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Abstract: Calcium–magnesium–alumina–silicate (CMAS) attack is a crucial issue for thermal
–environmental barrier coatings (T/EBCs) with the ever-increasing operating temperature of turbine
engines. In this study, CeO2 has been demonstrated as a promising protective material for T/EBCs
against CMAS attack. At 1300 ◦C, CeO2 powder kept excellent phase and structural stability in
molten CMAS; there were some CMAS constituents dissolved into the CeO2 lattice to form a solid
solution. With higher CeO2 contents and longer duration time, more CeO2 solid solution particles
were formed, which acted as the nucleating agent for CMAS crystallization. As a result, apatite,
anorthite and wollastonite crystalline products were easily generated. At 1300 ◦C for 10 h, CeO2

pellets covered with CMAS powder had limited degradation, which was attributed to the rapid
crystallization of molten CMAS due to the excellent nucleating agent effect of the precipitated CeO2

solid solution.

Keywords: thermal–environmental barrier coating; calcium–magnesium–alumina–silicate (CMAS);
CeO2; crystallization; nucleating agent

1. Introduction

Nickel-based superalloys suffer from extremely high temperatures due to the increas-
ing inlet temperatures of turbine engines. Their operating temperatures generally do not
exceed 1177 ◦C, and the temperature required for engine power and efficiency has exceeded
the maximum tolerance range of nickel-based superalloys [1–5]. Ceramic matrix composites
(CMCs) have recently received significant attention because they can maintain high strength
at temperatures up to 1250 ◦C, which is about 150 ◦C higher than nickel-based superalloys
and have a lower density (one-third of that of Ni alloys) [6,7]. Thus, they can be used as
an alternative material for nickel-based superalloys. However, CMC materials also have
some shortcomings, and the most notable is the water vapor oxidation, which causes their
severe recession and component failure. Therefore, it is necessary to use environmental
barrier coatings (EBCs) that can block water and oxygen for improved corrosion resistance,
thereby prolonging the service life of engine hot-section components. In recent years, a
thermal–environmental barrier coating (T/EBC) has been an emerging system of EBCs that
protects some lightweight and high-temperature SiC/SiC CMC components [3,6,8].

The concept of a T/EBC system was first proposed by NASA. It is actually a double-
layer structure, the top layer being composed of a thermal barrier coating (TBC) material,
the second layer being an EBC material, and there is a composition gradient layer between
the TBC and EBC [9]. In this coating system, the top layer is ZrO2 (mostly yttria-stabilized
zirconia, YSZ) or HfO2-based TBCs, while rare earth silicates and rare earth aluminates are
used as multicomponent EBCs [10,11]. This multi-component, multi-layer coating system
has low thermal conductivity, and forms no obvious cracks after 300 h gradient thermal
cycling at temperatures up to 1650 ◦C, showing good cycle durability and resistance to

Coatings 2023, 13, 1119. https://doi.org/10.3390/coatings13061119 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings13061119
https://doi.org/10.3390/coatings13061119
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://doi.org/10.3390/coatings13061119
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13061119?type=check_update&version=1


Coatings 2023, 13, 1119 2 of 14

water and oxygen corrosion [12]. The T/EBC system requires a proper coefficient of thermal
expansion (CTE) to match the CMC matrix to ensure excellent properties such as high-
temperature performance, chemical compatibility, mechanical strength (high hardness and
toughness) against fracture, erosion, and impact damage [13]. Ytterbium silicate has become
the most promising EBC due to its excellent high-temperature stability, good thermal shock
resistance, and good coefficient of thermal expansion matching with SiC/SiC CMCs.

In addition to the performance required above, T/EBC also needs excellent resistance
to high-temperature corrosion. During aero-engine operation, siliceous debris (such as
sand, dust, and volcanic ash, mainly consisting of CaO, MgO, Al2O3, SiO2, CMAS) is
ingested by the intake air and deposited on the surface of components, which corrodes
T/EBCs, significantly decreasing their high-temperature capability [14–17]. For practical
applications, T/EBCs inevitably face CMAS issues. Therefore, it is necessary to actively
explore methods to prevent CMAS attack to T/EBCs [18–20].

