructure and (b) fracture morphology of the EMAP TBC comprising uniformly dispersed micro-

agglomerated particles in a coating matrix [118].

pores can effectively counteract the sintering inside the
coating, allowing the coating to maintain good thermo-
dynamic properties for a long holding time [118].
Huang et al. [119] fabricated YSZ TBCs with a
bimodal structure by designing a plasma spray gun.
The cross-sectional morphology of the bimodal coating
was shown in Fig. 16. Compared with the traditional
YSZ TBCs, there were uniformly dispersed unmelted
micro-agglomerated YSZ powder particles inside the
bimodal coating. In the high-temperature environment,
the rapid sintering inside the nano-region would form
coarse pores inside the coating so that the porosity
inside the coating remains relatively constant, avoiding
the rapid increase of the elastic modulus of the coating
during the sintering process so that the coating can
have excellent heat insulation performance and strain
compliance for a long time. Huang et al. [120]
analyzed the effect of nanoparticle size on the sintering
behavior of bimodal coatings. As shown in Fig. 17 and
18, many pores and microcracks in the traditional YSZ
coating healed during sintering, and the porosity
decreased to 5%. The bimodal structure coating
could maintain a high porosity. The micropores would
form coarse pores near the nano-zone during the
healing process to compensate for the loss of porosity.
Due to the large nano-area pores formed by coarse
nanoparticles, the sintering driving force inside the
coating during the sintering process is low, so the
porosity reduction rate is slow; the pore size of the
nano-region formed by fine nanoparticles is small, so it
has a faster pore shrinkage rate in the initial stage of
sintering. Zhou et al. [121] used the finite element
method to compare the stress distribution of bimodal
structure YSZ and traditional YSZ TBCs. The stress of
the bimodal structure YSZ coating in the axial and
radial directions was 67% and 73% of the traditional
YSZ, respectively. The excellent sintering resistance,
low internal stress, and excellent thermodynamic
properties of bimodal structure thermal barrier coatings

make them widely used in high-temperature environ-
ments.

Structure Design of Ceramic Powder

The internal microstructure and performance of the
thermal barrier coating are not only related to the
preparation method of the coating but also to the
morphology of the ceramic powder [122, 123]. Therefore,
optimizing the structure of ceramic powders is the
basis for improving coating performance.

Oerlikon Metco successfully designed and developed
YSZ hollow spherical powder (HOSP) for high-
performance thermal spraying in the 1990s. The HOSP
preparation methods mainly include the spray drying
method, plasma spheroidization method, and template
method, in which the plasma spheroidization method is
widely used because of its simple process, low cost,
and controllable particle size [124-126]. Fig. 19 is the
SEM photo of YSZ hollow spherical powder prepared
by plasma spheroidization [125]. It can be seen from
Fig. 19 that a ceramic shell wrapping forms the
powder. The powder's unique structure is because, in
the plasma jet, the molten powder forms hollow
spherical droplets under external gas and surface
tension, which rapidly solidify to form YSZ HOSP.
The powder has a smooth surface, high strength, and
good flowability so that it can be produced in large
quantities and used for plasma spraying. Zhang et al.
[127] compared the microstructure of atmospheric
plasma sprayed HOSP YSZ-TBCs with traditional
YSZ-TBCs and analyzed the internal porosity of the
coating by industrial CT. Fig. 20 showed that the
internal porosity of HOSP YSZ TBCs was 19%, which
was much higher than 11% of traditional YSZ TBCs.
The high porosity inside the coating not only provides
space for phonon scattering and reduces the thermal
conductivity of the coating but also provides stress
release space and optimizes the thermal cycle life of
the coating. Ercan et al. [128] compared the sintering



Jiahang Liu, Zhe Lu, Yanwen Zhou, Jing Zhang and Guanlin Lyu

300

Coating thickness direction Coating thickness direction

Coating thickness direction

(a)

10 pm
-

& g Fo A"
E . .

h

p.
-
————————

10 pm

I
I
1
]
I
I
1
I
I
1
1
1
1
1
1
1
1
A
I
1
1
1
I
]
1
L]
1
I
I
1
|
|
I
|
]
1
1
I
!
]
i

=
—

-}

As-deposited

5=
-]
i)
-
=5
]
-
#
-

20" 1Lin

As-deposited

1 exposure at 1300 °C: (a) traditional structure YSZ

crma

Fig. 17. Microstructure evolution behavior of the three kinds of coatings during th
coatings; (b) fine-sized YSZ coatings and (c) coarse-sized YSZ coatings [119].



A review on the failure behavior and countermeasures of thermal barrier coatings 301

40

|—®— Traditional coating
3r { —&— Coarse-sized coating
20l | —4— Fine-sized  coating
S st h% ol
< B i
£ 20 i %———_: S
§ B §
£ 15 i
10+
T L WH—
U 1 1 1 1 1 1
1] 20 40 60 80 100

Thermal expoeure (h)

Fig. 18. Porosity evolution behavior of the three kinds of coatings
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Fig. 19. SEM images of HS: (a) micrograph of HS, (b) secondary
electron cross-sectional micrograph, and (c) backscattered electron
cross-sectional micrograph [124].

