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Abstract: This study uses atmospheric plasma spraying (APS) technology to prepare thermal barrier
coatings (TBCs) with yttrium-stabilized zirconia (YSZ) and Yb2O3-Y2O3-co-stabilized ZrO2 (YbYSZ)
materials at different spraying powers. It analyzes the differences and changes in the microstructure,
thermodynamic properties, and mechanical properties of the TBCs. The CaO-MgO-Al2O3-SiO2

(CMAS) resistance of coatings was tested using thermal cycling-CMAS experiments and isothermal
corrosion experiments. Compared to YSZ coatings, YbYSZ coatings have lower thermal conductivity,
a higher hardness and elastic modulus, a longer lifetime under thermal cycling-CMAS conditions, and
lower penetration and degradation depths. Under thermal cycling-CMAS coupling conditions, the
optimal power range for the longest thermal cycling lifetime for both coatings is 39–40 kW. Overall,
compared to the YSZ material, the YbYSZ material exhibits superior properties.

Keywords: thermal barrier coating (TBC); YbYSZ; CMAS corrosion; spraying power

1. Introduction

Thermal barrier coatings (TBCs) are metal or ceramic powders applied to component
surfaces using methods, such as plasma spraying, chemical vapor deposition (CVD),
and physical vapor deposition (PVD) [1–5]. These coatings protect substrates from high
temperatures, oxidation, and thermal expansion, thereby enhancing erosion and corrosion
resistance and extending the service life of the components [6,7]. The application of TBCs
evidently holds greater potential and cost-effectiveness [8,9]. TBCs have been widely
recognized and emphasized globally, becoming one of the primary methods for thermal
protection [2,10]. A typical TBC system comprises three parts [11]: the top coat (TC), the
bond coat (BC), and the metallic substrate. The common TC is composed of 6–8 wt%
Y2O3-stabilized ZrO2 (6-8YSZ), which has both low thermal conductivity and a high
thermal expansion coefficient [12]. The BC has an antioxidant effect and reduces thermal
expansion mismatch [4]. Its composition mainly includes MCrAlY, where M is Ni or
Co [13]. The substrate is usually a nickel-based superalloy from the hot-section component.
It is important to always ensure the stability and reliability of TBCs under complicated
service conditions. The issue of molten silicate corrosion is particularly prominent and is
considered one of the threats to the service performance of TBCs [14].

Particles originating from dust, sand, or volcanic ash in the air are ingested by the
gas turbine in service, melting and depositing on the TBC surface in high-temperature
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environments, forming glassy substances mainly composed of CaO-MgO-Al2O3-SiO2,
known as CMAS [15–17]. Currently, the evaluation criteria for TBCs mainly fall into
two aspects: durability and reliability [18]. When CMAS corrosion occurs under service
conditions, the coating’s lifetime is significantly reduced. It is generally believed that when
the service temperature exceeds 1200 ◦C, CMAS corrosion becomes the main cause of TBC
failure [19].

The corrosion mechanisms of CMAS on TBCs mainly include the following two as-
pects: (1) When the coating is in service under CMAS conditions, molten CMAS adheres to
and infiltrates the coating surface and reacts with the stabilizer Y2O3. This reaction acceler-
ates the phase transformation of the coating, causing volume expansion and generating
phase transformation stress within the coating. This stress leads to crack initiation and
propagation, resulting in premature coating failure. Moreover, excessive cracks provide
more pathways for CMAS infiltration, accelerating coating failure [20]. (2) When TBCs are
in service at high temperatures, the formed thermal grown oxides (TGOs) react with molten
CMAS to produce MgAl2O4 spinel and CaAl2Si2O8 anorthite [16]. This reaction causes a
sharp increase in interlayer stress, resulting in coating spallation and failure. Researchers
have revealed that the infiltration of CMAS into the coating during the cooling phase results
in the formation of a glass phase within the ceramic layer. This, in turn, reduces the strain
tolerance of the coating, thereby decreasing the service life [21,22].

The CMAS corrosion resistance of TBCs is influenced by both the coating material and
its microstructure. Additionally, coating performance varies with different spraying process
parameters. The effect of power on the CMAS corrosion resistance of TBCs is extremely
complex. On one hand, higher power results in a denser coating structure with fewer
inherent defects, which reduces the pathways for CMAS infiltration and thereby enhances
CMAS corrosion resistance. Increased hardness and elastic modulus improve the coating’s
resistance to particle impact. On the other hand, reduced porosity decreases the coating’s
thermal insulation performance, and during service, the lower strain tolerance can lead
to the accumulation of thermal stress within the coating, causing premature failure [23].
Studies have shown that Yb2O3 and Y2O3-co-stabilized ZrO2 (YbYSZ) coatings exhibit
good CMAS corrosion resistance compared to conventional YSZ TBCs [24]. In both thermal
cycling and thermal cycling-CMAS experiments, the YbYSZ coatings showed superior
thermal cycling performance [25]. When the YBYSZ coating is exposed to CMAS corrosion,
the low diffusion rate of Yb can effectively mitigate the degradation of the thermal barrier
coating. Concurrently, Yb doping can augment the surface energy and Griffith work of
YSZ materials, diminish the wetting angle of CMAS on the coating surface, and enhance
the wetting performance [26]. The YbYSZ coating exhibited higher porosity compared to
the YSZ material after exposure to high-temperature thermal conditions. Furthermore, it
maintained a distinct columnar crystalline structure following high-temperature sintering
at 1300 ◦C and CMAS corrosion for 32 h, thereby demonstrating superior resistance to
sintering [27]. However, the current research primarily focuses on the CMAS corrosion
resistance of YbYSZ materials, with a lack of comparative studies on the mechanical
properties, thermodynamic properties, and other performance aspects of TBCs made from
YbYSZ and YSZ materials.

