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Thermal barrier coatings (TBCs) are a surface technology applied to the hot parts of turbine engines by depositing on the
surface of nickel-based high-temperature alloys to reduce the surface temperature of the substrate. However, the continual
pursuit of higher service temperatures can lead to degradation, delamination, and premature failure of surface coatings. To
meet the future service requirements of advanced thermal barrier coating systems, it is necessary to develop new ceramic
materials. This work summarized the research progress of advanced thermal barrier coatings ceramic materials in recent
years, including ZrQO,-based ceramic materials, A,B,O;-type ceramic materials, rare-earth phosphates, rare-earth hafnates,
yttrium aluminum garnet, perovskite oxides, magnetoplumbite compounds, high-entropy ceramics, rare-earth tantalates,
rare-earth niobates, and rare-earth silicates. The structures and properties of various materials were summarized, and
the advantages and shortcomings were described. Finally, the development directions of advanced thermal barrier coating
materials were envisioned to guide the development of new thermal barrier coatings.
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Introduction of aero-engines, gas turbines, rocket engines, and supersonic
vehicles [7].

Aero-engines and land-based gas turbines are highly Thermal barrier coatings are complex multilayer
complex and sophisticated thermal machines that play structural coatings. Conventional thermal barrier coating
a vital role in industrial development [1]. Turbine gas systems usually consist of four parts: a nickel-based high-
temperature is a significant indicator of advanced gas temperature alloy; a metal-bond coat (BC); a ceramic top
turbine technology [2]. Along with the gradual increase coat (TC); and a thermally grown oxide layer (TGO)
in performance, the turbine components' thermal loads that forms in a high-temperature environment [8, 9].
and temperature gradients have increased dramatically. With the development of coating preparation technology,
At present, the temperature of the turbine inlet of an single ceramic coat structure, multi-layer ceramic coat
engine with a thrust-to-weight ratio of 10:1 reaches structure, and gradient ceramic coat structure coatings
1800-2000 K; the temperature of the turbine inlet of an have emerged [10]. Each part of the coating has a unique
engine with a thrust-to-weight ratio of 15-20:1 reaches role. The bond coat acts as an intermediary between
2100-2300 K, which is much higher than the melting the top coat and the high-temperature alloy substrate. It
point of high-temperature alloy materials for the hot- enhances the bond strength between different structures
end components of the engine [3, 4]. Based on the and protects the metal substrate from oxidation [11].
development trend of the engine, the development of Meanwhile, the top coat provides heat insulation and
higher-grade high-temperature materials, the design of corrosion prevention, which are crucial for the overall
efficient blade cooling structures, the preparation of high-temperature performance of the thermal barrier
advanced single-crystal high-temperature alloy blades, and coating system [12].
the development of advanced thermal barrier coatings Currently, the most widely used ceramic material
(TBCs) are essential solutions [5, 6]. Among them, is 6-8% yttrium oxide partially stabilized zirconia
the thermal barrier coatings technology can effectively (YSZ), which has a low thermal conductivity, a high
improve the thrust-to-weight ratio and thermal efficiency coefficient of thermal expansion (CTE), and a high

fracture toughness, thus providing good performance
*Corresponding author. n low—temperamre engines [}3]. Howevgr, for TBCS
Tel : +86-159-4124-2356 used in high-temperature, high-thrust-ratio, or high-
E-mail: 1219870522@126.com load engines, YSZ is susceptible to phase change
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and sintering when the ambient temperature is higher
than 1200 °C, making them unable to meet the more
stringent requirements [14]. To improve the feasibility
and coating performance of thermal barrier coatings in
advanced engines, researchers have developed a series of
new ceramic materials that take advantage of materials
chemistry and rare earth chemistry. The development of
these materials will provide an essential foundation for
developing new TBCs [15].

The purpose of this paper is to review the advanced
ceramic materials for thermal barrier coatings,
including ZrO,-based ceramic materials, A,B,O--type
ceramic materials, rare-earth phosphates, rare-earth
hafnates, yttrium aluminum garnet, perovskite oxides,
magnetoplumbite compounds, high-entropy ceramics,
rare-carth tantalates, rare-earth niobates, and rare-earth
silicates. The existing problems and future development
direction are also discussed.

ZrQO,-based ceramic materials

In industrial ceramics, ZrO, is widely utilized for its
high fracture toughness, exceptional flexural strength,
low thermal conductivity, and high coefficient of thermal
expansion [16]. Pure ZrO, has three crystal structures:
monoclinic phase (m-Zr0O,), tetragonal phase (t-ZrO,),
and cubic phase (c-ZrO,) [17]. ZrO, exists only in
the monoclinic phase at room temperature. When the
temperature reaches about 1100 °C, it will be transformed
into a tetragonal phase, and when heated to more than
2300 °C, it will be transformed into a cubic phase. The
reversible phase transformation between these three
phases is shown in Eq. (1) [18]:

1180°C
950°C

2370°C
2370°C

m-ZrO, t-ZrO, c-ZrO, (1)

Due to the significant volume change during the
transformation of m-ZrO, and t-ZrO,, it is easier to cause
the accumulation of stresses, which limits the application
of pure ZrO, in high-temperature environments. Therefore,
it is necessary to add different stabilizers to prepare ZrO,
ceramics with different phase structures. Y,O; is a kind
of ZrO, stabilizer, and its content will affect the crystal
structure of ZrO,: when the mass fraction of Y,O; is
larger than 22%, ZrO, will be completely stabilized into
cubic phase at room temperature, which is called yttrium
oxide fully stabilized zirconia; when the mass fraction
of Y,0s is less than 22%, ZrO, will be stabilized into
tetragonal phase (8-22%, mass fraction) or tetragonal-
prime phase (6-8%, mass fraction) depending on the
stabilizer content, which is called yttrium oxide partially
stabilized zirconia [19]. In particular, 6-8% yttrium oxide
partially stabilized zirconia has low thermal conductivity,
high fracture toughness, and a high coefficient of thermal
expansion, making it the most widely used material for
TBCs at the present stage.

Although YSZ has excellent thermophysical properties,

when the temperature is higher than 1200 °C, the t'-ZrO,
will transform into the m-phase and c-phase through
degradation and phase transformation. The transformation
of ZrO, will cause volume expansion and create internal
stress within the coating, which promotes the formation
and expansion of cracks, allowing oxygen and corrosive
materials to infiltrate, and accelerate corrosion in the
thermal barrier coatings. In addition, the high sintering
rate of YSZ in high-temperature environments reduces
the porosity of the coating as well as phonon scattering,
weakening the thermal insulation performance of the
ceramic coat. Moreover, sintering increases the elastic
modulus of the coating, decreases the crack stability,
and accelerates the crack extension [20, 21]. Therefore,
researchers added different rare earth oxides to YSZ to
improve the high-temperature phase stabilization and
other thermodynamic properties of TBC.

Single rare-earth oxide doped YSZ

The modification of YSZ by doping with rare-earth
elements refers to the formation of multi-point dislocation
effects, lattice distortions, and complementary effects by
doping with rare-earth ions under the premise that the
YSZ system remains unchanged, to achieve the purpose
of inhibiting phase transformation, inhibiting sintering,
improving thermal stability, improving corrosion resistance,
and other thermophysical properties [22].

The element Sc has the smallest atomic mass and
ionic radius among rare-earth elements, and has a similar
electronic structure to the element Y. Therefore, Sc,O;
and Y,O; have similar chemical properties and are
often used in the doping modification of ZrO, ceramic
materials. In addition, due to the similar ionic radius of
Sc and Zr, it is easier to form replacement solid solutions
and has a wider solid solution range. ScYSZ refers to
YSZ doped with Sc,O; as a stabilizer. Since the ionic
radius of Sc is very small, doping in ZrO, does not cause
significant lattice distortion, so researchers optimize the
coating properties by adjusting the doping content of
Sc,0; [23]. Fan et al. [24] investigated the thermal
shock life of ScYSZ coatings at 1300 °C when the
Sc,0; substance fraction was 7%. Although the doping
of Sc elements decreased the fracture toughness slightly
(4.3£0.3 MPa-m'?), the excellent t' phase stability and
higher comprehensive performance gave the TBCs a
high thermal cycling life, reaching 2.6 times of the YSZ.
Liu et al. [25] analyzed the phase composition of 8.0
mol% Sc,05-YSZ coatings after heat treatment at 1500
°C for 10 h. Ultimately, the heat-treated ScYSZ thermal
barrier coatings remained in a single tetragonal phase. In
contrast, the substance amount fraction of the m phase
in the YSZ coatings under the same conditions reached
49.4%. The excellent high-temperature phase stability
enabled ScYSZ application in higher-temperature
environments.

Gd,0; has a weak covalent bond strength in rare-earth
oxides, which can be used to achieve thermal conductivity
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Fig. 1. SEM micrographs showing the cross-section of the
fractured microstructure of as-sprayed GdYSZ coatings [27].

reduction by attenuating lattice vibrations [26]. The
doping of Gd,O; can also inhibit the grain growth of
the top coat in a high-temperature environment, which
enhances the anti-sintering property. Wang et al. [27]
prepared nano-Gd;Os-modified YSZ TBCs using Air
Plasma Spraying (APS). Fig. 1 shows the cross-sectional
view of the fracture organization of GdYSZ, and it could
be found that there were microstructures such as molten
zone, nanoparticle zone, rod-like structure, nanopores,
and microcracks inside the coatings. Compared with
YSZ, the GAYSZ coating had more uniform particles,
less crack content, and a denser organization, so the
GdYSZ coating had a more excellent anti-peeling
performance and thermal cycle life.

Jin et al. [28] prepared nano 4% Gd,0s-YSZ (4Gd-
YSZ), nano 6% Gd»Os-YSZ (6Gd-YSZ), nano 8% Gd,Os-
YSZ (8Gd-YSZ) coatings using APS, and compared the
mechanical properties and thermal shock behavior with
the nanostructured YSZ coatings. The results showed
that the average hardness values of 4Gd-YSZ, 6Gd-
YSZ, and 8Gd-YSZ were 532 HVy,, 532 HV,,, and
532 HV,,, respectively, which were lower than that of
the nanostructured YSZ (553 HV,,); their bond strengths
were 33 MPa, 30 MPa, and 28 MPa, respectively, which
were also lower than that of the nanostructured YSZ
(36 MPa). The tensile experiments showed significant
differences between the failure behaviors of the YSZ and
GdYSZ coatings. The weakest bond position in the YSZ
coating was the interface between the TC and the BC,
whereas the weakest position of the GAYSZ was inside
the TC. The water-quenching lifetimes of nanostructured
YSZ, 4Gd-YSZ, 6Gd-YSZ, and 8Gd-YSZ at 1100 °C
were 33, 29, 24, and 17 cycles, respectively. When the
doping amount of Gd,O; was higher than 4%, it did not
provide a good improvement in the mechanical properties
of YSZ, and a large amount of doping would rather
reduce the hardness and bond strength of the coating.

In summary, although adding a small amount of Gd,Os
to YSZ will improve the coating properties, the doping
amount should be less than 4%. In addition, the research
on nanostructured GdYSZ coating systems is limited,
and their mechanical and thermal properties have not
been fully investigated. If the performance of the YSZ
coatings is to be significantly enhanced, a more suitable
Gd,0; ratio should be explored to enhance the mechanical
properties of the coatings at high temperatures.

Ce0, is widely used in oxygen storage materials, solid
oxide fuel cells, catalytic industry, and water gas shift
reactions [29]. In modification of TBC materials, CeO,
is one of the most widely used rare-earth oxides. CeO,
is a cubic crystal structure, which can be preferentially
solid-solved in ZrO, with a large solid-solution interval
(5-85%), and it can improve the high-temperature phase
stability, coefficient of thermal expansion, thermal cycling
performance, heat-insulating property, and corrosion-
resistant property of YSZ [30]. In terms of high-
temperature phase stability, Ce*" increases the crowding
of the ligating oxygen ions in t-ZrO, and exacerbates the
dislocation deformation of the ligating oxygen ions in the
C-axis direction [31, 32]. The stretching deformation of
oxygen atoms causes a change in the spacing of Zr atoms
and an increase in tetragonal properties. In addition, the
significant difference in atomic radius and mass between
the Ce and Zr produces a strong localized stress field,
and the potential energy of the t—m phase transformation
increases, inhibiting the m phase generation [33].

In terms of thermal insulation properties, Ce* has
a higher atomic radius and relative mass, resulting in
more significant lattice distortion caused by its doping
substitution process. Yang et al. [32] investigated the
thermal conductivity behavior of [(ZrO,);«(CeOy)]os
(Y20s)00s (0<x<1) ceramics at different temperatures
(Fig. 2). They discovered that the thermal conductivity
of ceramic materials was lowest when x=0.3-0.5. In
addition, the thermal conductivity of CeYSZ exhibited
a higher temperature dependence, suggesting that the
size difference between the different ions resulted in an
inhomogeneous defect distribution. Although Ce** caused
significant lattice defects, Ce*" had the same valence
as Zr", and it was difficult to generate extra oxygen
vacancies during the doping process, so the optimization
of the thermal insulation properties of ceramic materials
by single CeO, doping was limited.

