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ABSTRACT: The development of aeroengine with a high thrust-weight

ratio poses great challenges for current top-coating thermal barrier n
coatings (TBCs) and environmental barrier coatings (EBCs) in service.

Medium/high-entropy ceramics are highly promising candidate material
for advanced TBCs/EBCs owing to their low thermal conductivity, high r
melting point, high-temperature stability, and calcium-magnesium- % Qe}“‘ %
alumino-silicate (CMAS) resistance. Most feedstock powder used for ) N

medium/high-entropy TBCs/EBCs is prepared via traditional spray drying, ~
which cannot fully exploit the advantages of multicomponent ceramics. %
The density, sphericity, inner structure, and flowability of feedstock mﬁs"“mr‘?‘
powder affect their melting state during the thermal spraying process, N
which strongly affects the microstructure and properties of the deposited 3 %’B{T’e}sgﬁ"e‘ﬁ %
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coatings. Therefore, the deposited coatings exhibit phase segregation,
amorphous phases, and microstructure defects owing to unpredictable |
variations in feedstock powder with random morphologies and structures.

Here, the structure and properties of feedstock powder prepared by state-

of-the-art granulation technologies and their influences on the deposited

coatings were systematically investigated, which can provide guidance for
configuration optimization of feedstock powder and the manufacturing accuracy of the deposited coating. This review aims to
bridge the gap between cutting-edge ceramics and advanced engineering technologies, thus providing concrete background
knowledge and crucial guidelines for designing and developing TBCs/EBCs.

KEYWORDS: thermal/environmental barrier coatings (TBCs/EBCs); spraying ceramic powder; multiscale structure control; high-
entropy ceramics; thermal-mechanical performance

1 Introduction material and technologies include thermal barrier coatings (TBCs)
and environmental barrier coatings (EBCs), which are critical for

By 2024, the global thermal spraying market is approximately advanced aeroengines and gas turbines (Fig. 1(b).

14.21 billion and is expected to grow at a compound annual ) ; ) )
growth rate of 7.3% from 2024 to 2029 [1]. Figure 1(a) of The increasing demand for fourth-generation high-
publications on thermal spraying in the last 20 years obtained performance aeroengines has promoted the development of novel
from Web of Science also illustrates the rapid development of material and manufacturing technologies based on lightweight
thermal spraying. The main applications of thermal spraying SiC/SiC ceramic matrix composites (CMCs) [2-4]. Although
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CMCs possess high-temperature stability, a low coefficient of
thermal expansion (CTE), and excellent mechanical properties,
they are more vulnerable to harsh service environments, including
water vapor corrosion and the corrosion of various molten salt
impurities [5-7], resulting in the rapid consumption of CMCs. To
solve this problem, it is necessary to prepare EBCs on the surface
of CMCs in addition to applying TBCs [8-10]. National
Aeronautics and Space Administration (NASA) reported that the
service temperature of ceramic top coats gradually increases from
1315 to more than 1480 °C [11]. The multilayer structural
TBC/EBC proposed by NASA is an effective measure to increase
the service temperature and is composed of a ceramic top coat
TBC with good thermal insulation and an inner coat EBC
resistant to high-temperature water vapor corrosion (Fig. 2)

(a)
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[12-15]. However, the CTE mismatch and chemical compatibility
between TBCs and EBCs or between EBCs and CMCs usually
lead to premature cracking failure of the coating. Although
introducing an intermediate layer can alleviate the problem of
CET mismatch to a certain extent, there are still some inevitable
problems, such as poor binding strength, a temperature gradient,
and adverse reactions at high temperatures [10]. Therefore, the
future trend is the development of one-material dense TBCs/EBCs
with low thermal conductivity, good CTE matching with CMCs,
excellent high-temperature stability, and resistance to water vapor
and CMAS corrosion [16-22]. However, it is difficult to optimize
multiple properties at the same time through existing preparation
methods to meet the diversity of T/EBC performance
requirements. The main goals of new TBCs/EBCs are to search for
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Fig.1 (a) Global trend of published papers on thermal spraying in the past 20 years (cited from Web of Science). (b) Feedstock powder with different structures and

their effects on the performance of the top coat of TBCs/EBCs.
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Fig.2 Concept of new TBC/EBC composite coating system. Reproduced with permission from Ref. [12], © The American Ceramic Society 2014.
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suitable material systems and design coating structures to improve
the thermal insulation performance and corrosion resistance of
coatings simultaneously [13].

The top coat of TBCs is mainly 7%-8% Y,O, partially stabilized
ZrO, (7-8YSZ), which has become the most widely used material
of the top coat and has been the most mature material in the last
five decades [23-26]. The tetragonal-monoclinic phase
transformation above 1200 °C and CMAS corrosion limit YSZ
application in advanced aeroengines where the maximum
temperature exceeds 1600 °C [27,28]. At present, some researchers
have attempted to improve the water vapor and CMAS corrosion
resistance of zirconia-based TBCs to achieve some degrees of
feature characteristics of EBCs [29,30]. Ball et al. [31] explored the
effects of Er, Yb, Sm, and Gd rare earth elements as dopants for
YSZ coatings and improved the CMAS resistance. The state-of-
the-art of EBC ceramics and TBC ceramics has achieved low
thermal conductivity and chemical reaction inertia without
serious loss of other properties by applying high-entropy
methodology, but their thermal cycling performance is not
adequate because of a lack of wunderstanding of the
nonequilibrium thermal spraying process. In-depth analysis of the
evolution of the microstructure, phase composition, and
thermal-mechanical properties of feedstock powder for the
coating preparation of TBCs and EBCs is essential for realizing
integrated TBCs/EBCs in the future (Fig. 3).

Compared with single rare-earth component systems,
multicomponent high-entropy systems can introduce more lattice
distortions, high-entropy effects, hysteretic diffusion, and cocktail
effects [32], resulting in higher hardness, lower thermal
conductivity, and better corrosion resistance, which can result in a
high-entropy ceramic layer with superior comprehensive
performance at one time [33,34]. More noncorporate-funded
research organizations are involved in TBC/EBC material
research, but gradually, the physical properties of material and the
feasibility of practical engineering applications have begun to
develop independently, or even contrary. Through the recent 10
years of research on high-entropy ceramics, as shown in Fig. 4,
laboratory researchers have focused on the physical and chemical
properties of the material itself, but little research has been
conducted on coating manipulation technology. The impacts of
feedstock powder and thermal-spraying technology on the
performance and thermal cycle lifetime of TBCs and EBCs are
grossly underestimated because of the gap between demo
theoretical studies and scale-up practical applications.