In practical applications, the material properties of YbYSZ coatings need to consider
parameters, such as the thermal conductivity, mechanical properties, and thermal expansion
coefficient. However, there is currently a lack of comparative studies on the comprehensive
material properties of YbYSZ coatings and YSZ coatings. Additionally, it is important to
note that the spraying power has a significant impact on the quality of the coating. To
compare the overall performance of coatings prepared from two different materials, this
paper prepared YbYSZ and YSZ coatings under different spraying powers. The perfor-
mance of these coatings was evaluated through the thermal cycling-CMAS test, CMAS
isothermal corrosion test, and mechanical property tests. This research comprehensively
analyzes the impact of the spraying power on the CMAS corrosion resistance of both
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coatings, comparing their performance under different power conditions to highlight the
superiority of YbYSZ over YSZ.

2. Experimental Materials and Methods
2.1. Deposition of the TBCs

YbYSZ and YSZ coatings were prepared using atmospheric plasma spraying (APS)
technology under different power ranges: 31–32 kW, 35–36 kW, 39–40 kW, 43–44 kW, and
47–48 kW. The TC and BC of the TBCs were prepared using an F4-MB APS system (Oerlikon
Metco, Pfaeffikon, Switzerland). The metallic substrate used was Inconel-5188 with dimen-
sions ϕ25.4 × 6.35 mm. Before preparing TBCs, the substrate must undergo pre-treatment
through spraying. The metal substrate is cleaned ultrasonically with anhydrous ethanol
to remove any oil stains from its surface. Additionally, sandblasting is performed on the
substrate. Before spraying the BC layer, entire substrates were grit-blasted with 80# brown-
corundum particles at a sandblasting pressure of 0.7 Mpa, resulting in a surface roughness
of 3~4 µm. Before depositing the ceramic layer, a NiCrAlY bond coat with a thickness of
about 80–100 µm was sprayed onto the grit-blasted substrate. The total thickness of the TC
layers prepared in this study was maintained at approximately 300–350 µm. The two types
of powders used for the TC were prepared using the same granulation process. The spray-
ing powders used in this experiment are all commercial powders manufactured by third
parties. The YSZ powder is manufactured by Beijing Sunspraying Technology Co, Ltd.,
Beijing, China. The YbYSZ powder is manufactured by Suzhou Meierbang Material Co.,
Ltd., Suzhou, China. The microstructural images and particle size distributions of the YSZ
powders and YbYSZ spray powders are the same as those of the powders microstructure in
the previously published papers [28]. During the coating preparation process, the spraying
power was varied by adjusting the spraying current. The spraying process parameters are
shown in Table 1. The chemical composition of the powder is shown in Table 2.

Table 1. Process parameters of plasma spraying YbYSZ and YSZ coating.

Spray Parameter Bond Coat YbYSZ YSZ

Power (kW) 36 31–48 31–48
Ar (L/min) 50 40 40
H2 (L/min) 9 9 9

Spray distance (mm) 120 100 100
Gun speed (mm/s) 900 500 500

Thickness (µm) 80–100 300–350 300–350

Table 2. The chemical composition of the MCrAlY, YbYSZ, and YSZ powders.

Sample Chemical Composition Source Grain Size

NiCrAlY Amdry 962, Sulzer Metco
Inc., New York, NY, USA 15–45 µm

YbYSZ 4.0 mol.%-Yb2O3-0.5
mol.%Y2O3-ZrO2

Suzhou Meierbang Material
Co., Ltd., Suzhou, China 15–45 µm

YSZ 8 wt% Y2O3 + 92 wt% ZrO2 Commercial 8YSZ powders 15–45 µm

2.2. CMAS Powder Preparation

CMAS sources are quite diverse, including volcanic ash, dust, and fuel impurities,
making field sampling challenging and resulting in regional variations in CMAS compo-
sition. Therefore, the composition of these powders is consistent with standard CMAS
compositions reported in the literature [29], as shown in Table 3. The required oxide
powders (from Shanghai Chemical Reagent Company, Shanghai, China) were weighed
according to specific proportions and then thoroughly mixed using a high-speed planetary
ball mill (ND8-L planetary ball mill, Nanjing NanDa Instrument Plant, Nanjing, China).
The mixed powder was placed in a muffle furnace at 1550 ◦C for 4 h to ensure a complete



Coatings 2024, 14, 928 4 of 22

reaction [30,31]. The resulting product was then processed through ethanol ball milling,
drying, and sieving to obtain the CMAS powder used in this study.