In terms of thermal cycle life, CeO, doping can
increase the coefficient of thermal expansion of the
ceramics to 12.0x10° K, which is higher than that of
conventional YSZ ceramics, effectively reducing the
thermal expansion mismatch stress between the coating,
bond coat, and metal substrate. Lyu et al. [34] used
nanoscale CeO, to modify YSZ thermal barrier coatings.
They found that the incorporation of 1 mol% CeO, in
YSZ was conducive to promoting the formation of
microcracks inside the ceramic coat, releasing the coating
stress, and slowing down the phase transformation from
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Fig. 2. (a) Thermal conductivities after zero porosity correction of the [(ZrO,);x(CeO2)x]Jo92(Y203)00s (0<x<1) solid solutions at
different temperatures, (b) Thermal conductivities of the [(ZrO,)1x(CeO2)x]o.92(Y203)00s (0<x<1) solid solutions as a function of the

composition x at different temperatures [32].

t-ZrO, to m-ZrO, during thermal shock.

Jin et al. [35] investigated the organization and thermal
properties of APS 8%CeO,-YSZ nanostructured coatings
(CeYSZ). The results showed that the thermal cycle life
of the CeYSZ at 1050 °C was 860 cycles, which was
higher than that of conventional YSZ coatings (400
cycles) and nanostructured YSZ coatings (600 cycles). In
addition, the thermal diffusion coefficients of the CeYSZ
at 25-800 °C were 0.333-0.548x10® m?s, which were
smaller than those of the conventional YSZ coatings
(0.51-0.75x10° m?/s) and nanostructured YSZ coatings
(0.43-0.59x10° m?/s). Venkadesan et al. [36] prepared
Ce0O,/8YSZ coatings on diesel engines and investigated
their properties. The results showed that CeO, doping
reduced the growth rate of TGO, significantly extended
the lifetime of the coating, and decreased the thermal
conductivity. In addition, CeO, doping facilitated the
improvement of braking thermal efficiency of the diesel
engine and reduced the fuel consumption.

CeYSZ has lower thermal conductivity, superior
thermal cycle life, and better high-temperature phase
stability than conventional YSZ. The performance of
CeYSZ coatings is improved by adjusting the ratio of
rare earth oxides and using multilayer nanostructures. In
the future, if the performance of CeYSZ coatings is to
be further improved, a more suitable CeO, doping ratio
can be explored and combined with the optimization of
the structural design and preparation process.

Zhao et al. [33] prepared SnYSZ ceramics by chemical
co-precipitation and compared the lattice constants with
conventional fluorite structural ceramics. The results are
shown in Fig. 3. The doping of SnO, caused tetragonal
distortion of the oxygen coordination in the t-phase and
t' phase in YSZ, and stabilized the phase of ZrO, by
the combined effect of lattice expansion and disordered
structures. In terms of thermal conductivity, since Sn**
has the same valence as Zr", it does not generate extra
oxygen vacancies during the doping process. Therefore,
in SnYSZ, the phonon scattering mainly relies on

(a) t phase () t' phase

Fig. 3. Diagram of the lattice distortion for SnO,-doped YSZ:
(a) t phase, (b) t' phase [33].

the structural disorder caused by lattice distortion. In
addition, SnO, forms [SnO4]* defect clusters during
the doping process, which is favourable to reducing the
phonon mean free path. Although SnO, improves the
high-temperature phase stability of the material as well
as its insulating properties, it decreases the coefficient
of thermal expansion and the fracture toughness of the
material. The decrease in the coefficient of thermal
expansion is related to the substitution of Zr-O bonds
by Sn-O bonds, which increases the lattice strength and
decreases the coefficient of thermal expansion during the
substitution process due to the higher covalent strength
of Sn-O bonds. The decrease in fracture toughness is
related to the weakening of the phase transformation
toughening mechanism of ZrO,, which requires more
significant stress to induce the t—m phase transformation
due to the increased t-phase stability of ZrO, by SnO,
[37].

Multiple rare-earth oxide doped YSZ

Multiple rare-earth oxide doped YSZ coatings can
retain the advantages of single rare-earth doping while
compensating for the disadvantages of unit doping.
Obtaining ceramic materials for TBCs with more excellent
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comprehensive performance

YGYZ indicates YSZ doped with Yb,O; and Gd,O;
as stabilizers. As one of the replacement materials of
YSZ, YGYZ possesses better oxidation resistance,
sintering resistance, high-temperature phase stability,
and lower thermal conductivity than YSZ. In terms of
thermal insulation properties, the thermal conductivity
of YGYZ TBCs is about 0.85-1.24 W-m™'-K!, which is
only 60-70% of YSZ. This is attributed to the formation
of extra oxygen vacancies by Gd’" and Yb*" ions in
the substitution of Zr*", which enhanced the phonon
scattering and reduced the thermal conductivity. In terms
of corrosion resistance, Song et al. [38] analyzed the
Na,SO,+V,0s corrosion behavior of YGYZ coatings at
1100 °C. Since Gd,O; and Y,0s had high Lewis Alkali,
they would preferentially participate in the corrosion
process and consume the NaVO; molten salt. The least
reactive Yb,O; was retained to the end and stabilized
the ZrO, to the t' phase. Finally, the YGYZ coating
maintained a high t-phase ratio after thermal corrosion,
and the degree of destabilization was only 40% of the
YSZ coating. Although YGYZ exhibits outstanding
corrosion resistance at high temperatures, its low fracture
toughness (0.95-1.25 MPa'm'?) and coefficient of
thermal expansion (9-10x10° K™) prevent it from being
prepared directly as a top coat on the surface of the
bond coat. To improve the capability of YGYZ as the
top coat material, Jung et al. [39] prepared a high-purity
YSZ buffer coat between the nickel-based bond coat and
the top YGYZ coat to reduce the thermal expansion
difference and alleviate the mismatch stress, and the
results showed that the YGYZ coatings with the high-
purity YSZ buffer layer could reach 2000 cycles in the
jet engine test, which is much higher than that of the
no buffer layer 350-678 cycles for the coating without
buffer coat.

Sun and Li et al. [40, 41] investigated the thermal
properties of ScGd-Y'SZ coatings. The results showed that
the ScGd-YSZ did not undergo a phase transformation
after holding at 1400 °C for 500 h, and there was no
t—m phase transformation during cooling. In addition,
after Gd** and Sc** doping, a large number of oxygen
vacancies were introduced due to the valence differences,
and the differences in the mass and radius of Gd*", Sc*,
Zr*, and Y*' further reduced the thermal conductivity.
Among them, when the molar fractions of both Sc,O;
and Gd,O; were 3.7%, ScGd-YSZ had the lowest
thermal conductivity of 1.21-1.32 W-m™-K"!, which was
40% lower than that of the conventional YSZ coatings.

Guo et al. [42] investigated the effect of co-doping of
Re,0; (Re=La, Nd, and Gd) and Yb,Os; on the thermal
properties of YSZ coatings. The results showed that
the doping of multi-component rare-earth oxides was
favorable to reduce the decomposition drive of the t'
phase, and the phase stability and thermal conductivity
increased with the decrease of the atomic radius of the
dopant elements.

YSZ doped by other materials

MoSi, is a ceramic material with a high melting
point, good thermal shock resistance, low coefficient
of thermal expansion, and excellent oxidation resistance
[43]. Researchers recognize MoSi, as a potential self-
healing material for TBCs with promising applications.
The self-healing behavior of MoSi, in TBCs is related to
its unique crystal structure. MoSi, is a typical Daltonian
intermetallic compound with two special crystalline
structures, C11,-type and C40-type, thus possessing both
metallic and ceramic properties [44, 45]. The oxidation
behavior of MoSi, in thermal barrier coatings shows
stage differences with the change of ambient temperature
[46, 47]: (1) In the first stage (400-800 °C), the diffusion
coefficient of MoSi, is low, so MoQO; and SiO, are
formed during this oxidation process, but the content
of SiO, is not enough to create a dense layer with the
protective effect, and it can't sufficiently repair internal
defects of the ceramic coat; (2) In the second stage (800-
1200 °C), due to the increase in temperature, MoSi, will
be oxidized to form MosSi;, MoOs, and SiO»; (3) In
the third stage (>1200 °C), MoSi, will be oxidized to
MosSi; and SiO,, which forms a dense and continuous
SiO, protective layer on the surface of the material and
fills the small cracks inside the ceramic coat, effectively
inhibiting the expansion and bridging of the cracks inside
the ceramic coat.

Kulczyk-Maleka et al. [48] prepared MoSi,-modified
YSZ ceramics by spark plasma sintering (SPS) and
characterized the thermomechanical properties. The
results showed that the thermal expansion coefficient of
20 vol.% MoSi,-YSZ ceramics was similar to that of
conventional YSZ, so doping MoSi, powder would not
increase the thermal expansion mismatch stress inside the
thermal barrier coatings. In addition, MoSi, powder did
not affect the fracture toughness of YSZ ceramics. Yu
et al. [47] designed and prepared three kinds of YGYZ
TBCs with different MoSi, doping contents, including
10%MoSi--YGYZ (Mo10), 20%MoSi>-YGYZ (Mo20),
30%MoSi,-YGYZ (Mo30). The results showed that all
the coatings were t-ZrO, and t-MoSi, phases and had a
well-bonded layered structure. In terms of antioxidant
behavior, the oxidized weight gain and TGO thickness
of Mo20 coatings were the smallest, which were 3.9
mg-cm” and 3 pm respectively.

SiC fibers are considered to be a structure/functionally
integrated material due to their low density, high
mechanical strength, excellent high-temperature resistance,
and anti-oxidant properties [49]. In thermal barrier
coatings, SiC fibers are used to improve the fracture
toughness of ceramic coats. Fig. 4 shows the schematic
diagram of the SiC fibers toughening principle [50]. The
SiC fibers in the ceramic coat create new surfaces and
consume large amounts of energy during the processes of
debonding, pull-out, and fracture [51]. At the same time,
the "bridging" phenomenon inhibits the crack expansion,
effectively limiting the growth and spread of cracks in
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Fig. 4. Schematic diagram of fiber toughening principle [50].

the coating at alternating temperatures during thermal
cycling. In addition, the deflection of cracks produces
a significant toughening effect on the thermal barrier
coatings. Due to the differences in physical properties,
such as the coefficient of thermal expansion and modulus
of elasticity between the fibers and the ceramic coat, a
stress field is generated around the fibers. The stress field
makes it difficult for the cracks to pass through the fibers
during expansion, which deflects and consumes a lot of
energy, significantly enhancing the fracture toughness of
the YSZ coating [52].

Fang et al. [53] prepared SiC fiber/'YSZ TBCs by
APS and characterized the mechanical properties of the
modified coatings. The results showed that the thermal
cycle life and fracture toughness of the SiC fiber/
YSZ TBCs were 442+13 cycles and 1.54 MPa'm'”
respectively, which were 1.6 times and 1.3 times higher
than those of the conventional TBCs. Ma et al. [54]
prepared SiC fiber/YSZ composite thick thermal barrier
coatings by APS. Due to the "reinforced concrete frame
structure" of SiC fibers in the thick ceramic coats,
the fracture toughness of the thick thermal barrier
coatings reached 1.67 MPa'm'?, which was higher than
the average value of the conventional YSZ coatings.
Cheng et al. [55] prepared SiC whisker-toughened YSZ
thermal barrier coatings by APS and characterized their
microscopic morphology and thermal cycle life. The
results showed that the SiC whiskers were structurally
intact and uniformly distributed inside the ceramic layer
during the thermal spraying process. The thermal cycle
life of the whisker-toughened thermal barrier coating
reaches 136.3 cycles, which is 1.02 times higher than
that of the conventional YSZ TBCs.

Currently, reinforcement phases such as whiskers
and fibers provide an effective method to optimize the

high-temperature fracture toughness of thermal barrier
coatings, and improve the toughness as well as the
mechanical stability of the ceramic coat by compositing
high-strength fibers with the material. However, fiber
toughening does not optimize the modification of the
coating substrate material, so the strengthening effect
is limited to the thermodynamic properties. In addition,
more in-depth research is needed on the effect of fiber
reinforcement on the thermal corrosion behavior of
thermal barrier coatings to explore the optimization
mechanism of fiber type, doping content, and preparation
method on thermal barrier coatings.

A;B,O7-type ceramic materials

In the 1960s, Fu-k'ang et al. [56] first reported the
A,B,Os-type ceramics. During its development, it
was applied to thermal barrier coatings, luminescence
powders, photocatalysts, and so on [57-60]. The A-site
in A,B,Os-type ceramics is generally a trivalent rare-
earth element, and the B-site is generally a tetravalent
transition metal element. The crystal structure of A,B,O-
type ceramics is affected by temperature, pressure, and
the radius ratio of the A-site and B-site atoms [61].
Among them, the radius ratio of the A-site and B-site
atoms is the dominant factor. When 1.46<r,/15<1.78 is
an ordered pyrochlore structure; When ra/rs<1.46, it is
a fluorite structure; When ra/rg>1.78, it is generally a
monoclinic structure [62]. The fluorite structure has a

16d site: A

16B site: B

4a site:

o 1/2A

1/28

8c site (0*):
0 1/8 Vacancy
7/80

Fig. 5. The crystal structure for (a) pyrochlore-type and (b)
defective fluorite-type A,B,O; [63].
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disordered arrangement of A-site and B-site atoms, while
the pyrochlore structure has an ordered arrangement of
A-site and B-site atoms.

The crystal structures of A,B,O+-type ceramics with
pyrochlore structure and defective fluorite structure are
shown in Fig. 5 [63]. The ideal pyrochlore structure
is a superstructural derivative of the AO,-type fluorite
structure, where the A-site and B-site cations are ordered
along the <111> direction and no one-eighth oxygen
vacancies exist. The pyrochlore structure A,B,O--type
ceramics can be written as A;B,040° (Fd3 m space
group), and the A, B, O, O’ ions occupy 16c, 16d,
48f, and 8b four crystalline sites, respectively [64]. The
defective structure of fluorite exhibits the Fm 3 m space
group, causing disorder in the arrangement of cations
and distribution of oxygen vacancies [65]. Currently,
A,B,Os-type ceramics applied to thermal barrier coatings
mainly include rare-earth zirconates and rare-earth
cerium oxides.