Few studies have shown that the elements, crystal phases, and
melting states of high-entropy ceramic powder are significantly
different from the design state because they undergo the
nonequilibrium process of high-temperature spraying [32]. The
physical and chemical properties out of the theoretical
optimization ranges of the as-received coatings are unable to
conform to the projected service lifetime and performance.

TBCs Low ther.n?al
conductivity

CMC TBCs/EBCs
EBCs Resistant to

corrosion

Additionally, the amorphous phase is inevitable due to the rapid
solidification of molten silicate during plasma spraying of rare-
earth silicate coatings, which probably increases the risk of creep
fatigue damage [35]. Yu et al. [36] reported that the LaYbZr,0O,
coating and feedstock powder have different phase compositions.
The feedstock powder consisted of both fluorite and pyrochlore
phases. The coating prepared by atmospheric plasma spraying
(APS) shows a new fluorite phase that is a thermodynamically
nonequilibrium phase. Many studies have reported that the size of
feedstock powder affects the phase compositions of thermally
deposited rare earth disilicate EBCs [37,38]. Although adjusting
the thermal spraying parameters (e.g., plasma arc current, gas flow
rate, and hydrogen content) can be used to control the splat-like
structure and properties of TBCs/EBCs, it is difficult to obtain a
clear correlation between the spraying parameters and
microstructure of the coatings because of the unstable inner
structure and rough morphologies of the feedstock powder
[39,40]. The melting status of feedstock powder during heating
depends on their density, sphericity, inner structure, and size,
which strongly affect the thermal-mechanical properties of the
deposited coatings. To achieve precise control of the particle
trajectories and temperature history, it is important to have a
systematic understanding of the basic phenomena governing
momentum, heat, and mass exchange between the plasma and the
particles, as well as transient heat propagation into the particles
[41-43]. Therefore, optimization of the feedstock powder could
conveniently increase the overall uniformity and flowability of
particles made of binary ceramics or multicomponent
medium/high-entropy ceramics, which would greatly increase the
manufacturing accuracy of thermally deposited coatings on both
the composition and structural sides, eliminating component
segregation and abnormal pore defects [44—46].

Recently, researchers at NASA [47], Max Planck Institute [48],
Wuhan University of Technology [49], Shanghai Jiao Tong
University [50], Xi'an Jiaotong University [51], Harbin Institute of
Technology [52,53], and Beijing Institute of Technology [54,55]
have investigated the effects of the nanoscale and hierarchical
microstructures of feedstock powder made of YSZ, La,Zr,0,,
LaMgAl,, 0,5, Yb,51,05, and X2-Lu,SiOs (Smy,Gdo,,Dy,Er,YDy),
Zr,0, on the thermal conductivity and strain tolerance of
deposited coatings. Guo’s group [50,56,57] prepared electrostatic
spraying associated with phase inversion technique (ESP)-YSZ
microspheres with hierarchical inner structures that increased the
1100 °C thermal cycle lifetime of ESP-YSZ coatings by more than
3 times compared with that of coatings thermally deposited with
commercial hollow spherical powder (HOSP).

Because feedstock powder is among the factors affecting the
structure and properties of ceramic coatings, manipulation of both
the configuration and structure of spraying powder on
multicomponent medium/high-entropy ceramics in the context of
advanced thermal spraying technologies is a promising path for
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Fig.3 Research and development path of TBCs/EBCs.
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Fig.4 Papers published on TBCs, EBCs, and TBCs/EBCs made of high-entropy
ceramics in the past 10 years.

achieving high-performance TBCs/EBCs (Fig. 1(b)). Here, we
reviewed the progress of medium/high-entropy ceramics,
manufacturing technologies for feedstock powder, and relevant
thermal-mechanical properties of ceramic coatings. In particular,
the relationships among the morphology and microstructure of
feedstock powder and the thermal conductivity, strain tolerance

and phase composition of the as-received ceramic coatings were
discussed thoroughly. This review aims to establish a link between
material science and feedstock powder manipulation technologies
on the basis of the current development of TBCs and EBCs,
identifying blind spots on both sides and accelerating applications
of long-lifetime TBCs/EBCs.

2 Granulation technology for ceramic powder

Altering the morphology and structure of ceramic powder can
directly affect the structure of coatings, which in turn influences
the properties of TBCs/EBCs [58]. The granulation technologies
of feedstock powder mainly include traditional preparation
techniques and techniques that can be used to prepare powder
with refined structures. The following is a systematic introduction
to these methods and their application progress.

2.1 Traditional granulation technology of feedstock
powder

The traditional preparation techniques for feedstock powder
include the sol-gel method [59], high-temperature melting
method [60], templating method [61,62], spray drying method
[63], etc. Figure 5 shows the various shapes of spraying feedstock
powder produced via different traditional preparation techniques
[64]. Although the feedstock powder melt into spheres during

Agglomerated,
Agglomerated sintered and _
Agglomerated and HOSP densified Sintered
Agglomerated and sintered (spheroidized)  (spheroidized) and crushed

Mechanically clad Chemically clad
(porously coated) (densely coated)

Water atomized  Gas atomized

Fused
and crushed

Fig.5 Traditional feedstock powder morphologies. Reproduced w1th permission from Ref. [64], © American Institute of Chemical Engineers 2019.

7+ 2w | Sci@pen

Tsinghua University Press

J Adv Ceram 2025, 14(2): 9221033



Engineering design of feedstock powder and relevant thermal-mechanical performance of thermal/environmental barrier coatings

9221033-5

deposition, the initial morphology and pore structure of the
feedstock powder are important parameters in the spraying
process. Even if the feedstock powder exhibits the same particle
size distribution and chemical composition, the difference in
initial structure and morphology also leads to significant
differences in coating structure and properties.

The production efficiency of most techniques is relatively low,
and these techniques are only suitable for the laboratory. Only
high-temperature melting and spray-drying methods can be
applied to large-scale production. The high-temperature melting
method transports powder into a flame and melts them to form
dispersed microdroplets, which solidify into microspheres through
the cooling zone [23]. The high-temperature melting method can
adapt the melting temperature, holding time, and ratio of
feedstock powder according to the actual needs to control the size,
shape, and structure of microspheres, which is usually suitable for
the preparation of high-temperature stable microspheres, such as
alumina microspheres. As the ceramic powder is completely
molten into the liquid during the melting process and exhibits
excellent flowability, the sphericity of the microspheres after
cooling and solidification is high, and the surface of the
microspheres is smooth. However, owing to the difficulty in
controlling the cooling process, the wall thickness of hollow
ceramic microspheres is not uniform. In addition, the
microspheres may undergo a phase transition during the high-
temperature melting process, which impacts the coating
properties. The preparation of ceramic microspheres via the spray
drying method is a process in which the atomized droplets are
rapidly solidified into microspheres via a drying medium [65,66].
During spray drying, the morphology and structure of the
microspheres can be controlled by adjusting the parameters of the
sprayer (nozzle diameter, pressure, spray angle, etc.), temperature,
humidity of the dryer, and other parameters. In addition, adding
surfactants and adjusting the concentration of the solution also
affect the morphology and size of the powder [46].