CMAS penetration into T/EBCs causes a reaction between them, which largely de-
stroys the coating microstructure and reduces the strain tolerance of the coating. Hence,
suppressing the melt penetration is the key to alleviating CMAS attack to T/EBCs, and
some strategies have been proposed. One is designing a coating composition which can pro-
mote melt crystallization when it comes into contact with the molten CMAS, and the other
is to apply a protective layer on the coating surface to inhibit penetration [21]. Poerschke
et al. prepared T/EBCs of ytterbium silicate/hafnate and found that they could promote
CMAS crystallization and prevent melt infiltration [22]. Godbole et al. studied the apatite
and garnet stability in the Al–Ca–Mg–Si–(Gd/Y/Yb)–O system [23]. The results showed
that rare earth plays an important role in the formation of apatite and garnet crystalline
phases, but no matter which crystalline phase is formed, they all have positive functions for
T/EBC materials to prevent CMAS melt infiltration. However, due to the extremely high
temperatures of the coating surface, the CMAS attack is severe. Thus, applying a protective
layer on the T/EBC surface might be more useful [24].

Since the structure of T/EBCs takes the TBC as the top layer, the preparation method
for the TBC protective layer can be referred to when preparing the protective layer. Com-
mon protective layers are made of Pd–Ag, Pt, Pd, etc., which are inert to react with CMAS,
thereby preventing the melt penetration [25]. However, this method is highly limited
in practice because of its high cost. Reports have shown that coatings containing large
amounts of rare earth elements are highly resistant to CMAS penetration due to the rapid
promotion of melt crystallization, and based on this, some researchers have proposed that
applying a protective layer made of rare earth oxides on coating surfaces might be effective
in inhibiting CMAS penetration [26–28].

Among all rare earth oxides, CeO2 is very special, with a valence of +4 rather than +3
for other rare earth elements. In this work, the interaction behavior of CMAS and CeO2
powders was first investigated to evaluate the high-temperature stability of CeO2 in the
presence of molten CMAS, identifying the possible reaction products and their evolution
laws with the CeO2 content and duration time. Then, CMAS powder was covered on CeO2
pellets and heat treated at 1300 ◦C, and the results revealed that the pellets were hardly
damaged by CMAS and there was no melt penetration. This study explores the feasibility
of CeO2 as a protective layer material for T/EBCs against CMAS attack.

2. Experimental Procedure
2.1. Materials

A laboratory-simulated CMAS was prepared according to our previous study and
other researchers [29,30] with a chemical composition of 33CaO–9MgO–13AlO1.5–45SiO2
(mol%). Figure 1 shows the preparation process of the CMAS powder. Four raw materials
with a particle size of 500 µm (CaO, MgO, Al2O3, and SiO2; Jiangtian Chemical Technology
Ltd., Tianjin, China) were weighed at the appropriate molar ratio, suspended in a certain
amount of deionized water, and then planetary ball milling was carried out at a speed
of 400 rpm for 10 h (QM-3SP4, Nanjing University Instrument Factory, Nanjing, China).
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The resultant slurry was put into an oven and dried at 120 ◦C for 10 h, followed by heat
treatment at 1550 ◦C at a rate of 10 ◦C/min and maintained in a box furnace (SX-1600 ◦C,
Zhonghuan Electric Furnace Ltd., Tianjin, China) for 1 h. Finally, the molten CMAS was
poured into a copper plate in water to obtain CMAS glass. The prepared CMAS block was
hammered into small pellets with a volume of 0.4 to 0.7 cm3, ground into powder, and
passed through a 200 mesh sieve. The melting point of this CMAS was measured by our
previous experiments, with the value of about 1230~1240 ◦C [31].
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Figure 1. The process of CMAS preparation and its covering on CeO2 pellets.