Rare-earth zirconates

Rare-earth zirconates are the most widely used A,B,O5-
type ceramics, and the crystal structure is highly related
to the type of rare-earth ions. If the rare-earth element
has a large ionic radius and relative atomic mass, it
combines with zirconate ions to form pyrochlore; If the
rare-earth element has a small radius and a large relative
atomic mass, it combines with zirconate ions to form a
defective fluorite structure [66].

In terms of thermal conductivity, rare-earth zirconate
materials, both pyrochlore and defective fluorite structures,
have intrinsic oxygen vacancies in each crystal structure
unit, with a high concentration of oxygen vacancies
and the presence of rare-earth atoms of larger mass in
the crystal cell, which enhances the phonon scattering
effect and leads to a decrease in the phonon mean free
path, so that this type of material has a low thermal
conductivity [67]. Bobzin et al. [68] analyzed the
thermal conductivities of LZO and 8YSZ at 1000-1300
°C ambient temperature, and the results showed that the
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Table 1. Thermal conductivity and coefficient of thermal
expansion of different materials [69, 70].

Thermal Conductive  Coefficient of Thermal

Materials (W-m™-K") Expansion (x10° K™
YSZ 2.3 (700 °C) 11 (1000 °C)
LayZr,0; 1.3 (1100 °C) 9.1 (1000 °C)
Gd,Zr,0, 1.6 (700 °C) 11.6 (1200 °C)
Sm,Zr,0, 1.5 (700 °C) 10.8 (1200 °C)
Dy>Z1,0;, 1.34 (800 °C) 11.1 (1200 °C)

thermal conductivity of LZO fluctuates with the increase
of ambient temperature, but it was still smaller than that
of 8YSZ. Xu et al. [69] prepared Dy,Zr,O; ceramics with
defective fluorite structure by solid-state reaction method
and characterized their coefficient of thermal expansion
as well as thermal conductivity. The results showed that
Dy»Z1,07 had a higher coefficient of thermal expansion
with lower thermal conductivity compared with YSZ.
Wau et al. [70] measured the thermal conductivities of
GdoZr,07, Nd»Zr, 07, SmyZr,0,, and YSZ, and the results
showed that all A,Zr,O;-type ceramics had lower thermal
conductivities than YSZ (Table 1).

To further improve the thermal insulation properties
and coefficient of thermal expansion of single rare-carth
zirconate ceramics, doping modification has become
a major research direction. Since heat transfer in the
high-temperature range mainly depends on phonon
interactions, and phonon thermal conductivity is related
to lattice scattering. By introducing defects through
doping, the phonon scattering can be enhanced, and
the material's thermal conductivity can be reduced.
In addition, doping-introduced defects can reduce the
lattice energy, which serves to increase the coefficient
of thermal expansion [71].

Gok et al. [72] modified LayZr,O; ceramics using
Gd®* and Yb’" doping, respectively, and the thermal
conductivities of the two modified ceramics were 0.38-
0.68 W-m*-K"', which were much lower than those of
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Fig. 6. Thermal properties of LPZ ceramics (a) Coefficient of thermal expansion of YSZ, LZ, and LPZ, (b) YSZ, LZ, and LPZ
materials thermal conductivity with the temperature variation [73].
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the conventional YSZ (0.88-1.00 W-m™-K™). Liu et al.
[73] investigated the thermophysical properties of Pr-
doped La,Zr,0O; (LPZ) ceramics and compared them
with conventional LZO and YSZ. The results are shown
in Fig. 6. The thermal expansion coefficients of LPZ
ceramics were 9.8-11.2x10° K, which were higher
than those of conventional LZO ceramics and close to
those of YSZ ceramics. Pr element doping increased
point defects in the LZO crystal structure and led to
excessively relax the crystal lattice. In addition, the
thermal conductivity of LPZ ceramics was only 1.7-2.0
W-m™"- K", much lower than that of conventional LZO
and YSZ ceramics. The lower thermal conductivity of
LPZ ceramics was related to point defects and lattice
distortions caused by Pr during the doping process, and
the disordered structure increased the chances of phonon
expansion, thus reducing the phonon mean free path.
Guo et al. [74] synthesized (Gd;Yby),Zr,0O; ceramics
with optimized thermophysical properties by doping
different contents of Yb,0O;, and the thermal conductivity
of the doped ceramic material was 0.80+0.02 W-m™-K"',
which was 20% lower than that of Gd,Zr,O (Fig. 7(a)).
The decreased thermal conductivity was mainly due
to the difference in mass, size, and interatomic bond
strength between Yb*" and Gd** ions, which enhanced
the scattering of phonons through mass and strain
fluctuations and decreased the phonon mean free path,
leading to a decrease in thermal conductivity. In addition,
the thermal expansion coefficient of (Gd;«Yby),Z1,0;
ceramics increased with the increase of Yb,O; doping
content, which was higher than that of Gd,Zr,O; and
YSZ ceramics at the same temperature (Fig. 7(b)). The
change in the coefficient of thermal expansion was
mainly due to the introduction of defects by doping,
which enhanced the anharmonic vibrations of the lattice,
thus increasing the coefficient of thermal expansion.
Although LZO possesses excellent thermal insulation,
high-temperature phase stability, and sintering resistance,
its poor fracture toughness limits its application in
complex environments. Therefore, it is important to

study and improve the thermodynamic properties of
LZO.

Jin et al. [75] doped La,Zr,O; using YSZ fibers
and Multi-Walled Carbon Nanotubes (MWCNTSs),
respectively. Fig. 8 shows the microscopic morphology
of the two doped powders. The doped YSZ fibers existed
independently on the exterior of the spherical particles,
while the MWCNTs were attached to the particle
surface. The results showed that the bonding strength of
the YSZ fibers coatings could be increased to 1.84 times
of the undoped coating; however, the bond strength of
the MWCNTSs coatings did not increase significantly.

Rare-earth cerium oxides

Rare-carth cerium oxides with fluorite structure are
the solid solutions generated by the dissolution of rare-
earth oxides in the CeO, lattice. Rare-carth cerium

. |
Fig. 8. The high magnification images of (a) La,Zr,0O; particles
after crushing, (b) La,Zr,O; powders after spray granulation,
(¢) LayZr,0,-YSZ fibers mixed powders, and (d) La,Zr,O--
MWCNTSs powders [75].
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oxides have a low thermal conductivity due to the low
thermal conductivity of CeO, and the large number of
oxygen vacancies present in the fluorite structure [76,
77]. In addition, rare-earth cerium have high chemical
stability, thermal shock resistance, and low oxygen
ion conductivity at 2000 °C. In 2003, Cao et al. [78]
first reported the application of La,Ce,O; (LCO) in
thermal barrier coatings, and the thermal conductivity of
La,Ce,O; was only 0.6 W-m™-K™" at 1000 °C, which was
much lower than that of conventional YSZ ceramics. In
addition, the lattice energy of the system decreased due
to the reduction of Ce* to Ce** in a high-temperature
environment. According to the “Boon Langde lattice
theory”, the reduction of lattice energy was conducive
to the improvement of the thermal expansion coefficient
of ceramic materials, so the LCO ceramics could reach a
coefficient of thermal expansion of 14.0x10° K. Yu et
al. [79] prepared Dy,Ce,O; and Y,Ce,O; by solid-state
reaction method, and the thermal conductivities of the
two ceramics at 800 °C were 1.82 W-m"-K™" and 1.78
W-m™"-K, respectively, which were 20% lower than that
of the traditional YSZ.

By doping the rare-earth cerium oxides with one or
more rare-earth elements, it can improve the service
properties of the coating, reduce thermal conductivity, and
increase the coefficient of thermal expansion. Zhang et al.
[80] prepared two modified ceramics (Lay-,Gdy3).Ce,O;
and (LagyGdy).Ce,0; by solid-state reaction method
and compared the coefficient of thermal expansion
as well as thermal conductivity with La,Ce,O;. The
results showed that both modified ceramics had higher
coefficients of thermal expansion and lower thermal
conductivity, and the thermal conductivity decreased
with the increase of Gd** content. Shao et al. [81]
prepared (SmgsLags«Ndy)»CeO; (x=0, 0.2, and 0.4)
coatings with different Nd** and La* doping content,
and compared the thermal conductivity and thermal
expansion coefficient with conventional Sm,Ce,O;. The
results showed that due to the significant difference in
ionic radius and relative atomic mass of the dopant
elements, it increased the internal defects of the ceramic
lattice, provided extra space for phonon scattering, and
reduced the thermal conductivity of the coatings. The
thermal conductivity of the three modified coatings at
1000 °C was 1.32-1.58 W-m'-K', which was much
lower than that of the conventional Sm,Ce,O-. In terms
of the coefficient of thermal expansion, since the ionic
radius of both La and Nd is larger than Sm, the lattice
energy of the solid solution decreases gradually with the
increase of the elemental doping content, which leads
to the increase of its coefficient of thermal expansion
with the increase of the elemental doping content of La.

Although rare-earth cerium oxides have excellent
thermal insulation properties and high coefficients of
thermal expansion, the preparation of rare-earth cerium
oxide coatings with rated stoichiometric ratios is a
significant challenge for the development and application

of this material [82]. During plasma spraying, 30-40%
of CeO, in rare-earth cerium oxide coatings will be lost,
resulting in a lower coating deposition rate. Therefore,
an additional increase of CeO, content is required to
obtain a rare-earth cerium oxide coating with a standard
stoichiometric ratio in the preparative state, and subtle
compositional shifts in CeO, can significantly affect
the coating's service properties. Ma [83] conducted
thermal cycling tests on thermal barrier coatings with
three powder doping ratios of La,O;-3.0CeO, (LC3),
La,05-3.25Ce0, (LC3.25), and La,05-3.5CeO, (LC3.5),
and found that compositional shifts severely affected
the thermal cycling lifetimes of rare-earth cerium oxide
coatings. The lifetime of LC3.25 reached 3238 cycles at
1230°C, while the lifetime of LC3 and LC3.5 was 847
and 50 cycles, respectively.

Rare-earth phosphates

The chemical formula of rare-earth phosphate is
RePO,, which exists in two main structures: the monazite
structure and the xenotime structure [84]. When Re
is a light rare-earth element with a large ionic radius
(Re=La-Gd), RePOy is a monazite structure (Fig. 9(a)),
including [PO,] polyhedra and [ReOy] polyhedra; when
Re is a heavy rare earth element with a small ionic radius
(Re=Tb-Lu, and Y), RePO, is a xenotime structure
(Fig. 9(b)), including [PO4] polyhedra and [ReOs]
polyhedra [85]. Due to the high thermal conductivity
and low coefficient of thermal expansion of rare-earth
phosphates with xenotime structure, they are not suitable
to be used as ceramic materials for thermal barrier
coatings. In contrast, the monazite structured rare-earth
phosphates with high coefficients of thermal expansion
as well as low thermal conductivities are considered to
be ceramic materials for thermal barrier coatings with
good application prospects [86].

Lanthanum phosphate (LaPOs) is one of the most
widely researched and applied materials among
monazite-structured rare-earth phosphates, with a high
melting point (2070 °C), low thermal conductivity,

Fig. 9. Crystal structure of RePO,: (a) monazite, (b) xenotime
[85].



884 Jiahang Liu, Yiyong Wang, Zhe Lu, Yeon-Gil Jung, Guanlin Lyu, Yanwen Zhou, Jing Zhang and Yan Li

excellent high-temperature phase stability, and good
high-temperature resistance to sulfur and vanadium
corrosion [87]. However, if the top coat of LaPO, is
prepared directly on the bond coat, the weak bond
strength will cause the ceramic coat to fall off rapidly in
high-temperature environments. Therefore, the structural
design of lanthanum phosphate coatings is needed to
improve their high-temperature usability. Zhang et al.
[88] prepared LaPO.-YSZ double-layer TBCs by APS
and analyzed the failure mechanism of the double-layer
coatings. The results showed that the cracks appeared
inside the top coat of LaPO, led to the coating peeling
off, while the excellent bond strength between the layers
indicated that the double-layer structural coatings could
improve the bond strength between the LaPO, coatings
and the bond coats. In addition, the corrosion products of
the double-layer coatings in different temperature V,Os
corrosive environments were analyzed. The corrosion
products were La(P, V)O4 at 700-900 °C, and a small
amount of LaVO, appeared in the corrosion products
at 1000 °C. Since La(P, V)O, did not adversely affect
the microstructure of the coatings, it indicated that the
LaPO., as a top coat of the thermal barrier coatings, had
excellent V,Os corrosion resistance.

LaPO, can be used not only as a top coat ceramic
material but also for the modification of ceramic coating.
Yang et al. [89] found that LaPO, doping into La,Zr,O,
forms a percolating interconnected network, which
significantly reduces the infrared radiation transmittance
in the sample. When LaPO, doping was 20% (mass
fraction), the fracture toughness of La,Zr,O; ceramic
materials was increased and the elastic modulus was
decreased, which was favorable for the engineering
applications of LaZr,O; materials. Li et al. [90] prepared
nanostructured 30 mol.% LaPO, doped Gd»,Zr>O; thermal
barrier coatings by APS and characterized the corrosion
resistance behavior at 1250 °C. The thermal corrosion
results showed that LaPO, could promote the formation
of Gd-La-P apatite, which led to the formation of a dense
crystalline reaction layer on the surface of the coatings,
effectively preventing the penetration of molten CMAS,
and improved the high-temperature corrosion resistance
of the thermal barrier coatings.