Spray drying is the most commonly used granulating
technology for preparing TBCs/EBCs. The sizes of ceramic
powder prepared by spray drying are typically from 1 to 100 um,
with relatively high dispersion, and usually present hollow or
porous structures, which mainly depend on the evaporation rate
of the solvent during the drying process as well as the material
characteristics. The solvent typically evaporates from the surface of
powder during the drying process, forming a hollow structure.
However, the porous structure tends to form inside powder when
the evaporation rate of the solvent is slow. Moreover, the process
stability of spray drying is poor because of the limited preparation
parameters, and it is impossible to accurately control the internal
structure of powder [23,66]. Zhu et al. [67] prepared Gd,Zr,O,
feedstock powder via spray drying, which exhibits greater
sphericity and hollow structures than commercial powders do.
However, because the slurry is affected by hot air in the dryer, the
surface of the spray-dried powder inevitably has a rough
morphology, which affects the sphericity and flowability of the
powder. Feedstock powder with low sphericity and poor
flowability often lead to problems such as component segregation
in coatings. Additionally, the amorphous phase is inevitable
because of the rapid solidification of molten silicate and
volatilization of Si during plasma spraying of rare-earth silicate
coatings after spray drying. The loss of Si can be reduced by
adjusting the spraying parameters to control the stoichiometric
ratio and phase content. In addition, the microcracks and porosity
of the coating can also be effectively controlled [39,40].

The heat and momentum transfer between powder and plasma

https://doi.org/10.26599/JAC.2025.9221033

jets are affected by the sphericity, density, structure, and size
distribution of spraying powder, leading to differences in the
melting state and velocity when powder stacks to form a splat-
based coating [41-43]. Therefore, adjusting the structure of
feedstock powder for a more uniform composition distribution
and better flowability can help the powder be more evenly
distributed, reducing the degree of component segregation caused
by the difference in the diffusion rates of different components
during deposition [44]. Moreover, the cooling rate and other
parameters during melting and solidification can be controlled by
adjusting the structure and morphology of feedstock powder,
which is conducive to forming a more stable crystal structure and
reducing the appearance of metastable crystals. Li et al. [52]
conducted plasma treatment on Yb,Si,0, powder after spray
drying. The Yb,5i,0, powder has good density and sphericity and
has a smooth surface, as shown in Fig. 6. The flowability can reach
1364 g-min”', which is much higher than that of the powder
before plasma treatment (56.65 g-min™). Additionally, the particle
size of the Yb,Si,O, powder after plasma treatment is distributed
between 10-53 pm, which is suitable for APS. Guo et al. [55]
improved the spray drying method and adopted the nanopowder
reconstitution method, which consists of three steps—wet ball-
milling, spray granulation, and high-temperature sintering—to
successfully prepare nanostructured X2-Lu,SiO; feedstock powder
with a single phase. The feedstock powder exhibits good
flowability, and the internal structure is relatively dense, which can
effectively improve the density and wear resistance of the coatings.

2.2 Microfluidic techniques

Microfluidic techniques can control microdroplets via microflow
channels and microflow control devices (Fig. 7) [68]. These
techniques are often appropriate for preparing micron-sized
microspheres with specific functions and complex structures
because of their precise controllability at the microscale. Liang et
al. [69] prepared ZrO, microspheres from ZrOCl, <> H,0 by
exploiting microfluidics. The microspheres exhibit high sphericity
and can be precisely controlled in the size range of 20-200 pm.

Fig.6 (a, b) Morphologies of powder after spray drying. (c, d) Morphologies of
powder after plasma treatment. Reproduced with permission from Ref. [52],
© Elsevier Ltd and Techna Group S.r.l. 2023.
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Chu et al. [70] utilized three-stage capillary glass microfluidics to
prepare microspheres with hierarchical structures, further
validating the great potential of microfluidics in the control and
preparation of complex ceramic microsphere structures. However,
the application range of this technology is currently limited, and it
still faces difficulties, including complex processes and long
periods, making it challenging to precisely control the ceramic
powder structure at the microscale.

(a) outer fluid

Inner fluid

To address the shortcomings of current microfluidic
techniques, Guo et al. [50] invented a method for the preparation
of thermally sprayed microspheres via electrostatic spraying
associated with the phase inversion technique (ESP), which
combines both electrostatic spraying and phase inversion to
overcome the limitations of structural control in traditional
methods, as shown in Fig. 8 [71]. In the electrostatic spraying
process, a voltage is applied between the nozzle and the

Collection tube

Fig.7 (a) Schematic diagram of a microfluidic device, (b, c) morphologies of microdroplets at different stages, (d) microdroplets with different internal structures.
Reproduced with permission from Ref. [70], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2007.
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coagulation bath. The droplets are dispersed into tiny droplets
under the action of an electric field. The insoluble organic matter
in the coagulation bath is deposited with ceramic powder in the
solid phase and forms different pore structures through phase
inversion. Finally, the organic matter is removed by sintering at
high temperatures to obtain ceramic microspheres. The structure
of microspheres prepared via ESP can be divided into three parts:
epidermis, finger-like pore structure, and sponge-like structure,
as shown in Fig. 5(d). Moreover, micrometres and nanometers
are simultaneously two different pore structure sizes in
microspheres [56].

In addition, the ESP technique can control the size, structure,
morphology, and properties of microspheres by adjusting the
electrospray parameters and sintering temperatures [50].
Guo et al. [50] investigated the effect of voltage on the particle
diameter of ESP microspheres, and the results showed that the
particle diameter decreases with increasing voltage and that the
particle diameter could be constantly changed in the range from
100 to 1000 um by adapting the voltage. When the voltage is low,
the electrostatic pressure of the liquid makes it difficult to
overcome the surface tension, causing the slurry to form
millimeter droplets under gravity. When the voltage exceeds the
critical value, the electrostatic force can overcome the surface
tension, making the droplets unstable and finally decomposing
into microdroplets. Zhang et al. [72] used ESP microspheres to
prepare ZrB,(Z)-20 vol% SiC(S) spiral fibers (ZSy) and
investigated the effects of phase inversion process parameters on
the internal microstructures of ESP microspheres. The results
showed that the nonequilibrium phase transition is prone to form
a finger-like pore structure, whereas the dense structure is

Pn]iymer —— PES/NMP/H,0 b Polymer
@) o w | PESDMFH0 (b) 0.00, ;o
—— PESDMACILO

conducive to forming during delayed phase transition, as shown
in Fig. 9. The macroscopic structure of ESP microspheres is
almost unaffected by the sintering temperature. However, as the
sintering temperature increased, the porosity of the ESP
microspheres tended to decrease, and the sponge-like structure
tended to be denser while the micropores gradually disappeared [56].