About 0.5 g of the prepared CMAS powder was mixed with CeO2 of 5 × 10−4 mol
and 1 × 10−3 mol in two portions, and the mixed powders were pressed into cylindrical
pellets with a diameter of 10 mm. The purpose of two portions is to study the effect of CeO2
concentration on the interaction behavior with CMAS. The pellet was placed in the center
of a 30 mm × 30 mm platinum crucible and then placed on the corundum sheet (Figure 1).
A box furnace (SX-1300 ◦C, Zhonghuan Electric Furnace Ltd., Tianjin, China) was used,
and the heat treatment conditions were 1300 ◦C for 2 h and 10 h. The temperature of
1300 ◦C is related to the application of T/EBCs. After the dwelling time, the samples were
taken out for air cooling to preserve the state of the CMAS and CeO2 at high temperatures.
Note that the temperature of 1300 ◦C and air cooling adopted here are to avoid CMAS
self-crystallization for distinguishing whether CeO2 can cause CMAS crystallization.

As depicted in Figure 1, 1.5 g CeO2 was also weighed and pressed into a cylindrical
pellet with a diameter of 15 mm. CMAS powders were uniformly covered on the surface of
the pellet and kept at 1300 ◦C for 10 h. Then, the samples were cooled to room temperature
in the furnace. The purpose of the slow cooling in the furnace is to prolong the molten state
of CMAS. If CMAS cannot penetrate and corrode the CeO2 pellet after 10 h dwelling time
and slow cooling in the furnace, it can be demonstrated that CeO2 has a significant effect
on preventing CMAS penetration and corrosion.

2.2. Characterizations

The differential scanning calorimetry (DSC; STA 449 C, NETZSCH (Shanghai) Ltd.,
Shanghai, China) analysis of CMAS (0.5 g) and CeO2 (5 × 10−4 mol) powders was per-
formed from room temperature to 1300 ◦C at a heating rate of 10 ◦C/min, and the purpose
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of DSC was to see whether a reaction between CeO2 and CMAS occurs. After the heat
treatment, the mixed powders of CMAS and CeO2 were characterized by X-ray diffrac-
tometer (XRD; D8 Advanced, Bruker, Karlsruhe, Germany) with CuKα radiation to confirm
the inference and characterize the phase composition. The cross-sectional images, EDS
mapping, and element composition were characterized by a scanning electron microscope
(SEM; Nova Nanosem 430, FEI, Hillsboro, OR, USA) equipped with an energy dispersive
spectroscopy (EDS; Genesis XM2, EDAX, Warrendale, PA, USA).

3. Results and Discussions
3.1. Interaction Behavior of CeO2 and CMAS Powders

Figure 2 shows the morphology of the CeO2 and CMAS powder mixture after heat
treatment at 1300 ◦C for 2 h and 10 h. The resultant samples all exhibit an opaque appear-
ance. By comparing Figure 2a,b, it can be found that increasing the CeO2 content in the
mixture from 5 × 10−4 mol to 1 × 10−3 mol leads to a decrease in the spreading area from
3.8 cm2 to 2.14 cm2. In Figure 2c,d, the spreading areas of the samples with 5 × 10−4 mol
and 1 × 10−3 mol CeO2 are 1.96 cm2 and 1.2 cm2, respectively. This indicates that the
spreading area of CeO2 + CMAS mixture decreases with the increase of the CeO2 content
and the duration time. It is known that the spreading area of melt is related to its viscosity,
i.e., a smaller spreading area means higher melt viscosity. Hence, one could conclude
that increasing the CeO2 content and the duration can increase the viscosity of the molten
mixture, and the detailed discussion on the viscosity will be given in the following section.
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Figure 2. Morphology of the mixture of 0.5 g CMAS and different amounts of CeO2 after heat
treatment at 1300 ◦C for 2 h (a,b) and 10 h (c,d). (a) 5 × 10−4 mol CeO2, (b) 1 × 10−3 mol CeO2,
(c) 5 × 10−4 mol CeO2, (d) 1 × 10−3 mol CeO2.