Table 3. The compositions of the simulated CMAS (mol.%).

SiO2 CaO MgO Al2O3 Na2O K2O Fe2O3 ZrO2

Original powder
composition (mol.%) 54.28 34.33 4.61 3.92 0.90 0.93 1.37 -

2.3. Thermal Cycling-CMAS Test

A thermal cycling-CMAS test was used to simulate the thermal cycling-CMAS coupled
conditions on the coatings to evaluate their service performance and lifespan. In this
experiment, high-temperature gas generated by the combustion of propane and oxygen
rapidly heated the surface of the sample coating. Concurrently, the back of the sample
was continuously cooled by compressed air, creating a significant temperature gradient
within the thermal barrier coating system. This setup aims to simulate the thermal load
conditions experienced by thermal barrier coatings in the combustion chamber of an
aircraft engine [32,33]. At the end of the heating phase, the sample disc was rotated to the
cooling position, and compressed air quickly cooled the surface and back of the sample,
reducing the sample temperature to about 100 ◦C within 60–80 s. This process generates
a temperature gradient opposite to that of the heating phase within the thermal barrier
coating system. In this study, the surface temperature of the coating was maintained at
approximately 1300 ◦C, while the backside temperature of the sample was controlled at
around 900 ◦C. To simulate the complex conditions of thermal cycling-CMAS coupling
in actual service, each cycle consisted of 5 min of flame heating followed by 5 min of
compressed air cooling. After every two thermal cycles, a 2 wt% CMAS ethanol slurry
was uniformly applied to the coating surface, increasing the CMAS concentration on the
coating surface by approximately 0.4 mg/cm2 each time. In this experiment, coating failure
was determined when the degree of cracking or spalling reached 20% of the total coating
surface area.

2.4. CMAS Isothermal Corrosion Test

The CMAS isothermal corrosion experiment was conducted in a muffle furnace. Due
to the high experimental temperature, which exceeds the operating temperature of nickel-
based superalloys, substrate-free coatings were used for this experiment. The specific
preparation process for the coatings is as follows: Referring to the process parameters in
Table 1, a TC approximately 1 mm thick was prepared on a 45# carbon steel substrate. The
substrate was then etched with dilute hydrochloric acid to separate it from the ceramic
layer, thus obtaining a free-standing sprayed coating. The slurry of CMAS powder was
prepared by mixing it with anhydrous ethanol and coating it on sample at a concentration
of 20 mg/cm2. The sample coated with CMAS powder was placed in a muffle furnace
and held at 1300 ◦C for 1 h. Subsequently, the sample was cold-inlaid with epoxy resin
and subsequently processed using a grinding and polishing machine for metallographic
microstructure analysis. The microstructure of the corroded sample was observed using
a scanning electron microscope to investigate the CMAS corrosion resistance behavior of
the different coatings. Considering the numerous and unevenly distributed pores in the
free-standing coatings, the observed CMAS penetration depth exhibited some variability.
To obtain more accurate results, the average penetration depth from ten different locations
was used as the representative CMAS penetration depth for the sample.

2.5. Characterization of Thermal and Mechanical Properties

The thermal conductivity measurement samples were square, free-standing coatings
with dimensions of 1 cm × 1 cm × 1 mm. The thermal diffusivity (α) and specific heat
capacity (C) of the materials were obtained using a laser flash analyzer (Linseis LFA1000,
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Selb, Germany). The density (ρ) of the free-standing coatings was determined using
the Archimedes’ principle with water immersion. To minimize errors, each sample was
measured three times at room temperature. The thermal conductivity (K) of the free-
standing coatings was calculated using the following general formula [34]:

K = α·C·ρ (1)

The hardness of the samples was measured using the indentation method with a
Vickers hardness tester (HXD-1000TMC/LCD, Shanghai Taiming Optical Instrument Co.,
Ltd., Shanghai, China). A load of 300 gf was applied, and the indentation test positions
were randomly distributed within the coating. To obtain reliable measurements, 15 points
were selected on each sample, and the hardness of the sample was calculated as the average
hardness of these 15 points. The elastic modulus (E) of the samples can be calculated using
the following general formula [35]:

b
a
− b′

a′
= α

H
E

(2)

where α = 0.45 is a constant for the Knoop indenter, H is the hardness, and b
′
/a

′
is the ratio

of the indentation lengths of the small and large diagonals, with b/a being 1/7.11.

2.6. Material Phase and Structure Characterization

The microstructural morphology of the cross-sections of the samples before and after
exposure to thermal cycling-CMAS coupling conditions and CMAS isothermal corrosion
was observed using a scanning electron microscope (SEM, Hitachi S-3400N, Tokyo, Japan)
equipped with an energy-dispersive spectrometer (EDS, Falion 60S, EDAX, Pleasanton,
CA, USA). The images obtained using the above method were processed with the image
analysis software Image J v1.8.0 [36]. The pore structures in the images were extracted and
converted to binary images, and the contrast was adjusted. The porosity of the coating
was calculated as the ratio of the pore area to the total area in the selected images. The
porosity of the sample was taken as the average porosity of the selected positions. A
phase analysis was conducted using an X-ray diffractometer (XRD, Rigaku Corporation
18kW/D/max2550VB/PC, Tokyo, Japan) with a continuous scan at a step size of 0.02◦ and
a scan rate of 12◦/min, covering a scanning angle range of 10–80◦.