Xing et al. [56] compared the heat transfer and mechanical
properties of YSZ-ESP microspheres and YSZ-HOSP and
reported that the thermal conductivity of ESP microspheres is
30%-40% lower than that of HOSP powder, which is attributed to
the synergistic resistance effect of the hierarchical pore structure
on heat transfer. Microfinger-like pores inhibit heat transfer and
are thus difficult to sinter, as nanopores can increase phonon
scattering [57]. A support structure composed of finger-like pores
is beneficial for improving the mechanical properties of
microspheres with hierarchical porous structures. According to
the numerical simulation results of the ESP microsphere uniaxial
compression shown in Fig. 10, the finger-like pore wall stress
perpendicular to the pressure direction is the highest in the
compression process. The pore structures inside the microspheres
caused multiple deflections of crack growth, which could increase
the crushing energy of the microspheres. Therefore, the
compressive strength and crushing energy absorption capacity of
the ESP microspheres are both greater than those of the HOSP
powder at the same porosity.

Yu et al. [57,73] prepared lanthanum zirconate (La,Zr,0,,
LZO) microspheres via ESP and estimated the thermal
conductivity of LZO microspheres via a novel nest model derived
from the Maxwell-Eucken model and the EMT model. The
hierarchical pore structure can induce heat deflection and inhibit

Polymer
—— CA/NMP/H,0 (C) oo PES/NMP/ glycerin
Exterm/NMP/H,0 i PES/NMP/ alcohol
—— PES/NMP/H.O PES/NMP/methanol
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0.0 1.00,

0.0 0.2 0.4 0.6 0.8 L0 0.0 0.2 04 0.6

Nonsolvent

0.0

08 10
Nonsolvent

0.8 1.0 0.0 02
Nonsolvent Solvent

Porous structure Dense structure

Fig.9 Effect of phase inversion process parameters on internal microstructure of ZSg Reproduced with permission from Ref. [72], © The Author(s) 2022.
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Fig. 10 (a) Stress distribution of ESP microspheres, (b) schematic diagram of three-dimensional structure of ESP microspheres, (c) finger-like pore wall, and (d) fracture
morphology of ESP microspheres. Reproduced with permission from Ref. [56], © Elsevier Ltd and Techna Group S.r.1. 2021.
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heat transfer from the surface to the interior of the microspheres,
resulting in an approximately 20% lower thermal conductivity for
the LZO-ESP microspheres than for the LZO-HOSP
microspheres, which have similar porosities. Briefly, the heat flow
distribution curve inside the ESP microsphere is more tortuous,
which can effectively prolong the heat flow distribution path,
resulting in increased scattering and thermal resistance (Fig. 11).
The effect of granulation technology on the structure and
properties of feedstock powder is highly significant. Even with the
same granulation technology, different granulation parameters
may lead to differences in the internal structure, external

(@)

S883828533

22
3a

905
900

morphology, sphericity, and particle size distribution of feedstock
powder, affecting the properties of feedstock powder and leading
to different structures and properties of the deposited coatings.
Different sintering temperatures of the microsphere precursor
usually cause the (Smyg,Gdy,Dyg,Erg,Yby,),Zr,O7-ESP-micros-
pheres to have various internal structures [74]. After sintering at
1000 and 1200 °C, many intergranular pores exist in the sponge-
like structural region of the ESP microspheres. As the sintering
temperature increased to 1550 °C, the intergranular pores
gradually healed, and only some large pores remained in the
microspheres, as shown in Fig. 12. Moreover, with increasing

Fig. 11 Effect of (a) HOSP microsphere structure and (b) ESP microsphere structure on temperature and heat flow distributions. Reproduced with permission from

Ref. [57], © The Society of Powder Technology Japan 2022.
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Fig. 12 Cross-sectional images of ESP microspheres sintered for 2 h at (a) 1000 °C, (b) 1200 °C, and (c) 1550 °C, and (d) the pore size distribution inside ESP
microspheres. Reproduced with permission from Ref. [74], © Elsevier Ltd. 2024.
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sintering temperature, the thermal conductivity and compressive
strength of single microspheres increase. The microsphere
sintered at 1550 °C has the highest thermal conductivity
(0.64 W-m'K™"), which is one third of that of the dense
(Smy,Gd,, Dy, ,Er,,Yby,),Zr,0; ceramics (1.85 W-m™K™).

3 Structural, thermal, and mechanical
properties of thermally sprayed ceramic coatings

3.1 Effects of monotonical pore structure on coating
properties

The service lifetime and heat insulation of TBCs/EBCs are
influenced by the microstructure of feedstock powder in addition
to the process parameters during thermal spraying [75,76]. The
structure and properties of powder affect their molten state in the
plasma flame, which in turn affects the structure and properties of
TBCs/EBCs [75,77,78]. The traditional powder used for thermal
spraying can be divided into HOSPs, agglomerated and sintering
powder (A&S), and fused and crushed powder (F&C). F&C
powder is dense, and the coating prepared from F&C powder has
the highest density and high thermal conductivity among them.
Moreover, owing to the faster sintering rate of the dense coating,
the F&C coating manifests a high elastic modulus.

In contrast, the loose structure of coatings prepared from
porous powder, such as HOSP and A&S powder, can effectively
reduce the densification of the coatings, resulting in a low elastic
modulus (Fig. 13) [71]. A&S powder is composed of multiple
micron particles, and the surface is relatively rough. Compared
with those of A&S powder, the surfaces of HOSP powder are
smoother, but there are still noticeable defects and pores, and the
whole sample appears as a hollow sphere with a thin and dense
shell. The deposition efficiency of the A&S powder is greater than
that of the F&C powder at the same density, and the thermal
conductivity of the A&S coating is lower than that of the F&C
coating because of the high interlayer porosity of the A&S coating.
HOSP powder is more prone to form thin lamellas than A&S
powder is, resulting in higher porosity and interlayer porosity.
Consequently, the thermal conductivity of the HOSP coating is
lower than that of the A&S coating [76—78].