Figure 3 shows the XRD patterns of the CeO2 + CMAS mixture after heat treatment at
1300 ◦C. The phase mainly consists of CeO2 solid solution. In addition, some diffraction
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peaks ascribed to anorthite (CaAl2Si2O8) and pseudo-wollastonite (CaSiO3) phases are
detected [32]. CeO2 belongs to a face-centered cubic structure, in which Ce4+ is densely
packed according to the face-centered cubic structure and O2- occupies all the tetrahedral
voids [33,34]. Thus, the formation of CeO2 solid solution results from the substitution of
Ce4+ by the CMAS constituents, such as Ca2+, Al3+, and Si4+, which will be demonstrated
by the following SEM observations.
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Figure 3. XRD patterns of CMAS + CeO2 mixture after heat treatment at 1300 ◦C.

Figure 4 is the DSC curve of the CMAS + CeO2 mixture. It is reported that CMAS does
not have a specific melting point but has a certain temperature range of 1230~1250 ◦C [27].
In this experiment, two exothermic peaks can be found at ~1040 and 1210 ◦C, which
may be due to the self-crystallization of CMAS leading to the formation of anorthite and
wollastonite phases [31]. The melting point of CMAS used in this experiment is about
1230~1240 ◦C, and the absence of an endothermic peak at this temperature range may be
attributed to the thermal overlap of melting and crystallization. Therefore, the endothermic
peak at ~1260 ◦C may be formed by the thermal overlap involving crystallization and
melting in the CMAS + CeO2 mixture [35]. It should be noted that the formation of self-
crystallizing products does not mean that the self-crystallization behavior is dominant, but
just implies that it can occur in a specific temperature region.
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Figure 5a shows the cross-sectional microstructure of the mixture of CMAS + 5 × 10−4 mol
CeO2 after heat treatment at 1300 ◦C for 2 h and the corresponding EDS results. There
are many white globular particles, and the EDS mapping results demonstrate that they
are composed of Ce and O elements. Previous studies [31,36–39] have shown that the
crystalline products formed by the reaction or CMAS self-crystallization are generally
rod-shaped (e.g., apatite), so this white globular phase is likely to be CeO2 solid solution
due to reprecipitation, which is different from the original CeO2 particles, which have a
strip-like appearance, as shown in Figure 5b. The remaining places where Ca, Al, and Si
are gathered are the residual CMAS melt. Figure 5c is a magnification of the red rectangle
in Figure 5a, and the composition positions 1 and 2 are measured. The globular phase
CeO2 solid solution (position 1) can be found to contain Ca, Si, and Al. The Si content
reach 18.59%, and those of Ca and Al are equivalent, which is about one-third of that of
the Ce element. The large amount of Si in the globular products is attributed to the fact
that Si4+ has a smaller size than Ca2+, Mg2+, and Al3+, and its valence is the same as Ce4+.
Apart from these globular crystals being formed due to the dissolution and reprecipitation
mechanism, no other phases could be observed, suggesting a limited reaction between
CMAS and CeO2 particles under this condition.

When the CeO2 content in the mixture increases to 1 × 10−3 mol, some rod-like crystals
are formed, as shown in Figure 6a. EDS analysis of regions 1, 2, and 3 suggests that the
chemical compositions of these crystals are close to that of the apatite phase. Combined with
their morphologies, these rod-like crystals could be determined as Ce-apatite. Figure 6b is
an enlarged image of the region with a large number of globular crystals, which is similar
to those observed in Figure 5, and could be confirmed as CeO2 solid solution.