Rare-earth hafnates

Rare-earth hafnates as a new ceramic material for
thermal barrier coatings, have a higher melting point
than rare-earth zirconates and superior phase stability,
thus allowing them to be used in higher-temperature
environments. From Fig. 10 [91], it can be seen that
rare-earth hafnates can form many types of compounds
depending on the rare-earth element. Rare-earth elements
with large ionic radius (Re=La-Gd) can form Re,Hf,0,
with a pyrochlore structure; Rare-earth elements with
smaller ionic radius (Re=Ho-Lu, and Sc) can form
Re;Hf;04, with a § structure. Among them, part of the
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pyrochlore ReHf;0; and 6-ResHf;0;, undergoes an
ordered-disordered transition from an oxygen vacancy-
ordered structure to an oxygen vacancy-disordered
structure in a high-temperature environment [92].

The Re,Os-HfO, system can form defective fluorite
structure-derived compounds MO,., and the structure of
MO, has a fluorite-like structure. The oxide fluorite
MO, with an ideal stoichiometric ratio has a face-
centered cubic structure, and to form a defective fluorite
structure with oxygen vacancies, M*" in MO, will be
replaced by cations with different valence states and
charge balance will be achieved by introducing extra
oxygen vacancies [93].

A,Hf,0,

A HE,05-type ceramics have a pyrochlore-like structure
with a special arrangement of defects, such as ions
and vacancies, unique to the structure, which leads to
favorable properties, such as low thermal conductivity,
high coefficient of thermal expansion, and good high-
temperature phase stability.

Du et al. [94] prepared Y,Hf;0; ceramics with
pyrochlore structure by solid-state reaction method and
compared the thermal conductivity with conventional
YSZ. When Y,0; was doped with HfO,, an ion substitution
phenomenon would occur, and oxygen vacancies would
be generated in the lattice to maintain the electroneutrality
of the lattice, and the oxygen vacancies increased with
the increase of the doping content of rare earth oxides.
The content of Y,0; in 7YSZ was only 3.5 mol%, while
the content of Y,O; in Y,H£,0; was 33 mol%. As a
result, the Y,Hf;,0; crystals had more oxygen vacancies
than the 7YSZ crystals, leading to enhanced phonon
scattering due to the oxygen vacancies, which resulted
in Y,H£0; (0.6-0.8 W-m™-K™") having a lower thermal
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conductivity than 7YSZ. Yang et al. [95] synthesized
pyrochlore-type Gd,Hf,O; ceramics and characterized
their thermophysical properties. The results showed that
the thermal conductivity of Gd,Hf;O; ceramics at 1200
°C was 140 W-m'K", which was 25% lower than
that of conventional 8YSZ. In addition, the Gd,Hf,0O
ceramics exhibited a large thermal expansion coefficient,
higher than that of the conventional 8YSZ. Liang et
al. [96] prepared a pyrochlore-structured La,Hf,0;
ceramic with excellent phase stability, and the thermal
conductivity of this ceramic at 1000 °C was only 1.34
W-m!-K', which was about 40% lower than that of
conventional 8YSZ ceramics. However, the thermal
expansion coefficient of the La,Hf;O; ceramic was
only 8.76x10° K', so a dual-layer structure design
was required for the coating design. Sun et al. [97]
investigated the structure and properties of Re,Hf,0;
ceramics by first-principles calculations. The results
showed that all Re,Hf;O; ceramics had a pyrochlore
structure, and the lattice parameters of these pyrochlores
increased with the Re radius increasing in the order from
Sm to La. The predicted thermal conductivities at 1600
K are 1.38 W-m"K"' for La,Hf,07, 1.56 W-m™"-K"' for
Ce;Hf,0, 1.60 W-m™"-K" for Pr,Hf,O; 1.62 W-m™"-K'!
for Nd,Hf,0;, 1.63 W-m"-K"' for Pm,Hf,0;, and 1.62
W-m'-K" for SmyHR,0;. All these values were lower
than the thermal conductivity of YSZ.
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For the 6-A4B;01, oxides, the ionic size of the cation
A’' ranges from Sc* to Ho*", and the cation B*' ranges
from Ti** to Zr*" [98]. Throughout the compositional
range, part of 3-A4B;0,, undergoes an ordered-disordered
transition from 6-A4B;0;; to A4B;O,, with a disordered
fluorite structure in a high-temperature environment.
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Bogicevic et al. [99, 100] predicted the ordered cationic
structures of 0-Y4Zr;01, and 6-ScaZr;0y, using density-
functional theory. The cationic arrangement of Y4Zr;0,
was predicted by calculating the lattice energies of 45
different configurations of 19 protocells. For the ordered
structure of Y.Zr;0), it was calculated that position 3a
was completely occupied by Zr*" and position 18f was
occupied by Y** and Zr*" in an ordered arrangement.

Duan and Poerschke et al. [101, 102] mapped the
HfO,-Yb,O; phase diagram and confirmed that the
transformation of the ordered phase 6-YbsHf;0,, to a
disordered fluorite structure occurs at a temperature of
about 1580 °C (Fig. 11). Karaulov et al. [103] prepared
YbsHf;01, and Gd4Hf;0,, in their study of the ZrO,-
HfO,-Gd,05 and ZrO,-HfO,-Yb,O5 systems, and the two
ceramics had a lower thermal conductivity than the rare-
earth zirconates.

Rare-earth hafnates are considered candidate materials
for future thermal/environmental barrier coatings for
engines due to their higher melting points and superior
high-temperature phase stability compared to rare-earth
zirconates. In addition, since Re;Hf;01, has more rare
earth elements than Re,Hf;05, it is expected to provide
superior corrosion resistance.

Ueno et al. [104] investigated the water vapor corrosion
behavior of LuyHf;0,, ceramics in a 1500 °C environment.
The results showed that the LusHf;0,, phase exhibited
excellent water vapor corrosion resistance with a weight
loss rate of only 1.347x10° g/cm’h, which was of the
same order of magnitude as the water vapor corrosion
rates of Lu,Si,07 and mullite. Lue et al. [105] prepared
LwHf;0;, ceramics by solid-state reaction method
and characterized their thermophysical properties. The
results are shown in Fig. 12. The fracture toughness and
elastic modulus of LusHf;04, ceramics were 2.48+0.26
MPa'm'? and 210.27+14.32 GPa, respectively, which
were similar to those of conventional YSZ ceramics.
The coefficient of thermal expansion of LwHf50:,
ceramics was 8.46x10° K, and the lower coefficient
of thermal expansion was conducive to reducing the
thermal expansion mismatch stresses within the coating
when LwHf;0,, was applied to the environmental
barrier coatings; However, a dual-ceramic-layer design
was required to optimize the coating thermal cycling
life when LuHf;0,, was applied to the thermal barrier
coatings. In terms of thermal insulation, due to the high
concentration of oxygen vacancies generated inside the
lattice when Lu** replaced Hf", its thermal conductivity
at 1100 °C was 1.2 W-m™"-K!, which was about 43%
lower than that of the conventional 8YSZ.

Yttrium aluminum garnet

Yttrium aluminum garnet (YAG) is a type of ceramic
material with excellent optical, mechanical, thermal
and mechanical properties. Fig. 13 shows a schematic
diagram of the crystal structure of YAG [106]. YAG

Fig. 13. Crystallographic lattice cell of YAG showing the
coordination polyhedra of the cations [106].

belongs to the cubic crystal system crystal structure
with the molecular formula Y;AlsOy,, its space group
is Oh'’-Ia3d, and its lattice constant is 1.2002 nm. The
number of molecules in the unit cell is 8, with 24 Y*,
40 AI*, and 96 O, respectively. In the cell structure
of YAG, it can be considered as a connected network
formed by oxygen tetrahedra, oxygen octahedra and
oxygen dodecahedra [107, 108]. O* is in the dense
stacking position, while Y** and AI*" are in the center
of the polyhedra composed of oxygen. In this case, AI**
occupies two different structural positions: The first A
occupies the center of the oxygen octahedron surrounded
by O* coordination, with O* occupying each of the six
corners of the octahedron; The second AI’" is located
at the center of the oxygen tetrahedron with O*, and
O* occupying the four corners of the tetrahedron. Y**
is located within the oxygen dodecahedron formed by
O” coordination and constitutes [YOs].

In the YAG cell structure, the bond length of Y-O is
0.245 nm, and the ionic radii of Y>* and other rare-earth
ions are relatively close to each other, which makes it
possible to replace the central position of the oxygen
dodecahedron by a certain number of other rare-earth
ions and optimize the high-temperature performance of
YAG ceramics [109].

Y;Als0y; is currently the most widely used yttrium
aluminum garnet-type ceramic material, which has
excellent high-temperature mechanical strength, high-
temperature structural stability, and creep resistance.
In addition, the oxygen diffusion coefficient of YAG
ceramics is much lower than that of conventional YSZ,
which proves that it is a type of ceramic material with
good high-temperature oxidation resistance and can
better protect the bond coat from oxidation [110]. Su
et al. [111] prepared a YAG oxygen barrier coat with a
thickness of about 10 um between the YSZ top coat and
the bond coat. After heat treatment at 1200 °C for 100
h, the YAG oxygen barrier coat not only suppressed the
precipitation of Y,0; from the YSZ, but also drastically

13+
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reduced the oxidation rate of the bond coat, and improved
the thermal cycle life of the coating. The disadvantage of
Y;Al50y; is its low coefficient of thermal expansion and
high thermal conductivity, which limits its application in
high-temperature environments.

To obtain ceramics with low thermal conductivity and
high coefficient of thermal expansion, a typical method
is to increase the disorder of the structure.

Shuai etal. [112] synthesized a series of (Y xLax);AlsO1,
ceramics through the chemical co-precipitation method,
and investigated the thermophysical properties. The
results showed that the doping of La** significantly
improved the Vickers hardness and fracture toughness
of the ceramics, the Vickers hardness could reach up
to 18.03 GPa, which was 72.5% higher than that of
the YAG ceramics; the fracture toughness could reach
up to 2.99 MPa-m'?, which was close to that of the
traditional YSZ ceramics. In terms of the coefficient of
thermal expansion, the doping of La reduced the lattice
energy and increased the content of LaAlOs, so that the
(YixLay);Als01, ceramics exhibited a coefficient of
thermal expansion compatible with the YSZ, and the
coefficient of thermal expansion of the (Y7La0.3);Als0,
ceramics at 1000 °C reaches 9.79x10° K. Xue et al.
[113] synthesized a series of (YxGdy);Al:Op (x=0,
0.1, 0.2, 0.3, and 0.4) ceramics through chemical co-
precipitation route, and investigated the thermophysical
properties. The thermal conductivities of the five
ceramics are shown in Fig. 14. All the doped ceramics
had lower thermal conductivity than the conventional
YAG ceramics, and (Y3Gdo2);AlsO1, had the lowest
thermal conductivity, which was only 1.51 W-m'-K"
at 1200 °C. This was owing to the substitution of Gd** to
enhance the anharmonic interactions within the ceramics
and enhanced phonon scattering.

YAG is a potential new type of ceramic material
for thermal barrier coatings due to its excellent high-
temperature phase stability, good oxidation resistance,
and high resistance to sintering. Meanwhile, the excellent
optical properties of YAG make it a widely used
matrix material in lasers and light-emitting diodes. In
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the 1980s, researchers developed the Thermal barrier
sensor coatings concept [114]. By applying a thermal
imaging fluorescent substance to the TBCs and partially
modifying the TBCs with photoluminescent rare-earth
elements. These new coatings can retain the function
of the TBCs, monitoring the internal temperature of the
TBCs as well as the thermal gradient between the bond
coats and the top coats [115].

Kissel et al. [116] prepared YAG:Eu ceramics and
characterized their thermal imaging fluorescence behavior.
The results showed that the YAG:Eu ceramics exhibited
a very significant temperature-sensitive behavior in the
range of 1000-1470 K. In addition, the ambient oxygen
concentration had a weak effect on the fluorescence
properties of the ceramics, making Y AG:Eu more suitable
for applications in engine combustion environments. Yu
and Omrane et al. [117, 118] prepared YAG:Dy ceramics
and characterized their thermal imaging fluorescence
behavior. The results showed that the temperature
sensitivity of YAG:Dy ceramics was in the range
of 300-1773 K up to 1973 K, proving its promising
application in the combustion environment of turbine
engines. He et al. [119] prepared Y;Al;0,,:Ce*/8YSZ
TBCs by APS, and found that Y3;Al;:0,:C*e and
8YSZ formed alternating and dense microstructures
during the deposition process. The results showed that
Y;AL0,,:Ce** could improve the high-temperature
oxidation resistance of the coatings, and Y3;Al;0,,:Ce’*
had good fluorescence luminescence performance, and
there was an intrinsic response mechanism between the
residual stress inside the ceramic layer and the offset of
the peak wavelength of the emission spectrum. When the
residual thermal stress inside the ceramic layer increased,
the peak wavelength of the emission spectrum shifted to
the short-wave direction.

Perovskite oxides
Perovskite oxides have received continuous attention

from researchers due to their excellent physicochemical
properties. It is considered a potential high-performance
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Fig. 14. Thermal conductivities of (Y;.Gdx);Als0, (x =0, 0.1, 0.2, 0.3, and 0.4) bulk samples as a function of temperature (a) and

Gd** doping concentrations (b), respectively [113].
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Fig. 15. The ideal cubic perovskite ABO; structure [121].

thermal barrier coating material due to its good high-
temperature phase stability, moderate mechanical properties,
and low thermal conductivity [120]. Fig. 15 shows the
crystal structure of ABOs cubic perovskite oxides, where
the A atoms occupy the center position of the cubic
cell, the B atoms occupy the vertex position, and the
B-O atoms form a stable [BO;] octahedral structure
[121]. Due to the extensive selectivity of the A and
B position ions, the perovskite oxides have tunable
chemical bonding and thermodynamic properties. In
addition, the A-site and B-site ions can be replaced by
cations with different radii and chemical valences, and
this solid solution/doping approach can further improve
the material properties.