3. Results and Discussion
3.1. Microstructure and Phase Analysis of Sprayed Coatings
3.1.1. Cross-Section of Sprayed Coatings

The cross-sectional microstructure of the as-sprayed coatings at different power ranges
is shown in Figure 1. Both types of as-sprayed coatings exhibit a layered structure with
distinct pores and microcracks, which are typical characteristics of atmospheric plasma
spraying coatings [3]. As the spraying power increases, the microstructure of the coatings
changes significantly. At a lower power, the coatings have more pores and a certain
number of horizontal cracks. As the porosity within the coatings gradually decreases, the
coatings become denser, and exhibit a better molten state, with an increase in the number
of vertical cracks. During the deposition process, the interparticle bonding rate within
the coatings is about 30% [37], resulting in many poorly bonded or unbonded interfaces
within the coatings. These interfaces are more prone to crack initiation and propagation.
The formation of flattened particles significantly impacts the porosity within the coatings.
The surface morphology of these flattened particles directly affects the interlayer bonding
of the coatings [38]. Differences in the thickness of the powder droplets are related to the
melting state and spreading degree of the flattened particles. Well-melted flattened particles
are generally uniformly distributed and sufficiently spread, leading to minor thickness
fluctuations. Over-melted flattened particles may excessively spread, causing the thickness
to be too thin and prone to cracking. Poorly melted particles lead to uneven spreading,
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significant thickness fluctuations, and increased porosity between particles. These particles
are challenging to merge and re-melt during the stacking process, resulting in more pores
and horizontal cracks [39].
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Through experimental research, Wang et al. [40] found that at a lower spraying power,
the powder’s melting state is poor, and the spreading process of the flattened particles
is somewhat hindered, resulting in uneven spreading. At a higher spraying power, the
droplet temperature is significantly higher, the spreading speed is noticeably faster than
the solidification speed, and the droplets can spread uniformly and sufficiently on the
substrate. They established two models for the deposition process of the aforementioned
types of particles [37,40]. In the first deposition model, the thickness of a single layer of
flattened particles is uneven, the adhesion between lamellae is poor, and it is difficult to
completely fill the gaps between adjacent lamellae, making the coating more prone to
pores and horizontal cracks. In the second deposition model, the thickness of individual
flattened particles is uniform, the gaps between the upper and lower layers are small,
and the bonding between particles is relatively sufficient. However, the fracture of single
flattened particles may penetrate into vertical cracks, making the coating more prone to
larger vertical cracks.

By comparing the cross-sectional morphology of the two coatings at different power
levels in Figure 1, we can find that the cross-sectional micromorphology of the YbYSZ and
YSZ coatings prepared at the same power exhibits minimal disparity. The microscopic
morphology of both the YbYSZ and YSZ coatings exhibits a trend toward increased density
with a higher spraying power. Additionally, the pores continue to decrease with the
increase in spraying power. To accurately determine the porosity of the as-sprayed coatings,
10 random positions were selected on each sample. These positions were imaged using
the backscattered electron mode (BSE) of a scanning electron microscope. The porosity
of the two coatings at different power ranges is shown in Figure 2. Both coatings exhibit
the same trend, with the porosity gradually decreasing as the spraying power increases.
This observation is consistent with the cross-sectional observations and the aforementioned
theoretical analysis. Interestingly, at any given power range, the porosity of the as-sprayed
YbYSZ coating is higher than that of the conventional YSZ coating. This is because the
YbYSZ coating, compared to the YSZ coating, is doped with ytterbium, which increases the
increased sintering properties of the coating to some extent. Liu’s study demonstrated that
YbYSZ material can maintain an optimal columnar crystal structure even after sintering
at 1300 ◦C for 32 h [41]. Good sintering resistance is crucial for increasing the porosity of
YbYSZ materials. The presence of defects such as pores in the TBCs often results from the
incomplete melting of the powder among other factors. Coatings produced using YbYSZ
material, which exhibits superior sintering performance, tend to contain a higher quantity
of insufficiently melted powder particles, consequently increasing the porosity. This makes
it more difficult for the YbYSZ coating to form a dense structure during heat treatment,
resulting in more small pores and cracks at the grain boundaries and leading to a higher
porosity than the YSZ coating.
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3.1.2. Surface Morphology of As-Sprayed Coatings