Figure 5a reveals that the mixture of CMAS + 5 × 10−4 mol CeO2 can only form globular
crystals of CeO2 solid solution at 1300 ◦C for 2 h. Here, we prolonged the duration time, and
find dark contrasted and white contrasted rod-like crystals in the cross-sectional images, as
shown in Figure 7. EDS mapping analysis indicates that the dark contrasted crystals are mainly
composed of Ca, Si, and Al elements, which could be confirmed as the anorthite phase. The
white contrasted globular crystals are rich in Ce, together with some Si, Al, and Ca, indicative of
the formation of CeO2 solid solution. The rod-like crystals in the region highlighted by a yellow
rectangular box in Figure 7b are apatite. The presence of apatite and anorthite phases indicates
that prolonging the duration time could promote the reaction between CeO2 and CMAS, but
the formation ability of apatite is much lower than that of CeO2 solid solution.
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Figure 5. Cross-sectional microstructure of the mixture of CMAS + 5 × 10−4 mol CeO2 after heat
treatment at 1300 ◦C for 2 h (a), and the original morphology of CeO2 powder (b). The enlarged image
of the region highlighted by a red rectangle in (a) is shown in (c). Corresponding EDS mapping results
of Ce, Ca, Si, and Al, and elemental compositions of the marked areas (1,2) in (c) are also presented.
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Figure 7. Cross-sectional microstructure of the mixture with CMAS + 5 × 10−4 mol CeO2 after heat
treatment at 1300 ◦C for 10 h (a,b). Corresponding EDS mapping of Ce, Ca, Al, Si, O, and elemental
composition of marked areas are presented.

Figure 8 shows the cross-sectional SEM images of CMAS + 1 × 10−3 mol CeO2 after
heat treatment at 1300 ◦C for 10 h. More globular crystals of CeO2 solid solution are
formed, and the apatite crystals grow to more than 50 µm in length. In Figure 8b, an
obvious anorthite phase can be found, and the region highlighted by a red rectangular box
is enlarged in Figure 8c. The chemical compositions analysis indicates that crystals 1 and
3 are CeO2 solid solution and anorthite, respectively. In residual CMAS (region 2), very
limited Ce could be detected.
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3.2. Effects of the CeO2 Content and Duration Time on the Crystalline Products Formation

Based on the aforementioned observations, it can be found that some CeO2 prefers to
dissolve in molten CMAS and then reprecipitate to form CeO2 solid solution, gathering
some amounts of Si, Ca, and Al, among which the Si content is the highest. The reaction
between CeO2 and CMAS is not vigorous, indicating that CeO2 can maintain phase and
structural stability in the presence of CMAS. However, increasing the CeO2 content and
duration time can promote the reaction, which leads to the formation of apatite and CMAS
self-crystallization products such as anorthite and wollastonite phases.

According to our previous research, CMAS self-crystallization does not occur at fast
cooling rates such as air cooling [31]. However, CMAS self-crystallization products were
detected by XRD and SEM in this study. This may be because the formed CeO2 solid
solution particles act as a nucleating agent for anorthite and wollastonite phases [40].
Additionally, the formation of anorthite is also affected by the Al content in the melt, and
increasing the Al content can promote to produce anorthite [41–43]. As mentioned above,
the content of Si in CeO2 solid solution is higher than that of Al; in other words, the
formation of CeO2 solid solution consumes more Si, and the Al content in the CMAS is
increased. As a result, the self-crystallization product of anorthite is produced. In the SEM
observations, wollastonite was not found, possibly because the contrast of wollastonite
is similar to that of the residual CMAS and its amount is low (its XRD peaks intensities
are very low). In addition, self-crystallization products cannot be detected by XRD until
the duration time is prolonged to 10 h. This indicates that CMAS self-crystallization needs
time. The longer the duration of mixing CeO2 and CMAS, the more obvious the effect of
CeO2 as the nucleating agent, and the more CMAS self-crystallization products produced.