Bond coating
Bond coating

Fig. 20. Microstructures of TBCs made of AS (a) and HS (b)
[126].

Nano-YSZ coating

Fig. 21. Cross-section of as-sprayed nano-YSZ coating (with a
trimodel structure), (1) columnar grins, (2) semimelted nano
powders, and (3) micro- and nanoequiaxed grains [129].

resistance of agglomerated YSZ TBCs and HOSP YSZ
TBCs. Before heat treatment, the two coatings had the
same porosity and thermal conductivity. After holding
at 1200 °C for 50 h, the thermal conductivity of HOSP
YSZ coating was much lower than that of agglomerated
YSZ coating, indicating that HOSP YSZ coating had
excellent sintering resistance at high temperatures.
With the development of nano-materials, the research
on nano-ceramic materials applied to the new generation
of TBCs has gradually emerged. Nano-ceramic materials
have good plasticity, material strength, and fracture
toughness. Lima et al. [129] found that nanostructured
YSZ TBCs still have low fracture toughness after
exposure at 1400 °C for 20 h, and there was still a large
porosity inside the coating. Daroonparvar et al. [130]
analyzed the internal structure and isothermal oxidation
properties of nano-YSZ TBCs. As shown in Fig. 21,
the nano-YSZ coating contains a large amount of nano-
sized pores and columnar crystals, which can effectively
prevent oxygen penetration and slow down the growth
rate of TGO at high temperatures. Chen et al. [131]
analyzed the bonding strength of nano-YSZ TBCs.
Since the plasma flame could fully melt the nanoparticles
during the spraying process, good mechanical interlocking
could be maintained between the splats, resulting in
average bonding strength of 45 MPa. Although nano-
YSZ powder has relatively excellent thermodynamic
properties, it cannot be directly applied to thermal
spraying due to its lightweight and poor fluidity.
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Fig. 22. Cross-sectional (a) and fracture (b) morphologies of 8YSZ
nano-structured TBC [133].
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Therefore, researchers began to develop new coating
preparation methods to prepare nano-YSZ TBCs with
excellent sintering resistance. Suspension plasma spraying
(SPS) is to disperse ceramic powders in a specific
suspension and inject the suspension into a plasma
flame through a particular feeding system to form a
coating [132]. Since SPS transports powders by liquid,
the powder size is required to be on the nanometer
scale. Xiao et al. [133] compared the sintering resistance
of two YSZ TBCs prepared by SPS and APS. Since the
SPS TBCs were segmented structures with vertical
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Fig. 23. SEM morphology of the spray-dried and calcined powders, (al-a3) powder 1# (spray-dried), (b1-b3) powder 2# (calcined at 500
°C), (c1-c3) powder 3# (calcined at 700 °C), (d1-d3) powder 4# (calcined at 900 °C), (e1-e3) powder 5# (calcined at 1100 °C) [134].
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cracks, the internal stress of the coating could be
released by the shrinkage of the crack in the early stage
of sintering. In the later stage of sintering, the shrinkage
of the micropores in the coating would enlarge the
vertical crack width so that the coating still had a large
strain space. Therefore, SPS TBCs had better sintering
resistance. In addition to optimizing the spraying
method, nanopowder particles can be agglomerated for
plasma spraying. Xue et al. [134] synthesized nano-
agglomerated YSZ powder by high-temperature
hydrothermal and spray drying methods and applied
the powder to APS. The cross-sectional morphology of
the as-prepared coating was shown in Fig. 22. A large
number of nanostructures, columnar crystals, and
nanopores were evenly distributed in the coating.
Nanopores effectively improve the sintering resistance,
strain tolerance, and fracture toughness of the coating,
thereby prolonging the service life of the thermal
barrier coating. Li et al. [135] analyzed the effect of
calcination temperature on agglomerated nano YSZ
ceramic powders prepared by plasma spray. As shown
in Fig. 23, a small amount of powder sintering
appeared in the calcined powder, but there were still a
large number of nano-pores on the outer surface,
indicating that the nano-ceramic powder prepared by
spray drying had excellent sintering resistance. The
spray drying method can be a simple and economical
method for preparing agglomerated nanopowders and
enables the spraying of nanopowders. In addition to
using the spray drying method, Guo et al. [136] and
Zou et al. [137] proposed agglomerating nano-YSZ
ceramic powder by the electro-spray technique (ESP).

The microstructure of agglomerated ceramic powders
with different particle sizes was shown in Fig. 24.
There were many nano-pores on the outer surface of
the powder, and a large amount of space was retained
inside the powder. The unique powder structure allows
for a large porosity inside the as-prepared coating,
resulting in a high sintering resistance of the ceramic
layer, thus optimizing the thermodynamic properties of
the coating. The ESP technology has a lower processing
cost than the spray drying method. It can control the
morphology and particle size of the agglomerated
powder so that ESP can more widely use it in the field
of thermal spraying.