During the infiltration of molten CMAS into the coating, it first adheres to and wets
the coating surface and then spreads and infiltrates the coating interior along its inherent
defects under the driving force of capillary action. Therefore, reducing the wettability of
the coating becomes a primary issue in CMAS resistance research. Currently, there are few
studies on the wettability of TBC-CMAS systems, and the correlation and optimization
methods between wettability and infiltration performance are not yet clear [42–44]. Yang
et al. [45] show that the smoother the surface of the TBCs and the lower its roughness, the
larger the contact angle with molten CMAS and the smaller the area of coating damage.
Wenzel et al. [46] suggest that an increase in roughness can significantly enhance the
original hydrophilic or hydrophobic properties. To explore the changes in the surface
roughness of the coatings at different power levels, a three-dimensional profilometer was
used to measure the surface roughness of all the coatings. Figure 3 shows the evolution of
the surface roughness of the two coatings with different spraying powers. As the power
increases, the surface roughness of both coatings continuously decreases, consistent with
previous theories. The increase in spraying power allows the powder to absorb more
heat, thereby melting and spreading more thoroughly, forming a smoother coating surface.
Unexpectedly, within the full power range, there is no definite rule in the relationship of
surface roughness between the two coatings. However, previous research by Liu et al. [27]
indicated that at the same spraying power, the wetting angle of molten CMAS on the YbYSZ
coating is larger than that on the YSZ coating. This phenomenon cannot be explained by
changes in surface roughness alone; thus, in this study, surface roughness is not the
main factor affecting the CMAS wetting angle of the two coatings. In addition to surface
roughness, surface energy also affects the wettability of the coating. If the material’s surface
energy is low, the wetting process of molten CMAS on the coating surface proceeds more
slowly. Fang et al. [24] calculated the surface energy of YSZ and YbYSZ models using first-
principles calculations, finding them to be 2.704 J/m2 and 2.637 J/m2, respectively. YbYSZ
has a relatively lower surface energy, giving it a larger CMAS contact angle compared to
YSZ. Therefore, YbYSZ material exhibits better resistance to CMAS wetting.
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3.1.3. Phase Structure of As-Sprayed Coatings

Figure 4 shows the XRD patterns of the coatings at different power ranges. The
variation in spraying power did not significantly affect the phase composition of the as-
sprayed coatings, which mainly consisted of the tetragonal phase (t-phase) and cubic
phase (c-phase). The unique toughening mechanisms of ferroelastic toughening and phase
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transformation toughening associated with the tetragonal phase significantly enhance the
mechanical properties of the coatings, allowing them to maintain long-term durability
under external mechanical loads [47,48]. The phase composition of the coatings is the same
as that of the original powders. It indicates that the high temperatures generated during
the spraying process did not cause phase transformation in the coating materials. Both
materials maintained good phase stability throughout the process.
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3.2. Thermophysical and Mechanical Properties of As-Sprayed Coatings
3.2.1. Thermophysical Properties of As-Sprayed Coatings

One of the key functions of TBCs is their excellent thermal insulation performance,
which protects the substrate in high-temperature environments and reduces the surface
temperature of engine hot-end components. Therefore, when evaluating the thermal
properties of TBCs, the primary parameter of interest is thermal conductivity [49]. Figure 5
shows the trend of the thermal conductivity of the two coatings at room temperature with
varying spraying power. As the spraying power increases, the thermal conductivity of both
coatings shows a continuous upward trend. The increase in spraying power reduces the
porosity within the coatings, making them denser. The reduction in the total amount of
air gaps within the coatings decreases the obstruction to heat conduction, resulting in an
increase in thermal conductivity. It is noteworthy that, across all the power ranges, the
thermal conductivity of YbYSZ coatings is consistently lower than that of YSZ coatings.
This indicates that the thermal insulation performance of TBCs made from YbYSZ material
is superior to that of conventional YSZ coatings, ensuring the long-term service life of
hot-end components. The shape of pores also has an important influence on thermal
conductivity, especially for the microcrack/porous materials. Thermal conductivity relates
to both the porosity and shape of pores as follows [50]:

K
K0

=

(
1 +

2V
π

(
b
a

))−1

where K is the thermal conductivity of the microcracked material; K0 is the thermal con-
ductivity of the un-cracked material. V is the volume fraction of ellipsoidal pores. b is the
major axis of the ellipsoid and a is the minor axis. In this study, the thermal conductivity of
the two coatings prepared with YbYSZ and YSZ materials at different powers showed a
tendency to increase with the decrease in porosity. The relevant changes can be seen in the
revised draft.
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Generally, in the theory of phonon heat transfer, the thermal conductivity of a material
usually depends on the intensity of the phonon scattering. The main factors affecting
the phonon scattering intensity are the number of oxygen vacancies within the crystal
lattice and the substituted cation parameters of the material [51–53]. Due to differences in
mass and volume, the substitution process of rare-earth atoms can cause lattice distortion,
increasing the disorder of atomic arrangement within the lattice and promoting phonon
scattering. In this study, the doping amount of rare-earth elements in YbYSZ and YSZ
powders is the same. Therefore, the substitution of original atoms by rare-earth elements
Y3+ and Yb3+ causes the same degree of disorder in the arrangement and generates the
same number of oxygen vacancies. Thus, in this study, the number of oxygen vacancies is
not the main factor affecting the degree of phonon scattering.