In Figure 3, no apparent apatite peaks appear in the XRD patterns when the CeO2
content and duration time increase. The main reason may be related to the detection
position. In this experiment, the sample is hemispherical (Figure 2), with a flat circular
bottom and a concave top surface. According to the non-uniform nucleation principle,
the concave surface has the highest nucleation efficiency because the smaller volume of
crystal embryo can reach the critical nucleation radius. Meanwhile, nucleation also depends
on defects such as interface impurities in the system, which can significantly reduce the
free energy required for nucleation, so crystallization often starts from these interfaces
(Figure 7b). Therefore, in the reaction between CeO2 and CMAS, apatite nucleates mainly
near the concave surface and grows oriented along the maximum temperature gradient
(perpendicular to the surface) [44]. However, this study selected the circular plane at the
bottom for XRD measurements, which leads to the absence of apatite characteristic peaks
in XRD patterns.

Increasing the CeO2 content and duration time can both promote the formation of the
apatite phase, and increasing the duration time is more effective. At a lower CeO2 content,
the main product is CeO2 solid solution, and the residual CMAS melt does not have enough
Ce to produce apatite. Thus, increasing the CeO2 content can increase the Ce amount in
the molten CMAS, which is beneficial to trigger apatite formation. Additionally, under the
prolonged duration time, the action time of the nucleating agent of CeO2 solid solution
particles is longer, and more Ce could be dissolved in the molten CMAS to promote the
formation of the apatite phase. It has been reported that the dissolution–reprecipitation
of particles in molten CMAS is a dynamic process [45,46]; thus, in this study, the Ce
distribution in the melt is also dynamic. As mentioned above, in the case of a short duration
time, the precipitated CeO2 solid solution particles take away a large amount of Ce. During
the prolonged heat treatment, compositional fluctuations occur in the molten CMAS, which
favors the nucleation and growth of the apatite phase. As a result, non-uniformly nucleated
apatite is found at concave surfaces.

After clarifying the interaction behavior and product formation mechanisms, the
spreading areas and viscosity changes of the molten mixture of CMAS +CeO2 could be
explained (Figure 2). In silicate melts, the viscosity is determined mainly by Ca/Si, and
the higher the Ca/Si, the lower the viscosity (inversely proportional) [47,48]. During the
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interaction of CeO2 and CMAS, with the increase of the CeO2 content and the duration
time, more apatite is produced, which consumes a large amount of Ca in the CMAS melt.
As a result, the Ca/Si ratio decreases, causing an increase in the melt viscosity. Therefore,
the spreading areas of the molten mixture of CMAS + CeO2 decrease with the increase of
the CeO2 content and duration time. Note that enhancing the viscosity could drag the melt
penetration in the coatings, which is beneficial for alleviating CMAS attack to TBCs.

3.3. Interface Interaction between Molten CMAS and CeO2 Pellets

To evaluate whether CeO2 can be used as a protective layer material against CMAS
attack, CeO2 pellets were used and covered with CMAS powder followed by heat treatment.
This case could be approximately considered as the mixture of 1 × 10−3 mol CeO2 with
CMAS in the above sections. Figure 9 is a cross-sectional view of the CeO2 pellet. It can
be found that it is compact and free of microcracks but has some pores. A portion of
Figure 9a is enlarged and shown in Figure 9b; some pores are found in the pellet. Since
TBCs are usually designed to have some pores for stress tolerance, the pellets used for
CMAS corrosion experiments need pores for more accurate simulation.
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The cross-sectional view of the CeO2 pellet with CMAS after heat treatment at 1300 ◦C
for 10 h and the corresponding EDS results are shown in Figure 10. It can be observed
that the pellet microstructure has almost no change, and very limited CMAS constituent
elements are detected in the pellet. On the pellet surface, a thick layer consisting of many
white contrasted particles, dark contrasted strip-like crystals, and slight dark contrasted
compounds can be found. According to the EDS mapping analysis, the white contrasted
particles are rich in Ce and have some other elements, which could be confirmed as the
CeO2 solid solution phase. The dark contrasted strip-like crystals are mainly composed of
Ca and Al, which could be identified as the anorthite phase. The region highlighted by a
blue rectangle box in Figure 10a was magnified and shown in Figure 10b. It is clear that no
CMAS penetration could be found in the pellet, and its microstructure is not destroyed. The
EDS result of the pellet (region 1) indicates that the pellet is almost pure CeO2. Region 2 is
composed of Ca, Si, and O, and based on their chemical composition ratio, the compound
could be determined to be CaSiO3 wollastonite phase. The EDS result of region 3 further
confirms that the dark contrasted strip-like crystals are Ca2Al2Si2O8 anorthite.