The perovskite zirconates have excellent thermodynamic
properties in high-temperature environments and are the
most widely investigated perovskite oxide. Among them,
SrZrO3 has been proven as one of the most refractory
oxides known to science with a melting temperature as
high as 2650 °C [122]. With the temperature increasing,
StZrO; perovskite undergoes three temperature-induced
phase transformations, which are as follows [123]:

orthorhombic —%“— pseudo-tetragonal —**<

tetragonal —**“— cubic 2)

As a candidate material for thermal barrier coatings,
the phase transformation of SrZrO; does not have
distinguishable discontinuities of the unit cell volumes,
and only the transformation from orthorhombic to
pseudo-tetragonal involves a small volume change of
0.14%, so the change in temperature does not lead
to large stresses within the coating [124]. Liu et al.
[125] investigated the thermodynamic properties of
several typical perovskite materials by first-principles
calculations and explored the relationship between their
structures and properties. The results showed that the
inhomogeneity of chemical bonding in the ABO; (A=Sr,
Ba; B=Ti, Zr, and Hf) structure affected the anisotropic
thermodynamic properties of perovskite materials.

Liu et al. [126] characterized the properties of BaZrOs
material and found that it had good high-temperature
thermodynamic properties. Compared with YSZ, the
high-temperature Young's modulus of BaZrO; at 1473
K was still 81.6% of that at room temperature, and the
decay of the modulus was smaller than that of YSZ,
which showed better high-temperature resistance. In
addition, BaZrO; had better thermal properties, with a
coefficient of thermal expansion of 7.84x10° K!' and a
thermal conductivity of 2.81 W-m™-K™" at 1473 K. Ma
et al. [127] investigated the thermophysical properties
of SrZrO; ceramics and found a phase transformation
from orthorhombic to pseudo-tetragonal phases during
the thermal expansion coefficient detection. The results
showed that the change of crystal structure made the
thermal expansion coefficient of SrZrO; at 1200 °C was
more than 4.5% greater than that of conventional YSZ. In
addition, the thermal conductivity of SrZrO; ceramics at
1000 °C was only 2.08 W-m™-K"', which was lower than
that of conventional 8YSZ. Although SrZrO; ceramics
exhibited high coefficients of thermal expansion and low
thermal conductivities, it was found that phase transitions
and structural destabilization occurred during the heat
capacity testing process at elevated temperatures.

To further improve the material properties, obtaining
new perovskite-based materials using solid solution/
doping has also become a direction of interest for
researchers. Liu et al. [128] modified SrZrO; ceramics
using different contents of La,Ce,O and characterized the
thermal conductivity of the four (1-x)SrZrOs-xLa,Ce,O;
(x=0, 0.3, 0.5, and 1.0) ceramics. The results are shown
in Fig. 16. The doping of La,Ce,O; caused mutual ion
exchange of Sr*'/Zr*" and La*"/Ce*" inside the ceramics,
which increased the content of point defects and local
elastic fields inside the ceramics in a high-temperature
environment, and decreased the phonons mean fiee
path, so the thermal conductivity of SrZrOs; ceramics
decreased with the increase of La,Ce,O, doping content,
and it could reach as low as 0.97 W-m™-K"'.

35k —a—SZ
1 I\. —o—ST7IL3
v I —a—S5L5
-+ 30 - S3L7
g —~LC
Z 25f
o
T [ @
E By \.\\_‘
=
E “‘ - T /. _.._--t
1.5p e
= e
L ‘\v-..______ _—
Pt SO
£ T e———
0.5 . 1

i 1 A Il A L i i L i L A
0 200 400 600 800 1000 1200 1400
Temperature (°C)

Fig. 16. Thermal conductivities of the (1-x)SrZrOs-xLa,Ce,O,
(x=0, 0.3, 0.5, and 1) [128].
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Zhang et al. [129] prepared Sros(Zro9YboosGdoos)
02_75 (SZYG/YGZO) and Sr(Zro,ngo_osGdo_os)Oz_%
(SZYG) ceramics by the solid-state reaction method
and characterized their structural and thermodynamic
properties. The results showed that the SZYG/YGZO
ceramics, which consisted of SZO and YbysZrs0:.7s,
had a thermal conductivity of about 1.3 W-m™'-K'
at 1000 °C, which was 40% lower than that of SZO
ceramics. In addition, the thermal expansion coefficient
of SZYG/YGZO ceramics reaches 10.9x10° K™ at 1250
°C, and the fracture toughness is 30% higher than that of
SZO. Yang and Zhang et al. [130, 131] prepared systems
Ca,Sr,..ZrO; and Ca,Ba,ZrO; perovskite ceramic solid
solutions by pressureless sintering and characterized the
thermodynamic properties of the two types of ceramics.
The results showed that Young's modulus of CaSr..
7105 (x=0.2, 0.4, 0.6, and 0.8) ceramics at 1200 °C were
157.29 GPa, 152.07 GPa, 147.22 GPa, and 144.82 GPa,
which corresponded to the room temperature Young's
modulus values of 70.7%, 69.4%, 68.8%, and 71.1%.
Young's modulus of Ca,Ba;ZrO; (x=0.05, 0.10, 0.15,
0.20, and 0.25) ceramic solid solution decays at high
temperatures by 18.4%, 15.3%, 16.2%, 18.0%, and
20.3%, respectively. However, SrZrO;, BaZrO;, and
YSZ ceramics under the same conditions decayed by
35.7%, 18.4%, and 37.1%, respectively, which proved
that the two types of solid solution materials exhibited
good high-temperature mechanical properties. In terms
of the coefficient of thermal expansion, the coefficients
of thermal expansion of Ca,Sr;<ZrO; and Ca,Ba;..ZrO;
solid solutions are 10.75-11.23x10° K" and 7.7-10.2x10°
K, respectively.

Magnetoplumbite compounds

The chemical formula of the Magnetoplumbite compound
is AB1,Oy9, and usually A is lanthanide elements such as
La, Nd, Gd, and Lu; and B is trivalent metal ions such
as Al, Gd, and Fe. The AB,Oyy has a hexagonal crystal
structure and belongs to the P6;/mmc space group. The
oxygen ions in its crystal structure are arranged in a
hexagonal close-packed, alternately overlapping with
[BOg] octahedra, [AQ,] tetrahedra, and [BO4] tetrahedra
to form the compound AB,O. When the B-site is Al
element, it can be denoted as AO-6ALOs, and is referred
to as a hexaluminates with magnetoplumbite structure
(AAILOy9) [132].

To enhance the structural stability, some of the AP
ions in the crystal structure of LaAl,O are usually
replaced with bivalent or trivalent metal cations to form
LaM;Al;0y9 compounds. When M is replaced by Mg,
LaMgAl 1019 (LMA) is formed. Fig. 17 shows the
schematic cell structure of LMA, which is composed of
[LaO,,] tetrahedra containing La** ions, (MgAl)O,, and
AlOs [133]. The structural integrity of LMA is mainly
because the ordered arrangement of (MgAl)O, and AlOg
reduces the voids in the LaAl;,O19 cell, which enables a

o La3+

O AP+

o AP‘JMgz*
O o>

Mirror plane

Fig. 17. Schematic crystal structure of LaMgAl;;0,4[133].

perfect combination with the [LaO;,] tetrahedra to form
a stable, dense crystal structure [134].

The development of LM A materials has a long history,
in the 1980s there was a lot of research on the application
of LMA as a matrix for laser components, luminescent
materials, and high-temperature catalyst carriers [135-
137]. In the last decade, research on LMA in TBCs has
been reported, and its special crystal structure gives it
unique high-temperature phase stability and excellent
electrical insulation properties, making it a potential new
ceramic material for the next generation TBCs.

Jiang et al. [138] prepared LMA ceramics by solid-
state reaction method and characterized their mechanical
as well as thermal properties. The results showed that the
flexural strength and fracture toughness of LMA were
353.3+12.5 MPa and 4.60+0.46 MPa-m". The Young’s
Modulus and Possion ratio was 295 GPa and 0.23,
respectively. The linear thermal expansion coefficient of
LaMgAl;;Oy9 ceramic from 200-1200 °C is 9.17x10
K", and thermal conductivity at 1000 °C is 2.55 W-m’
"“K'. Sun et al. [139, 140] found that the content of
amorphous phase in LMA coatings increased with the
increasing of spraying power, which reduced the porosity
of the coatings, making the volume shrinkage of the
coatings larger and the coefficient of thermal expansion
lower. In addition, they investigated the thermal cycling
behavior of LMA coatings at 1000 °C. It was found that
the spalling of TBCs was mainly related to the formation
of TGO and the thermal expansion mismatch between
the coating and the substrate. It was confirmed that the
lower the amorphous phase content of the LMA coating,
the higher the bond strength with the bond coat.

In terms of thermal corrosion behavior, Cui et al. [141]
investigated the CMAS corrosion mechanism of LMA
coatings. They found that a dissolution-reprecipitation
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reaction occurred between LMA and molten CMAS
during the corrosion process, and CaAlLSi,Os and
Ca(Mg, Al)(Al, Si),Os mixtures were generated in this
process. This mixture was highly corrosive at high
temperatures, which could seriously corrode the LMA
coating and cause cracking and peeling. Tsukada et al.
[142] prepared LMA coatings by APS and investigated
their corrosion behavior against Na,SO,+V,0s at 1100
°C. The results showed that the LMA coatings consisted
of non-equilibrium amorphous phases, and the amorphous
LMA had a significant higher reaction rate with NaVOs,
corroded 90% of the coating in almost 30 minutes.

In order to enhance the performance of LMA in
ultrahigh-temperature engines, the optimization of LMA
primarily relies on the preparation of composite materials
and ion doping modification.

In terms of material composites, LMA is mainly
used to form composites with YSZ, (Yb, Er),SiOs, and
Ybs;Al;O,, materials. Chen et al. [143] prepared LMA/
YSZ dual ceramic layer thermal barrier coatings (DCL-
TBCs) by APS and compared the thermal cycle life with
conventional single-layer LMA thermal barrier coatings
(SL-TBCs). The results showed that the YSZ intermediate
layer could reduce the thermal expansion mismatch
between the LMA and the bond coat, and prevented
the formation and expansion of cracks. Eventually, the
thermal cycle life of DCL-TBCs could reach 6868 cycles,
which was higher than that of the conventional SL-
TBCs of 6251 cycles. Based on the DCL-TBCs, Chen
et al. [144] designed and prepared LMA/YSZ functional
gradient TBCs (FG-TBCs). Compared with DCL-TBCs
and SL-TBCs, the FG-TBCs exhibited higher strain
tolerance and superior thermomechanical properties.
The FG-TBCs exhibited a higher coefficient of thermal
expansion when the temperature was >1200 °C, which
was favorable for suppressing the development of tensile
stresses during thermal cycling. In addition, the thermal
cycle life of the FG-TBCs at 1350 °C reached 11749
cycles, which was much higher than that of conventional
DCL-TBCs (6362 cycles) as well as SL-TBCs (6251
cycles).

Zuo et al. [145] used APS to deposit a novel coating
with Er,SiOs as the inner layer and LMA as the top coat
on C/SiC composites, and they found that although this
coating could improve the high-temperature oxidation
resistance of the substrate, the coating was susceptible
to liquid sintering, and bubbles were easily generated
between the coating and the substrate, which led to
coating failure. In addition, Zuo et al. [146] investigated
the effect of Yb;AlsOy, on the performance of LMA
materials, and the results showed that Yb;Al;O1, did not
effectively improve the performance of LMA materials,
and its thermal conductivity and coefficient of thermal
expansion at 1200 °C were 3.9 W-m™-K™" and 8.41x107°
/K, respectively, unable to meet the performance
requirements in the ultrahigh-temperature engine.

In the research of ion doping modification, ion doping

or co-doping is mainly performed at the La-site and Al-
site of LMA. Currently, the ions for doping substitution
at the La-site mainly include Sr**, Nd*, Sm*, Gd*,
Dy*', and Yb*"; and the doping substitution at the Al-
site includes Ti** and Sc**. The doping of metal cations
produces point defects and high-density grain boundaries
in the crystal structure, which can enhance the phonon
scattering and reduce the thermal conductivity. Lu et
al. [147] optimized the thermophysical properties of
LMA material by replacing both La** and AP** ions
with Nd®" and Sc** ions, and the results showed that
the co-substitution had a significant effect on increasing
the coefficient of thermal expansion and decreasing
the thermal conductivity. In addition, the thermal
conductivity of this material decreased with the increase
of the ion doping concentration; the thermal conductivity
was as low as 2.04 W-m™-K, and the thermal expansion
coefficient was as high as 8.53x10° K™ at 1000 °C.
Moreover, the complex doping of Nd** and Sc** could
also improve the mechanical properties and reduce the
material's electrical conductivity. Wang et al. [148]
prepared La;Dy:MgAl;;Oy9 ceramics with different
Dy,0; doping by pressureless sintering and characterized
the thermal diffusivities as well as the coefficients of
thermal expansion of the different ceramics. The results
showed that the thermal diffusivity of La,\DyMgAl;;O9
ceramics decreased with the increase of Dy,O; content
and reached 2.52-2.89 W-m'-K' at 1200 °C. The
coefficient of thermal expansion of LaysDy,.MgAl;;O9
ceramics was higher than those of the undoped LMA
ceramics at the same temperature.