The substituted cation parameters can be considered the main factor causing the
difference in thermal conductivity between the two materials. The substituted cations
have a significant impact on the average free path of phonons. According to the literature
reports [54,55], the relationship between thermal conductivity, the average free path of
phonons, and substituted atomic parameters can be expressed as:

1
K

∼ 1
lp

∼
(

∆m
m
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1
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r

)2
(4)

In Equations (3) and (4), K represents the thermal conductivity of the material. m and
∆m represent the average mass of the substituted and substituting atoms and the average
mass difference, respectively. r and ∆r represent the average radius of the substituted and
substituting atoms and the average radius difference, respectively.

The atomic radii of Yb, Y, and Zr are 98.5 pm, 101.9 pm, and 72 pm, respectively.
Although the difference in the atomic radius between Yb and Zr is slightly smaller than that
between Y and Zr, the atomic mass of Yb is 173.05, which is much larger than the atomic
mass of Y (88.91). This causes a more significant change in thermal conductivity, indicating
that, in this study, the effect of atomic mass on thermal conductivity is greater than that of
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atomic radius. Therefore, the thermal conductivity of YbYSZ material is lower than that of
YSZ material [56].

3.2.2. Mechanical Properties of As-Sprayed Coatings

The hardness of the coating is indicative of its capacity to withstand local pressure and
wear induced by external loads, as well as, to a certain extent, its erosion resistance [57,58].
Higher hardness means the coating can better resist damage from friction, impact, or other
external factors, which is crucial for maintaining the coating’s performance in actual work-
ing environments. It is an important parameter for assessing the mechanical properties of
the coating. Besides hardness, another main parameter reflecting the mechanical properties
of the coating is the elastic modulus, which represents the coating’s ability to deform and
recover under stress. Specifically, a higher elastic modulus means the coating will deform
less when subjected to external force.

This can be beneficial in some cases, such as when the coating is subjected to thermal
expansion or mechanical impact, allowing it to maintain its shape and provide better protec-
tion. However, in other cases, a higher elastic modulus may lead to brittle behavior, making
the coating prone to cracking or spalling. Figure 6 shows the changes in the mechanical
properties of the coatings with varying spraying power. It is clear that with the increase in
power, the hardness and elastic modulus of both coatings exhibit an upward trend. The
main reason for this trend is that the internal defects of the coatings decrease with the
increase in spraying power, leading to higher densification of the coatings and consequently
improving their Vickers hardness and elastic modulus. Another important factor affecting
the mechanical properties of the coatings is the type of material. The incorporation of the
rare-earth element Yb can significantly improve the mechanical properties of the coating
materials, such as the hardness, elastic modulus [59], and fracture toughness [60]. Within
the scope of this study, the average hardness and average elastic modulus of the YbYSZ
coatings are greater than those of the YSZ coatings. This means that under the same service
conditions, the YbYSZ coatings have superior resistance to particle impact and a longer
service life compared to conventional YSZ coatings.
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3.3. Failure Mechanism of Plasma-Sprayed YbYSZ and YSZ Coatings under Thermal
Cycling-CMAS Coupling Conditions
3.3.1. Coating Lifetime under Thermal Cycling-CMAS Coupling Conditions

Compared to other evaluation methods, simulating the thermal cycling-CMAS cou-
pling conditions experienced in actual service using a gas flame shock rig is clearly more
realistic, and the results obtained are more consistent with actual conditions. Figure 7
shows the lifespan comparison of the two coatings at different power ranges in this experi-
ment. Both coatings exhibit a trend of a first increasing and then decreasing lifespan, with
the maximum thermal cycling lifespan occurring at a spraying power of 39–40 kW. The
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maximum thermal cycling numbers for the YbYSZ and YSZ coatings are 47 and 27 cycles,
respectively. At a lower spraying power, the coating has a higher porosity and more inher-
ent defects, providing more pathways for CMAS to penetrate into the coating. Additionally,
more pores can store CMAS, accelerating the sintering failure of the coating. However,
the high porosity also gives the coating a higher strain tolerance, reducing the thermal
stress levels generated during thermal cycling and allowing the coating to better withstand
strain variations. At a higher spraying power, the coating is denser with fewer inherent
defects, effectively blocking CMAS penetration. However, the lower strain tolerance leads
to excessive stress during the thermal cycling-CMAS test, causing microcracks within the
coating to gradually expand and eventually result in coating failure. Therefore, although
this section discusses the impact of power on the lifespan of the two coatings under thermal
cycling-CMAS coupling conditions, the essence is to study the balance point of the effects of
CMAS corrosion and thermal cycling on the evolution of the coating’s microstructure. The
goal is to achieve a longer service life and determine more suitable spraying parameters.
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The experimental results show that the use of YbYSZ coatings can significantly im-
prove the service performance of the coating system and greatly extend the long-term
service life of the coating. Compared to conventional YSZ coatings, the thermal cycling
lifespan of YbYSZ coatings increased by 7%, 52%, 74%, 105%, and 275% at different power
ranges. Fang et al. [61] compared the lifespan of the two coatings under thermal cycling
conditions and thermal cycling-CMAS coupling conditions. They found that the thermal
cycling-CMAS coupling test significantly reduced the service life of the coatings compared
to the thermal cycling test alone. However, while the lifespan of conventional YSZ coatings
decreased by 76%, the lifespan of YbYSZ coatings only decreased by 30%. The research
results confirm that YbYSZ coatings not only have a longer long-term service life but also
maintain good reliability and stability in harsh environments.