Allen et al. [76] compared the structures of F&C coatings and
HOSP coatings and reported that the two coatings had
significantly different cross-sectional structures. The F&C coating
retains part of the lamellar structure, whereas the HOSP coating
almost completely loses the lamellar structure. Dwivedi ef al. [79]
used F&C and HOSP powder to prepare YSZ coatings by APS
under the same spraying process and discovered that the density
of the F&C coating was greater than that of the HOSP coating,
leading to a greater elastic modulus and fracture toughness of the
F&C coating. Because of its higher density during the sintering

process at 1200 °C, the F&C coating is sintered more quickly than
the HOSP coating is. Tan et al. [80] also compared the properties
of F&C coatings and HOSP coatings and reported that the
porosity of F&C coatings is lower than that of HOSP coatings.
Because the HOSP coating has thinner lamellae and more pores,
which effectively enhances phonon scattering, the thermal
conductivity of the F&C coating is higher than that of the HOSP
coating by approximately 0.2 W-m™"-K™. Ercan et al. [81] prepared
coatings exploiting HOSP and A&S powder. The thermal
conductivities of these two coatings are similar. However, the glass
phase in the A&S powder accelerated the slip of the grain
boundaries, facilitating coating densification and resulting in
higher thermal conductivity in the A&S coating than in the HOSP
coating after being sintered at 1400 °C for 50 h. Additionally,
many spherical pores originating from the HOSP powder were
retained in the HOSP coating and did not disappear after
sintering. Kulkarni et al. [75] prepared three kinds of TBCs
employing F&C powder, A&S powder, and HOSP powder. A
comparison of the heat insulation and mechanical properties of
these three kinds of coatings revealed that the F&C and HOSP
coatings presented obvious lamellar structures, indicating a
significant difference between the elastic moduli of these two
coatings in the surface and cross-sectional directions, with a
higher elastic modulus in the surface direction. However, A&S
coatings have similar elastic moduli in the surface and cross-
sectional directions because A&S coatings lack an obvious lamellar
structure. Ilavsky et al. [82] employed the neutron diffraction
method to show that powder with the same composition but
different morphologies has different phase compositions after
plasma spraying.

The coatings prepared by plasma spray-physical vapor
deposition (PS-PVD) exhibit a similar service lifetime as EB-PVD
and a similar thermal conductivity as APS (Fig. 14) because of the
structure of the PS-PVD coatings. Compared with EB-PVD
coatings, such coatings are composed of feather-like structures
and display more complex secondary, tertiary, or even multilevel
branch structures on the main body columnar structure,
generating abundant complex dendrite pores and hindering heat
transfer [83]. Moreover, the complex feather-like structure can
provide more paths and spaces, making it difficult for CMAS to
form a continuous infiltration path. CMAS corrosion and water
vapor corrosion lead to a reduction in both the durability and
reliability of TBCs/EBCs [84-89]. However, CMAS corrosion is
generally the main cause of TBC/EBC failure when the engine
operating temperature exceeds 1200 °C [90-92]. Wang et al. [93]
prepared two YSZ coatings by using APS and PS-PVD and
carried out static corrosion experiments at high temperatures. The
results revealed that the laminar coatings prepared by APS
experienced overall spalling in a short time, whereas the feather-
like coatings prepared by PS-PVD experienced no significant

e

Fig. 13 Morphologies of commercial YSZ powder: (a) A&S and (b) HOSP. Reproduced with permission from Ref. [71], © The American Ceramic Society 2018.
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¢ PS-PVD
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Thermal insulation
Fig. 14 Comparison of microstructures, thermal insulations, and service
lifetimes of TBCs prepared with APS, EB-PVD, and PS-PVD. Reproduced with
permission from Ref. [22], © Elsevier 2019; Ref. [71], © The American Ceramic
Society 2018; Ref. [94], © Elsevier Ltd. 2024; Ref. [95], © The Author(s) 2022.

spalling even after 20 h of CMAS corrosion, indicating that the
resistance of the PS-PVD coatings to CMAS corrosion is greater
than that of the APS coatings.

The phase state of the deposition unit can be modified by
varying the particle size of the powder, feed rate, spraying
distance, atmosphere composition, and other parameters to
achieve gas-liquid, solid-liquid, or multiphase mixed deposition
in the process of preparing coatings via PS-PVD to adjust the
microstructure of the coatings and improve their properties
[96,97]. Jia et al. [98] prepared YSZ powder with different
structures via the spray-drying method and subsequently
fabricated ceramic layers via PS-PVD to investigate the impact of
powder features on the microstructure and deposition rate of the
coating. Consequently, the powder could only be -efficiently
gasified in a plasma jet at a suitable particle size. In addition,
“secondary agglomerates” are more favorable than “primary
agglomerates” for forming coatings with columnar crystal
structures and high deposition rates. Yin et al. [99] utilized PS-
PVD to deposit YSZ powder with different original grain sizes and
agglomeration particle sizes into columnar TBCs and explored the
effect of powder on the structure and properties of TBCs (Fig. 10).
The results illustrated that the gasification efficiency increases with
increasing original grain size. Furthermore, as the particle size of
the agglomerated powder increases, the roughness and porosity of
the coatings tend to increase, increasing the deposition efficiency
and thermal shock resistance but decreasing the bonding strength.
The microstructure of a coating mainly depends on whether the
powder can be effectively gasified at a suitable spraying distance,
where the degree of powder gasification in a plasma jet is closely
related to the spraying process, characteristics of the plasma jet,
and the powder itself. Currently, the use of powder with
controllable structures is the primary method used to regulate and
control the microstructure and properties of coatings, providing
high efficiency and convenient operation [41]. Although coatings
prepared with PS-PVD have great advantages in terms of
resistance to CMAS corrosion and low thermal conductivity, this
technique has strict requirements for the structure and
morphology of powder. Therefore, designing a kind of feedstock
powder suitable for PS-PVD is urgent.