At present, the performance of LMA can be effectively
improved by ion doping modification. However, there
are fewer studies on the modification of LMA materials
by Mg-site ion doping. Therefore, in-depth studies on
the properties of Mg-site doped LMA series materials
are needed. For example, the dopant ion species as well
as the ionic ratio should be further regulated to obtain
LMA materials with more excellent thermodynamic
properties. Explore the reasons for the decrease in thermal
conductivity of doped materials and the underlying
mechanisms by which factors such as oxygen vacancy
defects and ceramic porosity affect the thermodynamic
properties of the materials.

High-entropy ceramic

High-entropy ceramics generally refer to solid solutions
formed by multiple components in an equiatomic ratio
or near equiatomic ratio, without primary or secondary
distinction between the components [149]. The concept
of high-entropy originated in the field of alloys. Ye
et al. [150] first found that high-entropy alloy single-
phase solid solutions have typical high-entropy effects.
In 2015, Rost et al. [151] reported a high-entropy rare-
earth oxide ceramic material with a pyrochlore structure
for the first time, and subsequently more and more high-



Present status and prospects of thermal barrier coating materials: A review 891

entropy oxide ceramics with other structures have been
synthesized due to the potential of high-entropy ceramics
for various applications.

High-entropy effects include [ 152]: (1) thermodynamics
high-entropy effects; (2) structures severe lattice distortion
effects; (3) kinetic sluggish diffusion effects; and (4)
properties cocktail effects. In recent years, researchers
have proposed a variety of new TBCs materials based
on the high-entropy effect. Further expanding the
research field of new materials by introducing high
entropy effect into the modification design of novel
TBCs materials. Compensate the performance defects
of single-component rare-earth ceramics through the
synergistic effect of multiple rare-earth elements [153].

Rare-earth zirconates are one of the most promising
TBCs ceramic materials with low thermal conductivity
and good high-temperature phase stability. Guo et al.
[154] improved the thermal cycle life and fracture
toughness of Gd,Zr,O; by optimizing the doping ratio
of S¢* in GdyZr,05. Ren et al. [155] reduced the grain
size and improved the mechanical properties of TBCs
by optimizing the doping ratio of Yb*" in La,Zr,O,. In
recent years, researchers have developed a variety of
high-entropy rare-earth zirconates and have made some
progress inspired by high-entropy ceramics.

Lietal. [155] prepared (Lay>Ceo2Ndo2Smo2Euq,).Z1r,0;
ceramics by flash sintering, the average grain size
of the ceramics was 188 nm, and the hardness
and fracture toughness reached 6.49+1.25 GPa and
2.16£0.38 MPa-m'?, respectively. Luo et al. [156]
successfully synthesized (Lay>Ndy.Smg,Euy>Gdy»).Z1r,0;
and (Ybo_szo_zSmo_zEuO_zGdo_z)zzI'207 high—entropy
pyrochlore ceramics. The two ceramics had good
phase stability at 1600 °C. In particular, the
(Ybo2Ndo2Smg2Eu,Gdy»).Z1r,0O; ceramic had a higher
coefficient of thermal expansion (10.52x10° K'), a
lower thermal conductivity (1.003 W-m'-K"), and
a higher fracture toughness (1.80 MPa-mm'?). Zhao
et al. [157] prepared (Lag>Cep2Ndo.Smg-Eug»),.Z1,0;
ceramics with a pyrochlore structure using the chemical
co-precipitation method. The thermal conductivity of
this ceramic was only 0.76 W-m"-K"', and the average
grain size increased from 1.69 um to 3.92 pm after heat
treatment at 1500 °C for 18 hours. In comparison, the
average grain size of La,Zr,O; increased from 1.96 um
to 8.89 um under the same conditions.

Song et al. [158] added non-rare-earth elements
when performing high-entropy composition design
and prepared six high-entropy ceramics by solid-state
reaction method, including (Hoo2sY .25E1025YDo25).Z1,07
and (H00_25Y0_25Er0_252n0_25)zzr207. The results showed
that the doping of Zn produced a large number of oxygen
vacancies and further reduced the thermal conductivity.
However, high concentration of Zn* led to a decrease
in the coefficient of thermal expansion, and therefore the
Zn*" concentration needed to be optimized to improve
the comprehensive performance. Zhang et al. [159]

synthesized (Lao_zGdo_zYo_szo_zEro_z)z(Zr1.xTix)207 with a
single-phase pyrochlore structure using the solid-state
reaction method. The average coefficients of thermal
expansion ranged from 10.65-10.84x10° K, and its
room-temperature thermal conductivity was significantly
lower than that of La,Zr,O-. In addition, Ti** would
partially substitute for Zr*", and the room-temperature
thermal COl’ldLlCtiVity Of(La()_zGdo_zYo_szo_zEro_z)z(Zr1_xTix)207
would be significantly decreased with the increase of
Ti*" doping content. In particular, when x=0.5, the
thermal conductivity at room temperature was only 1.20
W-m'-K",

Rare-earth cerium oxides are considered promising
ceramic materials for TBCs due to their low thermal
conductivity and good phase stability at high
temperatures. In recent years, researchers have
developed high-entropy rare-earth cerium oxides by
compositional design of the Re-site in Re,Ce,O;. Ping et
al. [160] Prepared the (Lap>Ndy>Smy>Gdy,Dy02).Ce,05,
(Lao_szo_zSmo_zGdo_szo_2)2C6207, and three other
high-entropy ceramics by sol-gel method and heat-
treated the ceramic blocks at 1600 °C for 10 h. The
results showed that all the high-entropy ceramics
had a single fluorite structure and uniform elemental
distribution, and the grain growth rate at 1500 °C
was significantly less than that of Nd,Ce,O; with a
thermal conductivity lower than 8YSZ and a coefficient
of thermal expansion higher than 8YSZ. Xu et al.
[ 161 ] synthesized (Lao_szo_zGdo_2EI'0_2Yb0_2)2CCzO7,
(Lag2Ndy2Smy>Gdp2Y02)Ce,0,, and four other high-
entropy ceramics by solid-state reaction method and
characterized their properties. The results showed
that the coefficient of thermal expansion of the high-
entropy ceramics reached 11.92-12.11x10° K, and
the thermal conductivities were 1.52-1.55 W-m™"-K™.
In addition, the coefficient of thermal expansion
of high-entropy Re,Ce,O; could be regulated by
designing the average radius of the cation at Re-site,
which was favorable for a better bond behavior of the
ceramic coatings with the metal substrate. Zhang et
al. [162] Synthesized (Lao_25Nd0_25Yb0_25Y0_25)2C6207 and
(Lao_stY()_stbo_25Y0_25)2C6207 high—entropy ceramics
with a single fluorite structure by sol-gel method. The
results showed that the thermal conductivities of both
ceramics were lower than 7YSZ, and the coefficients
of thermal expansion were higher than 7YSZ. Because
the ionic radius of Nd was larger than that of Dy, the
(Lao_zsNdo_stbo_25Y0_25)2C6207 ceramic had a hlgher
coefficient of thermal expansion. On this basis, they also
prepared (LaisNdisYbisY16Smislug).Ce,0; ceramics
by sol-gel method, which also had excellent thermal
insulation properties as well as higher thermal expansion
coefficients [163].

At present, most of the studies on high-entropy
ceramics for TBCs are mainly conducted by analyzing
ceramic green bodies, and they are not applied to the
preparation of actual coatings. The research on whether
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the coating preparation methods will lead to the bias
polymerization and volatilization of the elements inside
the solid solution of high-entropy ceramics, and whether
the coating microstructure will weaken the coating
properties have not been sufficiently carried out. The
future application of high-entropy ceramics in thermal
barrier coatings should not be limited to the composition
design of high-entropy ceramics. Research on the
optimization of the powder synthesis process, the design
of ceramic materials with specific properties according
to environmental needs, and the synthesis of high-purity
ceramic materials with controlled powder sizes should
also be fully carried out.

Rare-earth tantalates

Rare-earth tantalates are considered as new TBC
materials with great potential to replace conventional
YSZ. Rare-earth tantalates have good fracture toughness
in high-temperature environments due to their ferroelastic
toughening mechanism [164]. There are three main
types of rare-earth tantalates that have been extensively
researched, including ReTaO., Re;Ta0,;, and ReTa;O
[165].

ReTaO,

The research on ReTaO, has been mainly focused
on the optical aspect, which has excellent optical
properties, chemical stability, and thermal stability [166].
The research on ReTaO, in the field of thermal barrier
coatings has been developed only recently. Yokogawa
et al. [167] investigated the melting points of almost
all rare-earth tantalates with ReTaO, structures, and
the results showed that the melting points of ReTaO,-
type rare-earth tantalates were all higher than 2000 °C,
which meet the high-temperature service conditions for
thermal barrier coatings. Feng and Shian et al. [164,
168] investigated the phase transformation behavior
of YTaO, at high-temperatures by first principles and
experiments. The results showed that YTaO, was
a monoclinic phase at room temperature, when the
temperature reached 1426+7 °C, YTaO, would be
transformed from monoclinic phase to tetragonal phase.
Compared with the phase transition behavior of YSZ,
the phase transformation of YTaO, was a ferroelastic
phase transformation, and there was no obvious volume
change. The crystal structure of ferroelastic m-ReTaO,
ceramics at room temperature is shown in Fig. 18
[169]. The rare-earth and tantalum atoms have different
periodicities and are located in different atomic planes.
The rare-earth atoms are coordinated with eight oxygen
atoms to form [ReOs] polyhedra, which is similar to
the case of the metastable monoclinic phase structure.
Tantalum atoms coordinate with four oxygen atoms
to form twisted [TaO4] tetrahedra, and the individual
[TaOs] tetrahedra are independent of each other in the
lattice and not directly connected, which is conducive to

T' phase

M' phase

3
1450 °C &

y ©Ta QYT
Fig. 18. Schematic diagram of the structural transformation of
YTaO, [169].
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increasing the mobility of the atoms in high-temperature
environments and facilitating the ferroelastic phase
transformation. The crystal structure of t-YTaO, at
high-temperature environment is also shown in Fig. 18
[169]. The rare earth and tantalum atoms are located in
the same atomic plane with the same periodicity, while
the tantalum atoms are coordinated with four oxygen
atoms to form regular [TaO,] tetrahedra. The degree
of distortion is less than that of ReTaO, ceramics with
monoclinic and metastable monoclinic phases. Wang et
al. [170, 171] compared some of the ReTaO, (Re=Y, Er,
Lu, Yb, Nd, Eu, and Gd) with YSZ in terms of thermal
conductivity. The results showed that almost all ReTaO,
had lower thermal conductivity, which was reduced
8-40% compared with conventional YSZ. Zhou et al.
[172] investigated the effect of HfO, doping content on
the properties of SmTaO,, and the thermal conductivity
of SmTaO, was significantly reduced when the doping
amount was 10 mol.%. Based on the above findings, the
researchers improved the performance of ReTaO, further
by elemental doping.

Wu et al. [173] found that using AI*" ions to dope
DyTaO, could effectively improve the high-temperature
toughness of the material. In addition, due to the
difference in ionic radius and atomic mass between
AI*" and rare-earth elements, a large number of defects
could be introduced by AP’* doping, which disturbed
the orderliness of the matrix lattice and increased the
phonon scattering. Thus, the thermal conductivity of
(ALDy,)TaO, ceramics decreased with the increase
of AP' doping content. Wang et al. [174] prepared
(Y02Ce02Smy,Gdy2Dyo2)TaOs (SRep,Ta0s) high-entropy
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rare-earth tantalates and verified the properties by
first-principle calculations. The results showed that
the thermal conductivity of 5Rej,TaO4 ceramics was
only 1.2-2.6 W-m"-K", which was lower than that
of the single-component ReTaO, and YSZ, and the
coefficient of thermal expansion reached 10.3x10°
K' at 1200 °C. In addition, the 5Re;,TaO; ceramics
possessed higher fracture toughness and lower brittleness
index, and the low Young's modulus was beneficial for
improving the strain tolerance of the coatings. Zhu et
al. [175] synthesized high-entropy rare-carth tantalates
(NdysSm,uBui4Gdia)TaOs,  (NdysSmysEuysGdisDys)
TaO4, and (Nd1/6Sm1/6Eu1/6Gd1/6Dy1/6H01/6)TaO4 by solid-
state reaction method. The three ceramics were single-
phase solid solutions with a monoclinic structure and
a uniform distribution of rare-earth elements, which
exhibited excellent high-temperature phase stability
at 1200 °C. In terms of thermodynamic behavior, all
the ceramics exhibited low thermal conductivity (2.98-
1.23 W-m"K', 100-1000 °C), and the coefficient
of thermal expansion and fracture toughness of
(N dysSm; /6Eu1/(,Gd1/()Dyl/5H01/())TaO4 reached 9.25x10°
K" and 9.9742.2 GPa, respectively.

Re3TaO7

The Re;TaO; system has many excellent properties,
including demagnetization, photocatalytic properties,
and dielectric properties [176, 177]. These properties
are mainly attributed to its own intrinsic structure. The
crystal structure of Re;TaO; is shown in Fig. 19 [178]. In
the Re;TaOy; cell, four tetravalent metal ions are replaced
by three trivalent ions (Re’") and one pentavalent ion
(Ta™), and an oxygen vacancy is created. The oxygen
vacancy is a special lattice defect, which can significantly
enhance phonon scattering, resulting in a decrease in the
phonon mean free path of Re;TaO; and decrease the
thermal conductivity.