3.3.2. Cross-Sectional Morphology of Coatings under Thermal Cycling-CMAS
Coupling Conditions

Figure 8 shows the cross-sectional microstructure of the two coatings at different
power levels after failure under thermal cycling-CMAS coupling conditions. Both coatings
exhibit similar failure modes after experiencing thermal cycling-CMAS coupling conditions.
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Sintering occurs within the coatings, making them denser. The porosity of the failed
coatings varies with the power, as shown in Figure 8k. Although the YbYSZ coating
endured the test for a longer time across all power ranges, its porosity remains larger
than that of the YSZ coating, indicating superior service performance. Additionally, as
the spraying power increases, the number of vertical cracks in both coatings increases.
When the power range is 31–32 kW, 35–36 kW, or 39–40 kW, the cracking position after
coating failure is located within the TC, 10–30 µm above the interface between the BC
and the TC layer, resulting in through-type horizontal cracks at this location. Due to the
significant difference in thermal expansion coefficients between the ceramic layer and the
metal substrate, considerable thermal mismatch stress is generated during service, leading
to through-cracks at the interface between the two layers and causing large-scale spalling
of the coating.
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coating (f–j) at different powers under thermal cycling-CMAS coupling conditions.

When the spraying power is 44–44 kW and 47–48 kW, the failure mode of the coating
is different from the other three power ranges, with more vertical cracks appearing. Mercer
et al. [62] found that under capillary action, CMAS infiltrates and fills the gaps between
the columnar grains of the ceramic layer. Due to the rapid cooling rate, a significant
temperature gradient perpendicular to the coating surface forms within the alloy substrate
and ceramic layer, resulting in uneven thermal stress distribution within the coating [63,64].
This phenomenon is particularly severe in denser coatings, where the low porosity cannot
effectively relieve and release the thermal stress, exacerbating the stress unevenness. The
thermal stress caused by the temperature gradient induces type I cracks within the coating,
which continuously expand and connect with the defects in the coating, ultimately leading
to the spalling failure of the coating.

3.3.3. Mechanical Properties of Coatings under Thermal Cycling-CMAS
Coupling Conditions

Figure 9 shows the mechanical properties of the coatings at failure across different
power ranges. YbYSZ-C and YSZ-C, respectively, represent the samples of YbYSZ and
YSZ after the thermal cycling-CMAS tests. Compared to Figure 6, it can be seen that the
hardness and elastic modulus of the coatings have increased. This is due to the reduc-
tion in porosity caused by high-temperature sintering. Although the coatings under the
39–40 kW power range endured more thermal cycles and higher degrees of sintering,
coatings sprayed at a higher power have fewer inherent defects and are denser. Because the
number of thermal cycles is comparable, the hardness and elastic modulus of the coatings
still show an upward trend with increasing power after undergoing thermal cycling-CMAS
coupling conditions. Thanks to the incorporation of Yb3+, the coatings can maintain supe-
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rior mechanical properties while retaining relatively high porosity, both before and after
the cycles, thus providing a longer service life.
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3.3.4. Phase Structure of Coatings under Thermal Cycling-CMAS Coupling Conditions

During the service of TBCs, their cracking and failure are mainly caused by several
factors: the phase transformation of ZrO2 [65], thermal stress caused by temperature gradi-
ents [66], growth of thermally grown oxides (TGOs) [45], and high-temperature sintering.
Figure 10 shows the XRD patterns of the coatings after thermal cycling failure. The phase
structure of both coatings remained unchanged, consisting of the t-phase and c-phase.
Roncallo et al. [67] investigated the effect of the cooling rate on the phase transformation of
ZrO2 and found that a faster cooling rate is not conducive to phase transformation. In this
study, compressed air was used to rapidly cool the front and back surfaces of the samples.
Additionally, the thermal exposure time at high temperatures was relatively short. For the
YbYSZ coating with the longest thermal cycling lifespan in the 39–40 kW power range, the
total thermal exposure time was only 3.9 h. These two reasons combined are insufficient to
induce phase transformation in ZrO2. Therefore, in this study, the failure of the coatings is
not significantly associated with phase transformation.
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3.4. CMAS Isothermal Corrosion Behavior
3.4.1. CMAS Infiltration Behavior

Figure 11 shows the cross-sectional morphology of the YbYSZ and YSZ coatings after
1 h of CMAS isothermal corrosion. There are many CMAS residues on the upper surface of
the samples that have not infiltrated into the coatings. As CMAS continuously infiltrates
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and fills the coating pores, the coating is divided into a dense region with fewer pores and
a loose region with more pores. The boundary between these two regions characterizes
the penetration depth of the CMAS in the coating. From the analysis results, after 1 h of
thermal exposure at 1300 ◦C, with an increasing power range, the penetration depth of the
CMAS decreases as the spraying power increases. The penetration depths of the CMAS
in the YbYSZ coatings are 429.46 µm, 389.22 µm, 361.12 µm, 337.09 µm, and 272.89 µm,
respectively, which are 16.9%, 17.9%, 14.81%, 6.3%, and 14.4% lower than those in the YSZ
coatings at the same power, demonstrating better inhibition of CMAS infiltration. The
results of this study indicate that even though the YbYSZ coatings at the same power have
a higher porosity, their ability to hinder molten CMAS infiltration is far superior to that of
conventional YSZ coatings. YbYSZ coatings can better block CMAS infiltration.
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3.4.2. CMAS Degradation Behavior