3.2 Effects of the bimodal pore structure on the coating
properties
Many studies have been devoted to the preparation of TBCs by
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using nanostructured feedstock powder in recent years. The
microstructure  and morphology of ceramic microspheres
prepared by ESP differ from those of traditional feedstock powder,
resulting in differences in the properties of powder. ESP provides
a new technique for preparing ceramic microspheres and realizing
the precise manipulation of the structure and morphology of
ceramic powder to confer hierarchical pore structures [100]. In
contrast to TBCs made with traditional powder, nanostructured
TBCs contain a dense region formed by the complete melting of
powder while retaining loose and porous nanostructures due to
incomplete molten powder [101]. Dense and nanostructured
regions are stacked on each other to form nanostructured TBCs,
also known as bimodal TBCs [101-103]. Nanomaterial are
characterized by quantum size effects, small size effects, interface
and surface effects, etc. Compared with traditional ceramics,
nanomaterial exhibit excellent plasticity and ductility due to their
abundant interfaces [104,105]. Nanostructured TBCs exhibit
obvious advantages in terms of high-temperature mechanical
properties and thermal insulation. Moreover, the nanoregions of
nanostructured TBCs can control crack extension, which can
improve the bonding properties between lamellae and increase the
thermal cycle lifetime [106,107], as confirmed by Liang and Ding
(Fig. 15) [108]. This is primarily due to the high porosity of
nanostructured TBCs, which can not only slow the densification
of coatings and increase the strain tolerance of the coating but also
reduce the thermal conductivity and improve heat insulation.
Moreover, the “bistate effect” and “pinning effect” of
nanostructured TBCs can hinder grain growth and result in
excellent phase stability at high temperatures [109].

Owing to the excellent thermal and mechanical properties of
nanostructured TBCs, retaining part of the pore structure can not
only reduce the thermal conductivity by increasing phonon
scattering but also improve the strain tolerance of coatings by
toughening micropores. Zou et al. [71] prepared three kinds of
TBCs by APS with the same spraying parameters as the ESP, A&S
and HOSP powder (Fig. 16). A comparison of the morphologies
and structures of these three kinds of TBCs revealed that the
ceramic layers prepared with the A&S and HOSP powder were
composed of completely molten powder, where the present
columnar crystals were lamellar. However, there are not only
completely molten regions in the ceramic layers prepared with
ESP powder but also semimolten regions or even regions that still
maintain the original morphology of the powder (Figs. 16(f) and
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Fig. 15 Thermal shock resistance of nanostructured TBCs and traditional
TBCs. Reproduced with permission from Ref. [108], © Elsevier B.V. 2004.
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16(i)). The proportion of incompletely molten regions can reach
20%. A comparison of the porosities of these three coatings
revealed that the ceramic layer prepared with the ESP powder has
the highest total porosity (Fig. 16(j)), mainly because of the large
number of loose porous regions. The ceramic layer prepared with
the A&S powder has the highest content of spherical pores,
whereas the ceramic layer prepared with the ESP powder has the
highest content of microcracks and tine pores. In addition, the
thermal cycle lifetime of the ceramic layer prepared with ESP
powder is 2-3 times longer than that of the other two ceramic
layers.

Xing et al. [110] used ESP and HOSP powder to prepare TBCs
by employing APS and compared the structures and properties of
the coatings. Compared with the HOSP coating, the ESP coating
not only has extremely low initial thermal conductivity
(0.70 W-m™K™), approximately 50% of the thermal conductivity
of the HOSP coating but also has superior phase stability and heat
insulation at high temperatures. The thermal conductivity of the
ESP coating only increased to 1.29 W-m™K™ after being sintered
at 1400 °C for 128 h, as shown in Figs. 17(a)-17(d). The ESP
coating is distributed in two regions with different structures. One
is a loose porous region with dark contrast, and the other is a

Unmelied part

4 HOSP

dense region of columnar crystals with bright contrast, belonging
to the nanostructured TBCs, as shown in Figs. 17(e) and 17(f).
Unlike the ESP coating, the HOSP coating presents a lamellar
structure, with interlayer cracks as well as spherical macropores
between lamellae, where no loose porous regions exist, as shown
in Figs. 17(g) and 17(h). The differences in pore distribution and
microstructure between the ESP coating and HOSP coating can
cause different densification behaviors, resulting in separation and
interlayer cracks between dense and unfused lamellas and the
inhibition of heat flow transfer (Figs. 17(i) and 17(j)).

The excellent fracture toughness and anti-sintering ability can
effectively delay the cracking and performance deterioration of the
ESP coating, thus resulting in a good thermal cycle lifetime and
thermal shock resistance. The content of partially molten powder
in a coating can significantly affect the thermal cycle lifetime of the
coating. As shown in Fig. 18(a), the thermal cycle lifetime of the
ESP coating is 2-3 times longer than that of the HOSP coating.
The crack growth tends to occur in the dense region, whereas the
unmolten region inhibits it. The residual stress of the ESP coating
is concentrated only in the indentation region. Moreover, the
number of cracks caused by indentation is significantly lower than
that caused by the HOSP coating under the same indentation

(UM Unmelted particles

Coating porosity (%)

A&S

I Total porositylll Globular pores
204 I Microcracks [ Fine pores

HOSP ESP

Powder feedstock

Fig. 16 (a) Schematic diagram of melting state; melting state of (b) ESP powders and (c) HOSP powders; microstructures of YSZ top ceramic layers deposited by
(d, g) A&S, (e, h) HOSP, and (£, i) ESP powders; (j) porosity of YSZ ceramic top coats deposited by different powders. Reproduced with permission from Ref. [71], © The

American Ceramic Society 2018.
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Ref. [110], © The American Ceramic Society 2020.
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Fig. 18 (a) Thermal cycle lifetimes of ESP coating and HOSP coating and crack growth morphologies of (b) ESP coating and (c) HOSP coating after thermal cycling.
Indentation stress fields of (d) HOSP block material and (e) ESP block material, and (f) Raman peak shifts in ESP and HOSP coatings and surrounding areas.

Reproduced with permission from Ref. [100], © Elsevier Ltd. 2021.

stress field, indicating that the ESP coating has greater strain combining chemical coprecipitation and spray drying and
tolerance and a longer thermal cycle lifetime [100]. prepared Lay(Zr,;5Ce5),0; nanostructured TBCs via APS. The
Zhou et al. [111] prepared Lay(Zr,5Cey5),0, (LCZ) powder by findings demonstrated that the coatings contain unmolten
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nanostructured regions and exhibit a typical bistate structure.
Subsequently, Yang et al. [112] successfully prepared
nanostructured LCZ ceramic coatings by applying LCZ
nanopowder with a particle size of approximately 40 um and
compared the structure and properties with those of ceramic
blocks made of LCZ nanopowder. The phase of the LCZ ceramic
blocks is consistent with that of the LCZ nanopowder with a
pyrochlore structure, whereas the LCZ coating presents a
nonequilibrium fluorite phase. The thermal conductivity of the
LCZ ceramics is 0.65 W-m™K", which is approximately 1/3 that
of YSZ, and the CTE is 10.7x10° K. Moreover, it shows good
sintering resistance at 1500 °C for a long time (> 40 h), making it
the ideal choice for TBCs. In addition, the size of the pores affects
the thermal conductivity of coatings [113,114], in which nano-
and submicron-sized pores have a greater influence on heat
insulation. Thus, increasing nanopores by adjusting the structure
of feedstock powder and process parameters can effectively
improve the thermal protection of TBCs [75]. Yu et al. [36]
explored the effects of the size of feedstock powder on the
microstructure and thermal conductivity of LaYbZr,O, TBCs. The
results showed that the coating deposited with small powder
(22 pm) is completely melted, whereas the coatings deposited with
medium powder (33 pm) and large powder (57 pm) both contain
abundant unmelted regions. Furthermore, the coating deposited
with small powder has the lowest porosity (7.9%) but the lowest
thermal conductivity (0.45 W-m™.K™).