The limited penetration ability of molten CMAS in the CeO2 pellet could be attributed
to the rapid crystallization of the melt. At high temperatures, the interaction of molten
CMAS and the CeO2 pellet at their interface causes some amount of Ce dissolution into
the melt, which quickly migrates into the entire molten CMAS on the pellet surface. As
mentioned above, some CeO2 solid solution particles are precipitated, which can be used
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as the nucleating agent for CMAS crystallization. As a result, anorthite and wollastonite
phases are formed, largely increasing the viscosity of the melt. As shown in Figure 10, no
CMAS glass remains after the heat treatment, and all has been crystallized, indicating that
CeO2 solid solution particles have an effective function on promoting CMAS crystallization
when used as the nucleating agent. Additionally, the absence of apatite phase in the crys-
talline layer further implies that CeO2 has a high stability in molten CMAS, which causes
insufficient Ce to be dissolved in the melt to trigger the formation of the apatite phase.
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EDS mapping of Ce, Ca, Si, and O, and elemental composition of the marked regions (1–3) in (b) are
also presented.

Based on the investigation on the interaction behavior of CMAS and CeO2, it could
be found that CeO2 is a useful material for mitigating CMAS attack to TBCs. Due to the
excellent nucleating agent effect of the CeO2 solid solution, one could design a T/EBC
composition doped with Ce aiming to promote CMAS crystallization and suppress the
melt penetration [49]. Meanwhile, based on the theory of optical basicity (OB), CeO2 has
a relatively moderate optical basicity (Λ = 1.01) compared to traditional TBC materials,
which ensures that CeO2 reacts with molten CMAS to form CeO2 solid solution particles,
promoting CMAS self-crystallization. Once the molten CMAS is crystallized, it is less
harmful, and CeO2 can maintain high stability [50,51]. Based on the high stability of CeO2
in the presence of molten CMAS, a dense CeO2 layer could be designed on the T/EBC
surface, which might have an excellent function in inhibiting CMAS infiltration.
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4. Conclusions

This study investigates the interaction behavior of CeO2 powder/pellet and molten
CMAS and discusses the effects of the CeO2 content and duration time on the crystalline
products. The following conclusions can be drawn:

(1) In the presence of molten CMAS, CeO2 dissolves in the melt followed by precipitating
many CeO2 solid solution particles, in which Si, Ca, and Al are present and the Si
content is the highest.

(2) The reaction between CMAS and CeO2 is not vigorous at 1300 ◦C; only when the
CeO2 content is increased or the duration time prolonged to 10 h, a reaction product
of apatite and some self-crystallization products of anorthite and wollastonite phases
can be formed. During this reaction process, the CeO2 solid solution particles are
acted as the nucleating agent.

(3) After heat treatment at 1300 ◦C for 10 h, the CMAS on the CeO2 pellet is completely
crystallized due to Ce migration to the melt providing the nucleating agent. No CMAS
penetration and no reaction products are found, indicating that CMAS crystallization
is rapid and the Ce diffusion in the melt is limited, meaning excellent stability of CeO2
in molten CMAS.

(4) CeO2 can be used as a dopant in T/EBC to promote CMAS crystallization, and
it is also a promising protective layer material on the T/EBC surface to inhibit
CMAS penetration.
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