Due to the complex structure of Re;TaO; ceramics
for high-temperature applications, the development of
mechanical and thermophysical properties of Re;TaO;
ceramics will be a new trend in the application of
thermal barrier coatings [179]. Chen et al. [180] prepared
a variety of Re;TaO; (Re=La, Nd, Sm, Eu, Gd, and
Dy) ceramics by solid-state method and characterized
their properties. The results showed that the thermal
conductivity of Re;TaO; ceramics is 1.1-2.1 W-m™-K,
which was much lower than that of conventional YSZ.
Moreover, their thermal conductivity showed a tendency
to decrease with the increase of temperature. The thermal
conductivity of Re;TaO; (Re=La, Nd) showed a slight
increase in the high temperature environment, and this
phenomenon could be attributed to the influence of
thermal radiation effect. In terms of thermal expansion
behavior, the coefficients of thermal expansion of the
Re;TaO; ceramics increased with temperature and
the maximum value was close to 8YSZ, except for
Sm;Ta0O;, which showed negative expansion due to a
phase transformation.

In the research of Re;TaO; doping modification,
Chen et al. [181] successfully doped ZrO, into Eu;TaO;
ceramics, and it was found that due to the replacement
of Ta’** and Eu** by Zr*" (Fig. 20), which resulted in the
radius and atomic mass differences between the ions, the
thermal conductivity of the ceramics was decreased with
the increase of ZrO, content (1.37 W-m™-K™, 900 °C).
In addition, the alloying effect of ZrO, weakened the
lattice energy, which increased the coefficient of thermal
expansion of Eu;TaO; (10.7x10° K™, 1100 °C).

Sangetal. [182] prepared (Smy>Gdo2Dyo2Y02Ybo2);TaO;
(5ResTa0O;) ceramics by solid-state reaction method
and characterized their crystal structure, microstructure,
elemental distribution, structural stability and thermophysical
properties. The results showed that the SRe;TaO; had
a single defective fluorite structure, uniform element
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Fig. 19. Crystal structures of RE;TaO; (RE = rare earth) ceramics with different space group: (a) Cmem, (b) C2221, (¢) Ccmm, (d)

Fm-3m [178].
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Fig. 20. Schematic drawings of x mol% ZrO»-Eu;Ta0; (x = 0, 3, 6, 9, 12, 15) ceramics: (a) Zr*" ions substitute Ta’* and Eu’" ions,
(b) crystal structure and principle diagram of phonon scattering in 2x2x1 supercell of ZrO, alloying Eu;TaO, ceramics, I-Eu’* and

I-Ta’ represent the interstitial Eu** and Ta’* ions, respectively [181].

distribution, and grain size between 0.2-3 um. After
high-temperature cyclic heat treatment, the single fluorite
structure was maintained, which showed good high-
temperature structural stability. In addition, the thermal
conductivity of 5Re;TaO; was 0.72-0.74 W-m™-K in
the range of 25-800 °C, which was much lower than
that of 7YSZ, and the coefficient of thermal expansion
at 1200 °C was about 5.6x10° K, which was lower
than that of the requirements of the surface ceramic coat
materials for TBCs.

ReTa309

The crystal structure of ReTa;Oq-type rare-earth
tantalates is similar to that of perovskite-type materials,
and is referred to as a defective perovskite structure
[183]. ReTa;0y is considered as one of the candidates
for TBCs due to its large relative molecular mass and
complex crystal structure.

Chen et al. [184] successfully prepared ReTa;Oy
(Re=Ce, Nd, Sm, Eu, Gd, Dy, and Er) ceramics by
solid-state method. The microstructures are shown
in Fig. 21. All ceramics had uniformly sized grains,
well-defined grain boundaries, and a small number of
pores. The presence of pores was favorable to improve
the scattering of phonons as well as the reduction of
thermal conductivity. Fig. 22 exhibits the thermophysical
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properties of RETa;0y, with the lowest value of thermal
conductivity up to 1.3 W-m-K' (900 °C), since
phonons could be effectively scattered by the complex
crystal structure, lattice defects, and grain boundary. It
should be emphasized that the thermal conductivity of
ReTa;0, increased with temperature due to the presence
of distorted [TaOg] octahedra and a high concentration of
cationic vacancies in ReTa;Oy. Moreover, the coefficient
of thermal expansion and fracture toughness of ReTa;O,
made it unsuitable for TBCs.

To improve the application prospects of ReTa;O,,
researchers have improved its usability through high-
entropy design. Chen et al. [185] prepared (LajsPrys.
Dy1/5H01/5Tm1/5)Ta309, (Gdl/sDY1/5H01/5Er1/5T1’1’11/5)Ta3O9,
(Lal/6sm1/6Eu1/6Dy1/6H01/6Tm1/6)Ta3O9, and (Eu1/6Gd1/6-
Dy1/6H01/6Er1/6Tm1/6)Ta309 by spark plasma sintering.
The results showed that all the ceramics had a single
perovskite structure, and had low thermal conductivity
(1.50 W-m™-K™), high hardness (10 GPa), appropriate
Young's modulus (180 GPa), and high fracture toughness
(2.5 MPa'm'?).

Liuetal. [186] prepared Y Ta;Oy ceramics by solid-state
reaction method and characterized their high-temperature
phase transformation behavior, the results showed that
the synthesized YTa;Oy ceramics would transform
from orthorhombic to tetragonal phase at 300-400 °C.

Fig. 21. Typical microstructure of ReTa;Oy (RE = Ce, Nd, Sm, Eu, Gd, Dy, Er) ceramics [184].
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Fig. 22. (a) Thermal conductivity for ReTa;Oy samples, (b) The comparison of the thermal conductivity of the 7YSZ, La,Zr,0O, and
experimental ReTa;0,, (¢) CTEs comparison among ReTa;Oy compounds and other TBCs [184].

To suppress this phase transformation behavior, they
designed and synthesized (Y2Lao2Cep2Ndy2Gdy2)TazO9
ceramics with a tetragonal structure. High-temperature
XRD analysis showed that the high-entropy effect
effectively inhibited the phase transformation. Meanwhile,
the thermal conductivity of (Yo.Lao2Cey2Ndy.Gdos)
Ta;0y at 1100 °C was only 1.69 W-m™-K™', which was
about 11% lower compared with YTa;O,. In addition,
the (Yo2Lao2CepaNdo2Gdo2)TasOy had high fracture
toughness (3.57 MPa-m'?) as well as good high-
temperature thermal stability. However, the coefficient
of thermal expansion of (Y.Lao2Cey2Ndy.Gdy2)Ta;O, at
1500 K was only 6.84x10° K", so it was necessary to
consider a multilayer structure or a functional gradient
structure in practical applications.

In summary, rare-earth tantalates have lower thermal
conductivity, lower Young's modulus, and higher
fracture toughness. In addition, rare-earth tantalate is
an oxygen ion transport insulator, which can effectively
prevent the growth of TGO and extend the thermal
cycle life of TBCs. The structure and properties can be
further optimized by modifying the rare-earth tantalate.
Currently, the researches on rare-earth tantalate ceramics
mainly focus on the preparation of ceramic blocks,
organizational structure, and thermophysical properties.
However, in the process of TBCs preparation, the
differences in composition, structure, and preparation
methods will have an impact on the performance of
the coating. Therefore, the preparation of rare-earth
tantalate thermal barrier coatings and the optimization of
preparation parameters are the focus of future research.
In addition, the ablation resistance, thermal shock
resistance, and sintering resistance of the coatings are
also significant for their service life and need to be
systematically investigated.

Rare-earth niobates

Rare-earth niobates have similar crystal structures to
rare-earth tantalates, also having the ReNbO., Re;NbO,,
ReNb;Oy, and Re;Nb;s0;; systems [187-189]. ReNb;Oy
and Re;Nb;s0s; will not be used for TBCs due to
their low melting points. Therefore, the RE;NbO; and

RENDO, with relatively high melting points may be
suitable for TBCs materials [190]. The disordered
distribution of oxygen vacancies and the large chemical
inhomogeneity in the structures of the three rare-carth
niobates lead to a low thermal conductivity and a low-
temperature dependence of the thermal conductivity.

Chen et al. [191] characterized the thermodynamic
properties of ReNbO; (Re=La, Nd, Sm, Eu, Gd, and
Dy) ceramics, and the thermal conductivity of the four
ceramics was as low as 1.0 W-m™-K"! due to the higher
content of oxygen vacancies and lattice distortions within
the crystals. In recent years, research on rare-carth
niobate thermal barrier coatings mainly consists of two
aspects: (1) Improve the thermomechanical properties of
ceramics by introducing rare-earth cations; (2) Investigate
the properties of rare-earth niobates with non-standard
stoichiometric ratios and optimize the coating properties
by changing the elemental composition.

In the direction of rare-earth cation doping, Zhu et al.
[192] prepared (Dyo25Er025Y025Ybo2s)sNbO; (4ResNbO)
and  (Dyo2Hoo2Er02Y02Ybo2)sNbO;  (5ResNbO;) by
solid-state method. The results showed that the thermal
conductivities of the two materials were only 0.862
W-m'-K"' and 0.724 W-m"-K"' at room temperature,
and the thermal conductivity of 5Re;NbO; was lower
than that of 4Re;NbO;, one-component niobate, and
YSZ at room temperature. In addition, the coefficients
of thermal expansion of 5Re;NbO; and 4Re;NbO; at
1200 °C are 10.2x10° K and 9.7x10° K, respectively.

In terms of elemental composition, there is more
extensive research on non-standard stoichiometric ratio
gadolinium zirconate thermal barrier coatings, while
less research has been done on rare-earth niobates in
this aspect. Huang et al. [193] analyzed the structure
and properties of non-standard stoichiometric ratio Y.
«NbxO1 5« coatings, and found that an abnormal increased
in the cationic conductivity of the coatings occurs when
the ratio of Y/ND varies around 3:1. In addition, the clastic
modulus of the coating increased with the increase of Nb
content, but the Vickers hardness as well as the fracture
toughness did not show any significant change due to
the inefficient effect of the changes in grain size and
porosity, and the Y;NbO; was found to have the lowest
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thermal conductivity, the best mechanical properties, and
the slowest sintering rate after comparison.

Rare-earth silicates

In recent years, with the continuous development of
the aerospace industry, the research and development
of a new generation of high thrust-to-weight ratio aero-
engines is imminent. SiC/SiC ceramic matrix composites
(CMC) are considered to be ideal materials for aero-
engine hot-end components due to their high bearing
temperature (1450 °C), low density (2.8 g/cm?), and
excellent high-temperature mechanical properties, and
have been successfully applied to hot-end components
such as combustion chambers, turbine outer rings, and
turbine guide vanes [194, 195]. It has been proven that
the use of CMC instead of high-temperature alloys can
reduce the mass of engine structural components by 50-
70%, reduce cooling air by 20-50%, and substantially
improve engine fuel efficiency [196].

The main shortcoming of CMC for large-scale
application in aero-engine hot-end components is its
weak durability in high-temperature water-oxygen
environments [197]. In a dry atmosphere above 800 °C,
the surface of CMC can oxidize to generate a dense
SiO, protective layer [198]. Due to the low diffusion
rate of O, in Si0,, CMC has excellent resistance to high-
temperature oxidation in dry environments. However,
in the service environment of aerospace engines fueled
by aviation kerosene, water vapor from combustion
reacts with SiO, to form volatile Si(OH)s. Si(OH), is
repeatedly flushed by high-speed gas streams, resulting in
continuous exposure of CMCs to gas, which accelerates
the process of CMCs depletion and ultimately triggers
a drastic deterioration of the mechanical properties
[199]. To break through the shortcomings of CMC's
high-temperature water-oxygen corrosion resistance, the
preparation of environmental barrier coatings (EBCs) on
the surface of CMC is the most effective solution [200].

Rare-earth silicates have become the most promising
candidate for EBCs due to their low coefficient of
thermal expansion, high temperature thermo-chemical
stability, and excellent resistance to water and oxygen
corrosion [201]. Rare earth silicates are very diverse and
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have a variety of crystal structures. From the chemical
formula, rare-earth silicates can be divided into rare-
earth monosilicate (Re,SiOs) and rare-earth disilicates
(RexSi,04) [202].

Re;SiOs

The ratio of Re,O; and SiO» in Re»SiOs is 1:1. When
the rare-earth ion radius is large (Re=La, Ce, Pr, Nd,
Sm, Eu, and Gd), it will form X1-Re,SiOs with the
space group P2,/C (Fig. 23(a)); When the rare-earth
ion radius is small (Re=Tb, Dy, Ho, Er, Tm, Yb, and
Lu), it will form X2-Re,SiOs with the space group C2/c
(Fig. 23(b)) [203, 204]. The transition temperatures of
the two structures are 1190 °C, when Re =Y or Yb, both
structures can be formed to exist at the same time. Both
X1-Re;Si0s and X2-Re,SiOs can be viewed as consisting
of ReO (X=6, 7, 8 and 9) polyhedra and SiO, tetrahedra,
with the difference between the two structures is the
number of rare-earth atom coordination: The two rare-
earth atom positions in X1-Re,SiOs are 7-coordinated
and 9-coordinated to oxygen, forming [ReO;] and
[ReOy] polyhedra, respectively; The two rare-earth
atom positions in X2-Re,SiOs are 6-coordinated and
7-coordinated to oxygen, forming [ReOs] and [ReO/]
polyhedra, respectively [205].