Because the thermal-mechanical properties of nanostructured
TBCs are obviously better than those of conventional coatings are,
some researchers consider that the application of nanostructured
EBCs to CMCs is very promising and can effectively solve the
problem of the decline in the thermal cycle performance of EBCs
under long-term service at ultrahigh temperatures [115-117]. At
present, research on nanostructured EBCs is still in the initial
phase, and these studies are being carried out mainly by the

200 pm

2007 nm_4

Harbin Institute of Technology [118] and Beijing Institute of
Technology [119] in China. How to prepare nanostructured
feedstock powder is the key to realizing nanostructured EBCs.
Li et al. [52] used nanostructured feedstock powder with good
sphericity and smooth surfaces after plasma treatment to prepare
nanostructured  Yb,Si,0, EBCs. The successfully prepared
nanostructured Yb,Si,0, coating contains dense regions of
complete melting and loose regions due to incomplete molten
powder. However, a new phase of Yb,SiO5 appears in the coating
due to the inevitable Yb,Si,0, phase decomposition at high
temperatures. Guo et al. [119] successfully prepared
nanostructured Lu,Si,O, feedstock powder via spray drying and
prepared nanostructured Lu,Si,O, coatings via APS (Fig. 19). A
comparison of the microstructures and properties of the
nanostructured Lu,Si,0, coating and conventional Lu,Si,O;
coating indicated that both coatings have dense and loose regions,
but the pores and microcracks in the conventional Lu,Si,O;
coating are coarser. The nanostructured Lu,Si,0, coating
(7.6%+0.3%) has a lower porosity than the conventional Lu,Si,0;,
coating (11.3%+0.2%, 0.70-1.37 W-m™-K™) but a lower thermal
conductivity (0.53-1.27 W-m™K™).

In general, the meticulous and accurate adjustment of the
morphology, internal structure, size and distribution of feedstock
powder and many other key factors when preparing TBCs/EBCs
is highly important for optimizing the comprehensive properties
of coatings, such as the thermal conductivity, porosity, sintering
resistance, and corrosion resistance.

3.3 Application of granulation technology for high-
entropy ceramics in TBCs/EBCs

To improve the thermal and mechanical properties of TBCs/EBCs
to meet the increasingly harsh service environment, many
researchers have been devoted to applying high-entropy ceramics

200 pm

20 pm

Fig. 19 SEM images of (a, b) nanostructured Lu,Si,O, feedstock powder and (c, d) conventional Lu,Si,O, feedstock powder. Cross-sectional morphologies of
(e) nanostructured Lu,Si,0, coating and (b) conventional Lu,Si,0; coating. Reproduced with permission from Ref. [119], © Elsevier B.V. 2024.
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in the TBC/EBC field [120,121], conforming TBCs/EBCs to low
thermal conductivity, good thermal cycle stability, and excellent
resistance to sintering and corrosion [122-124]. Currently,
researchers have focused on two aspects to prepare high-entropy
TBCs/EBCs with excellent comprehensive performance. On the
one hand, it aims to find suitable chemical components to
improve its phase stability at high temperatures and optimize its
thermal and mechanical properties. Tu et al. [125] studied the
resistance to CMAS corrosion of a (Lay,Nd,,Sm,Eu,,Gd,,),
Zr,0, high-entropy ceramic at 1300 °C, and the results revealed
that the resistance to CMAS corrosion of this high-entropy
ceramic was significantly greater than that of the single rare-earth
component ceramic La,Zr,0,. Sun et al. [126] developed a new
high-entropy  disilicate  (Erg,5Tmy,; Ybg,sLt,5),51,0,,  which
showed better resistance to water vapor corrosion at 1400 °C and
superior resistance to CMAS corrosion at 1500 °C than did a
single rare-earth component disilicate. These studies provide a
theoretical basis for the future development of TBCs/EBCs, but
because the focus is on the physical and chemical characteristics of
the material itself, there is still a distance from practical
application.

On the other hand, some researchers have begun to explore the
structure and properties of high-entropy ceramics in coating
states, promoting the application of high-entropy ceramics in the
field of TBCs/EBCs. However, most high-entropy TBCs/EBCs
reported in the literature were prepared via the spray drying
method or agglomeration and sintering method, which were
developed on the basis of binary chemical components decades
ago [127,128]. In addition, only the flowability of feedstock
powder is guaranteed to meet the requirements of spraying
technology during the process of granulation, while the influence
of the internal structure and external morphology of feedstock
powder on the structure and properties of coatings has not
received enough attention. Moreover, granulation technology is
not optimized according to the characteristics of high-entropy
ceramics. However, because the components of high-entropy

ceramics are more complex, accurately determining the
characteristics of such complex components by simply applying
the spraying process parameters and granulation technology of
single rare-earth component coatings is often difficult. Therefore,
the advantages of high-entropy ceramics are that they cannot be
fully utilized, which makes it difficult to effectively improve the
comprehensive performance of the coating. In addition, feedstock
powder with random configurations and structures exhibits
unpredictable variations in both melting and solidification during
the thermal spraying process. Thus, undesirable phase segregation,
amorphous phase, and microstructure defects are often observed
in as-received multicomponent ceramic coatings prepared via
traditional ~granulation technology and thermal spraying
parameters, leading to large differences in design life and practical
performance [129].