Outlook and Conclusion

TBCs for the surface of hot end components of
engines provide excellent and economical thermal
insulation. Service life is one of the essential indicators
to measure the performance of thermal barrier coatings.
The factors affecting the service life of thermal barrier
coatings mainly include TGO growth, thermal corrosion,
high-temperature sintering, and internal stress of the
coating. The different methods used to prolong the
service life of thermal barrier coatings are reviewed.
This review carries out the future development direction
of TBCs from the aspects of metallic bond coat and
ceramic layer materials, coating structure, coating
preparation method, post-treatment of as-sprayed
coatings, and coating detection method.

Due to the gradual increase of the working temperature
of the engine and the increasingly harsh working

Fig. 24. Optical micrographs of polished cross-sections of the sintered ESNP YSZ spheres. (a) The sintered particles with different
morphologies and diameters (the scale bar is 2 mm), (b) the millimeter sized spheres with type I microstructure, (c)-(f) the hundreds of
micrometers sized spheres with type II microstructure, and (g)-(i) the tens of micrometers sized spheres with type III microstructure [135].
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environment, it is necessary to develop ceramic materials
with better performance. Currently, the research on rare
earth elements doped TBCs ceramic materials mainly
focuses on the materials' thermodynamic properties,
corrosion resistance, and thermal insulation properties.
However, there are few studies on the effects of doping
content and doping methods of different rare earth
elements on the properties of materials. By revealing
the influence of rare earth element doping content and
doping method on coating properties, it can provide a
theoretical basis for the performance optimization of
new ceramic materials. The high-entropy materials
currently used in TBCs are mixed in equal proportions
of multiple components for high-entropy ceramic
materials. It is not proposed which rare earth elements
in high-entropy solid solutions play a leading role in
the performance of ceramic materials. The mechanism
of the high-entropy effect on the performance of
ceramic materials is still not clear enough, and for the
study of multi-component rare earth elements doped in
a non-equimolar ratio. In the future, the application of
new ceramic materials in TBCs should not be limited
to the composition design of materials. The research on
the optimization of the powder synthesis process, the
creation of ceramic materials with unique properties
according to the application environment of coatings,
and the synthesis of ceramic materials with high purity
should also be entirely carried out and applied in
complex environments.

The working environment of TBCs includes high
temperature, molten corrosion, and airflow erosion.
Multi-environment coupling puts forward higher
requirements on the service life of different structural
coatings. Therefore, it is essential to establish the
performance evaluation standards of other structural
thermal barrier coatings under a coupling environment.
The TBCs' structure optimization plays an essential
role in the internal residual stress, coating reliability,
and service life of the coating in high-temperature
environments. Developing a prediction model for the
influence of TBCs structure on coating performance is
necessary. And finding out the failure mechanism of
TBCs with different structures can provide necessary
theoretical support for coating performance optimization.

With the continuous development of engine technology,
the preparation methods of new TBCs are also being
developed. At present, the choice of preparation methods
for ceramic powders of different materials and sizes is
the focus of research. Therefore, choosing the most
suitable coating preparation method, setting the optimal
spraying parameters, formulating the most suitable
spraying environment, and making the prepared coating
have excellent thermal physical properties is an
important research direction for the preparation of
thermal barrier coatings. In addition, combining different
preparation methods to make use of the advantages of
other processes to prepare thermal barrier coatings with
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better performance, and through the combination of
computer simulation technology and thermal barrier
coating preparation methods, the simulation system can
more intuitively optimize the process parameters of
complex preparation methods.

Traditional TBCs will suffer from thermal fatigue
failure, molten salt corrosion, and high-temperature
oxidation in extreme environments. Therefore, it is
essential to study the post-treatment of the bond coat
and ceramic layer, which can not only effectively
improve the service life of thermal barrier coatings but
also improve the new industrial development of
coatings. At present, pre-oxidation and laser surface
treatment technology have been considered to effectively
reduce the growth rate of TGO and sediment erosion
on the coating surface. However, the post-treatment
technology currently applied to TBCs is a new research
field. It is still necessary to further explore the optimal
post-treatment process parameters of coatings with
different materials and structures to achieve the optimal
regulation of the internal structure of the coating. In
addition, developing new coating post-treatment
technology to optimize coating performance is also
crucial, including vibration polishing technology and
hot isostatic pressing treatment technology.

The failure behavior of TBCs in a high-temperature
environment can be summarized as material factors,
holding time factors, size and shape factors, and
environmental factors. Therefore, the failure of the
coating includes the evolution of internal microstructure
and internal microstructure. Currently, the detection
method applied to TBCs is mainly damage detection.
The residual service life of the coatings is evaluated by
analyzing the cross-section of the coatings. However,
damage detection will lead to the inability to repair the
aging coating, so it is necessary to develop a non-
destructive testing method for the coating. By
establishing the damage behavior database of TBCs,
the data of non-destructive testing are optimized and
screened. Using optimization algorithms and machine
learning to analyze the results of non-destructive
testing to determine the damage behavior of the TBCs
and obtain the optimal repair method and residual
service life.
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