Among the rare-earth monosilicates, X1-Re,SiOs is
more difficult to prepare and has poor high-temperature
phase stability, so the research mainly focuses on the
luminescent properties of rare-earth doped materials.
Compared with X1-Re;SiOs, X2-Re,SiOs ceramics
have relatively small coefficient of thermal expansion
and low thermal conductivity, which are more suitable
for environmental barrier coating materials. Li et al.
[206] calculated and compared the lattice vibration and
thermal conductivity behavior of X2-Re,SiOs (Re=Dy,
Ho, Er, Tm, Lu, and Yb) materials by first principles.
The results showed that these materials had low thermal
conductivity, and the thermal conductivity increased
with the increase of rare earth atomic number. Tian et
al. [204] tested the thermodynamic properties of X2-
Re,SiOs (Re=Tb, Dy, Ho, Er, Tm, Lu, Y, and Yb). The
results showed that these materials had excellent high-
temperature stiffness and low thermal conductivity. In
particular, the thermal conductivity, bending strength

Fig. 23. (a) Crystal structure of X1-RE,SiOs, (b) Crystal structure of X2-RE,SiOs [203, 204].
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and thermal shock resistance were closely related to the
rare-earth species, while the modulus of elasticity and
coefficient of thermal expansion were insensitive to the
rare-earth element species.

Due to the low thermal conductivity, good phase
stability, and excellent resistance to water vapor and
CMAS corrosion, the conventional RE,SiOs is a candidate
material for EBCs with great performance advantages.
However, the coefficient of thermal expansion of Re,;SiOs
is 6.94-8.84x10° K™, which is significantly higher than
that of SiC¢/SiC composites (3.5-5.5x10° K') [207]. To
apply RE,SiOs to EBCs practically, it is necessary to
reduce their coefficients of thermal expansion to achieve
good thermal matching.

Ren et al. [208] prepared single-phase X2-(Yo25Hog2s-
Ero2sYbo25),S10s  (4ReSiOs)  high-entropy  ceramics
and characterized their thermal properties. The results
showed that the component effect played an important
role in reducing the coefficient of thermal expansion
of the high-entropy ceramics compared to the single
Re,SiOs (Re=Y, Ho, Er, and YD), and the coefficient
of thermal expansion of 4Re,SiOs was only 6.82x10° K
at 1200 °C. In addition, the room-temperature thermal
conductivity of the 4Re,SiOs was reduced by 5.4-
66.8% compared to those of the four single-component
Re,Si0s. The synergistic reduction of the coefficient of
thermal expansion and the thermal conductivity resulted
in a better matching behavior between the high-entropy
ceramics and CMCs, which effectively reduced the
internal stresses of EBCs while providing better thermal
insulation.

Ridley et al. [209] prepared (Sco2Y02Dyo2Er02Ybo2)s-
SiOs high-entropy ceramics by spark plasma sintering
and compared the anisotropy of the CTE with Re,SiOs
(Re=Sc, Y, Nd, Dy, Er, and Yb) ceramics. The results
showed that all the rare-earth monosilicates have very
obvious anisotropy of the CTE, with the a-axis CTE
lower than 3.64x10° K™ from room temperature to 1200
°C, while the corresponding CTE in the c-axis direction
are usually 9-10x10° K. Chen et al. [210] prepared
(Yb0_25Y0_25LU()_25EI'0_25)2SiOs (4R628105) high—entropy
ceramics by solid-state reaction method and investigated
the thermal expansion behavior of the material from
room temperature to 1200 °C using X-ray diffraction

(XRD) and crystal-structure refinement methods. The
results showed that the CTE of the 4Re,SiOs exhibited
significant anisotropy: 0,=(2.57+0.07)x10° K™, 0,=(8.07
+0.13)x10° K, 0,=(9.98+0.10)x10° K''. Based on the
above study, Chen et al. [211] further proposed to utilize
the anisotropy of thermal expansion to match the CTE
of the coating with that of the metal/ceramic substrate
by controlling the crystal orientation of the rare-earth
monosilicate coatings purposefully.

Rezsi207

The ratio of Re,Os to SiO, in ResSi,05 is 1:2. There
are seven crystalline forms of Re,Si,O; depending on
the rare-earth ionic radii and sintering temperatures,
including: A, B (o), C (B), D (y), E (3), F, and G. All
crystal forms can be viewed as consisting of ReOy (x=6,
7, and 8) polyhedra with SiO; tetrahedra [212].

Table 2 shows the structure of the different crystals
and the associated features, respectively [213]. It can
be seen that the complex crystal structure and low
symmetry of Re,Si,O; contribute to their low thermal
conductivity. It is important to note that there is no
information about Y,Si,O; ceramics listed in Table 2.
This is because Y,Si,O; has seven crystal structures,
which form different phases at different temperature
ranges. The following phase transitions exist between
o, B, v, and 6 [213]:

1250+10° 1445+10° 1535+10°
50£10°C ',H 5£10°C )7 535+10°C ,5 (3)

Due to the narrow phase region of Y,SiO, it is
challenging to synthesize single-phase Y,Si,O; since
the formation temperatures between different structural
crystalline forms are relatively close. In addition, phase
transformation leads to the formation of cracks within the
coating, so the EBC materials have strict requirements
for phase stability. Limited by the polymorphic phase
transition of rare-earth disilicates, only a few materials,
such as B-Yb,Si,0Os, PB-LuSi,07, and B-Sc,Si,0,, are
currently prioritized for EBCs.

Tian et al. [214] investigated the thermal conductivity
of B-YzSi207, "{-YzSizO7, B—szSizO7, and B-LuZSi207
by a combination of first principles and experimental
evaluation. The results showed that the four rare-earth

Table 2. Crystal types, spatial groups, and crystal systems of different rare-earth disilicates [213].

Crystal form Element Space group Crystal system
A La, Pr, Nd, Sm, Eu P4,22-P4, Tetragonal
B (o) Eu, Gd, Tb, Dy, Ho, Er P1-Pl Triclinic
C @B Ho, Er, Tm, Yb, Lu C2/m-C2-Cm Monoclinic
D (y) Er, Ho P2i/a Monoclinic
E (3) Eu, Gd, Tb, Dy, Ho Pram=Pra2: Orthorhombic
F Sm, Eu P1-Pl Triclinic
G La, Ce, Pr, Nd, Sm P2i/n Pseudo orthorhombic
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disilicates had very low thermal conductivities, and the
thermal conductivities showed significant anisotropy.
Tian et al. [215] investigated the CMAS corrosion
resistance of v-Y»S1,07, B-Yb.Si,0;, and B-LuySi,O;
at 1300 °C and 1500 °C for 50 h. It was found that
both B-Yb,Si,0; and B-Lu,Si,O; reacted violently with
CMAS at 1300 °C. In contrast, the y-Y,Si,0; had better
resistance to CMAS corrosion at 1300 °C, but it would
undergo phase transformation in high temperature and
long-time corrosive environments, which was not suitable
for the application of high stability EBCs. Combined
with the optimization of Re;SiOs performance by the
high-entropy design, the rational high-entropy design
is expected to provide a broader design space for the
composition screening and performance modulation
of Re;S1,0; materials for EBCs, and to promote their
application in the next-generation EBCs.

Hao et al. [216] designed high-performance high-
entropy Re,Si;O; materials by density functional theory
with combinatorial chemistry methodology. The CTE
was determined by phonon calculations at different
volumes within the quasi-harmonic approximation, and
the doped solid solution was found to exhibit lower
thermal conductivity and a superior CTE by considering
the three phonon processes by the Dybel-Gallaway
model. Based on this theory, they designed two types
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of high-entropy ceramics, (Erj4Eui4Y34Ybs4)S1,0; and
(ErinLuinY 12Y112)S1:07. The two ceramics exhibited a
very low thermal conductivity (<0.23 W-m™-K™") at 1500
K and a coefficient of thermal expansion (5.1-5.2x10°
K" compatible with SiC. Guo et al. [217] prepared
high—entropy (LuO_szQ_zEro_szo_zSCo_z)zSi207 (5RCzSi207)
ceramics by solid-state sintering and characterized their
thermal properties. There was no obvious absorption/
exothermic peak in the DSC curve from room
temperature to 1400 °C, which proved that this ceramic
had good phase stability. The CTE is shown in Fig.
24. The 5Re,Si,0; performed a lower CTE about 2.08-
4.03x10° K', which was close to that of SiC.

Sun et al. [218] investigated the high-temperature
Stability of y—type (de)Tbl/()Dyl/(,Tmm,Yb1/(,LU1/6)2Si207
(6Re>S1,07) by thermogravimetry/differential thermal
analysis (TG-DTA). The results are shown in Fig. 25(a),
the 6Re;Si,0, exhibited excellent thermal and crystal
structure stability from room temperature to 1600 °C.
The samples were heat-treated at 1800 °C and 1900
°C for 2 h, and then the cooled samples were analyzed
by XRD, as shown in Fig. 25(b). The XRD peaks of
the heat-treated samples all corresponded to the y-type,
and no diffraction peaks of other phases or polymorphs
were detected, which indicated that 6Re,Si,O, still
had excellent crystal structure stability at 1800 °C and

(b)
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Fig. 24. (a) TG/DTA plots of 5Re»Si,07 from room temperature to 1400 °C, (b) CTE curve of 5Re»Si,07 from 300°C to 1500°C [217].
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1900°C.

Currently, most of the researches on rare-earth silicate
EBCs only improve the protective properties from
a single perspective. Therefore, there is a lack of a
material with excellent comprehensive performance
that can fulfill multiple demands for thermodynamic
and thermochemical properties in the complex
operating environment of engines. The development
of multifunctional coupled rare-earth silicates will be
an essential aspect of the EBCs. In addition, the real
service environment of the engine is very complex, and
the current evaluation methods on rare-earth silicates
are relatively single, lacking a complete environmental
performance evaluation system. Therefore, the establish-
ment of an aero-engine environment simulation platform
and the development of scientific simulation test
methods is an important research direction of EBCs. In
terms of material development, systematic research on
multi-rare-earth element/high-entropy rare-earth silicate
materials is carried out to clarify the intrinsic connection
and synergistic mechanism between the compositional
structure, thermodynamic properties, and typical service
performance of rare-earth silicate materials. Ultimately,
the principle of performance regulation of high-entropy
rare-earth silicates is proposed, and the comprehensive
performance regulation of multifunctional rare-earth
silicate materials is established.

Summary and Outlook

To fulfill the constant requirement for higher operating
temperatures in aero-engines, thermal barrier coatings
need to exhibit lower thermal conductivity and longer
service life. This study examined the properties of
a variety of thermal barrier coating materials, with
researchers improving the thermodynamic properties
by doping modification of YSZ. However, the high-
temperature phase transformation of YSZ was the biggest
shortcoming limiting its application. To overcome
the high-temperature phase transition of ceramic
materials, ZrO,-based ceramic materials, A,B,O--type
ceramic materials, rare-earth phosphates, rare-earth
hafnates, yttrium aluminum garnet, perovskite oxides,
magnetoplumbite compounds, high-entropy ceramics,
rare-carth tantalates, rare-earth niobates, and rare-earth
silicates are considered as promising ceramic materials
for thermal barrier coatings. However, the thermodynamic
performance of these materials as well as the thermal
insulation performance has a discrepancy with the YSZ,
so the performance of the ceramic materials needs to
be optimized by using compositional modification. At
present, the research on new ceramic materials for thermal
barrier coatings mainly focuses on the thermodynamic
properties, corrosion resistance, and thermal insulation
properties of ceramic materials doped with rare-earth
elements. Therefore, more relevant studies are needed to
reveal the impact mechanisms of doping element types,

doping element contents, coating preparation methods,
and other factors on coating properties. The future
development directions of advanced ceramic materials
for thermal barrier coatings include:

With the continuous development of computer techno-
logy, the first principle technology has revolutionized
the development of new materials, promoted the
development of ceramic materials, and reduced the
research and development cycle and cost. Through first-
principle calculations, the thermodynamic properties,
thermal insulation properties, and corrosion resistance of
the new thermal barrier coating ceramic materials can
be accurately predicted, providing a sufficient theoretical
basis for the development of new materials and the
regulation of their properties. In addition, the first principle
can be used to explore the optimization mechanism of
different elements for thermal barrier coatings from an
atomic point of view. Therefore, combining material
genetic engineering with the development of ceramic
materials for thermal barrier coatings, screening stable
crystal structures, and calculating the elastic modulus,
thermal conductivity, coefficient of thermal expansion,
and corrosion resistance of the materials is an important
development direction in the future.

In the process of developing ceramic materials for
thermal barrier coatings, microstructural adjustment of
ceramic powders and ceramic coatings using controll-
able raw material powders to reduce the stress-strain
mismatch within the coatings is the main way to regulate
the structure and properties of thermal barrier coatings.
Electro-spraying associated with phase inversion
technology, as an emerging ceramic powder preparation
method, has been successfully applied to promising
new ceramic materials such as rare-earth zirconates,
rare-earth tantalates, and rare-earth doped YSZ high-
entropy materials, and the thermal barrier coatings
prepared using hierarchical pore-structured powders
have demonstrated superior thermal cycle life as well
as lower thermal conductivities in high-temperature
environments. Therefore, combining new ceramic
materials with advanced powder preparation methods
is conducive to further improving the thermodynamic
properties of thermal barrier coatings and solving the
problem of microstructural differences between different
ceramic materials in the coating preparation process.

The operating environments of thermal barrier coatings
include high temperatures, molten salt corrosion, and
airflow erosion. Currently, most of the research on the
properties of ceramic materials is carried out in a single
test environment, and multi-environment coupling puts
higher demands on the properties of ceramic materials.
Therefore, it is necessary to establish the performance
evaluation standards of different ceramic materials in
the coupling environment, build a coupling environment
test platform, study the failure mechanism of ceramic
materials, and establish a performance prediction
model, to provide sufficient theoretical support for
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the optimization of the performance of new ceramic
materials.
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