Molten CMAS undergoes liquid-phase infiltration and degrades the coating, severely
threatening the structural integrity of the TBC system at high temperatures, making it a
significant cause of coating failure [68,69]. Figure 12 shows the evolution of the average
depth of the two coatings under isothermal corrosion conditions with varying spraying
power. Careful observation of the CMAS and coating interface reveals that the integrity
of the coating interface has been compromised. The region near the CMAS shows more
degraded equiaxed particles with significantly widened grain spacing, forming a relatively
loose degradation layer. Exposed particles can be seen in the pores on the CMAS-corroded
surface. The destruction of the coating structure mainly stems from two aspects [10]: the
transformation from t-ZrO2 to m-ZrO2 causes a 3%–5% volume expansion, leading to
the structural damage of the coating, and CMAS penetrates along the grain boundaries,
causing Yb3+ and Y3+ in the grains to diffuse from the zirconia crystal cells into the melt,
leading to grain boundary degradation of the coating. As the spraying power gradually
increases, the degradation depth of both coatings decreases. Fewer inherent defects reduce
the pathways for CMAS infiltration into the coating, effectively mitigating the degradation
behavior of CMAS on the coating.

From the analysis results, under isothermal corrosion test conditions, the degradation
depths of the YbYSZ coatings are 12.11 µm, 10.64 µm, 9.89 µm, 8.16 µm, and 5.91 µm, respec-
tively, which are 3.2%, 4.1%, 7.1%, 5.0%, and 11.6% lower than those of the YSZ coatings at
the same power, demonstrating better inhibition of CMAS penetration. Studying the diffu-
sion behavior of atoms in the CMAS melt helps to better control ZrO2 phase transformation
and reduce the rate of grain degradation. Fang et al. [45] defined the parameter Re/Zr to
compare the diffusion behavior of Yb3+ and Y3+ in CMAS and combined the first-principles
calculations to demonstrate that Yb3+ has a lower diffusion rate under CMAS corrosion
conditions than Y3+, maintaining a relatively low level. The lower diffusion rate gives
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the coating better chemical and structural stability. The slow increase in defects within
the coating means that the melt cannot quickly degrade and penetrate the coating, thus
exhibiting strong CMAS corrosion resistance. This means that YbYSZ coatings can better
resist CMAS erosion, maintain good thermal insulation performance for a long time, and
reduce equipment maintenance costs.
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This investigation studied the effect of the spraying power on the CMAS corrosion
resistance of YbYSZ and YSZ coatings. The failure behavior and the evolution of the
mechanical properties were investigated under a thermal cycling-CMAS corrosion test. In
addition, the infiltration and degradation behavior of CMAS corrosion in coatings were
explored in a CMAS isothermal corrosion test. The main conclusions are as follows:

(1) Within the scope of this study, the YbYSZ coating shows a higher porosity than the
YSZ coating. As the spraying power increased from 31~32 kW to 47~48 kW, the
porosity of the YbYSZ coating decreased from 13% to 8% but the more prone the
coating is to larger vertical cracks. Meanwhile, increased spraying power helps reduce
the surface roughness of the coatings. As the spray power increased, the thermal
conductivity of both coatings increased. At the same spraying power, the thermal
conductivity of the YbYSZ coating was lower than that of the YSZ coating. In addition,
the thermal conductivity of the YbYSZ coating was 0.1~0.25 W/mK lower than that
of the YSZ coating.

(2) In thermal cycling-CMAS coupling conditions, the YbYSZ and YSZ coatings exhibited
the longest life span within the power range of 39–40 kW. At lower power levels,
the predominant failure mode was the formation of through-type horizontal cracks
at the BC/TC layer interface. When the spray power exceeded 40–41 KW, the in-
cidence of vertical cracks increased concomitantly, and these cracks connected and
expanded with interlayer cracks, ultimately resulting in coating failure. The hardness
and elastic modulus of both coatings demonstrated an upward trend following the
coupling conditions.

(3) In the CMAS isothermal corrosion experiment, the infiltration and degradation depths
of the CMAS in the coatings exhibited a decrease with an increase in the spraying
power, which was attributed to a reduction in inherent defects. The penetration
depths of the CMAS in the YbYSZ coatings were 429.46 µm, 389.22 µm, 361.12 µm,
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337.09 µm, and 272.89 µm, respectively, which were 16.9%, 17.9%, 14.81%, 6.3%, and
14.4% lower than those in the YSZ coatings at the same power, demonstrating better
inhibition of CMAS infiltration. The penetration and degradation depths of the CMAS
in the YbYSZ coatings were observed to be lower than those in the conventional YSZ
coatings, indicating that the former exhibited enhanced corrosion resistance to CMAS.
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