The (Lay35Gdy 35 Y(355m 35 YDy 6) Z1,0, coating deposited by APS
after spray drying can support 135+5 thermal cycles during
thermal shock, which is 125% longer than that of the traditional
YSZ coating. Moreover, it has better fracture toughness and the
ability to inhibit the growth of thermally grown oxide (TGO),
which improves the thermal shock resistance [130]. The original
crystal structure tends to become unstable during high-
temperature and rapid cooling, which is conducive to the
formation and preservation of disordered fluorite structures
[131,132]. The (Lay35Gdy35Y0355mg35Ybge)Zr,O; coating is also
not exceptional. After spray drying, the powder exhibited fluorite
and pyrochlore phases, whereas the deposited coating contained a
single defective  fluorite ~ phase. Similarly,  the
Lay(Zr,Cey,Hf,,Sn,,Tiy,),0, powder presents a pyrochlore
structure after spray drying, but the coating prepared by APS
presents a defective fluorite structure [133]. Similar problems exist
with the top coat of EBCs. The weight loss rate of the new
(Lug,Yby,Er ,Tmy,S¢,),51,0, coating prepared by APS after
spray drying was only 0.2% after 100 h of water vapor corrosion at
a high temperature of 1500 °C, indicating excellent resistance to
water vapor corrosion [134]. Notably, three kinds of contrast can
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Fig. 20 (a) Morphology of (Luy,Yby,Erg,Tmy,S¢,,),51,0; powder, (b) SEM image of deposited coating, (c) cross-section image of (Luy,Ybg,Er),Tmy,S¢,),51,0;
coating, (d) EDS point scanning results of Points 1, 2, and 3 in (c), (e) XRD patterns of (Luy,Yby,Ery;Tmg,S¢,,),51,0; coating. Reproduced with permission from

Ref. [134], © Elsevier Ltd. 2023.
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be observed in the prepared coating, as shown in Fig. 20, which is
due to the phase decomposition that occurs during the spraying
process. In addition to the main phase (5RE,,),Si,0,, there are
also phases of (5RE,,),SiO; and (5RE,,)O; in the coating because
of the varying degrees of Si volatilization. The XRD diffraction
peak becomes wide, indicating the existence of an amorphous
phase, which is caused by the rapid cooling of the powder after
melting during the spraying process. In addition, some vertical
cracks are formed in the coating due to stress relaxation, providing
infiltration paths for water vapor. Fan et al. [135] combined spray
drying and APS to prepare (LugysYby,sEry)sYo,s),5105 and
(Lug,Yby,Er,,Hoy,Y(,)2),5i05 coatings, which also have the
problem of phase decomposition.

Because most studies focus on the physical and chemical
characteristics of the material itself, ignoring the effects of the
structure and morphology of feedstock powder as well as the
spraying process on the structure and properties of coatings, the
current studies on granulation technology and spraying processes
suitable for high-entropy ceramics have not focused on the
development of high-entropy TBCs/EBCs. There are still relatively
few applications of the newly developed granulation technology
and spraying process for high-entropy TBCs/EBCs because of
their production efficiency and batch coast. Fortunately, some
researchers have recently begun to address this problem by
attempting to find suitable granulation technologies and spraying
processes for high-entropy ceramics to optimize the coating
structure, such as the burgeoning nanostructured coating, to fully
exploit the advantages and properties of high-entropy ceramics.
Yu et al [74] utilized ESP-(Smy,Gd,,Dyy,Erg,Yby,),Zr,0,
microspheres with different internal structures to prepare three
kinds of nanostructured coatings via APS (Fig. 21). The results
revealed that the thermal conductivity of the coating deposited
with ESP microspheres with large 10 pm pores (0.80 W-m™K™)
was almost twice that of the coating deposited with ESP
microspheres containing both large 10 um pores and small 100 nm
pores (0.41 W-m™"-K™) at 1200 °C. The coatings prepared with ESP
microspheres with ~ different internal structures are all
nanostructured, but the area of the dense region in the coatings
prepared with ESP microspheres containing only large pores
significantly increases. The optimization of the feedstock powder
structure is highly important for the development of high-entropy
TBCs/EBCs. The effects of feedstock powder on the thermal
conductivity, thermal cycle lifetime, etc., of the deposited coatings
cannot be ignored. The granulation and spraying technologies
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suitable for high-entropy ceramics applied in TBCs/EBCs still
need further investigation.

Wang et al [136] prepared integrated high-entropy
TBCs/EBCs  (Yby,sLugasEr»Y(25)-5L,0; and multilayer TBCs/
EBCs (LaMgAl,;;0,4/Lu,Si,0;) on the surface of SiC/SiC-CMCs
by using APS after spray drying. The findings suggested that
(Ybg 5Lt 25Ery 25 Y 25),51,0; has lower thermal conductivity and
CET, better water vapor corrosion resistance, and a longer service
lifetime. Two high-entropy rare-earth hafnate ceramics,
(Lag,Gdy,Hog Erg, Tmy,),HEO,, and  (Ybg,Lug,HogoErg,Tmy,),
Hf,0,,, with defect fluorite structures, were also confirmed to
exhibit  lower CETs and  thermal  conductivities.
(Ybg,Luy,Hog,Erg,Tmy,)Hf0,, can also rapidly react with
CMAS to precipitate apatite and prevent CMAS from permeating
at 1300 °C, indicating good application prospects in the TBC/EBC
field [137,138]. This coating can be called the prototype of the
current single material TBCs/EBCs, but there is still a certain gap
in properties and other aspects from the real sense of TBCs/EBCs.
The properties of several TBCs and EBCs prepared by different
granulation technologies are summarized in Table 1.

Using the emerging granulation technology (e.g., microfluidics,
electrostatic spraying) and spraying process (e.g., PS-PVD, SPS) in
single-principal TBCs or EBCs for reference, as well as adjusting
the internal structure and morphology of feedstock powder and
spray process parameters to optimize the coating structure and
achieve excellent comprehensive performance of high-entropy
TBCs/EBCs, is one of the effective ways to explore and develop
new high-entropy TBCs/EBCs in the future. Notably, the spraying
process and parameter adjustment are largely based on the
internal structure, external morphology, and particle size
distribution of the feedstock powder.

4 Conclusions and prospects

Over 1600 °C, the working temperature of advanced gas turbines
made of CMC material poses multiple challenges to the current
zirconia-based top coat used in commercial TBCs. Blooming
medium/high-entropy ceramics have shown great potential as
candidates for advanced TBCs/EBCs owing to their prominent
thermal and mechanical properties. The current research on
medium-/high-entropy ceramics focuses on the specimen stage at
the laboratory scale. Most feedstock powder used for
medium/high-entropy TBCs/EBCs is prepared via traditional
spray drying and wet chemistry technologies, which cannot fully

Fig.21 (a) Thermal conductivity and (b-e) cross-sectional microstructures of coatings prepared from ESP microspheres with different internal structures, where coating
(b) corresponds to structure (1) in (a), coating (c) corresponds to structure (2) in (a), and coatings (d, e) correspond to structure (3) in (a). Reproduced with permission

from Ref. [74], © Elsevier Ltd. 2024.
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Table1 Comparison of the thermal and mechanical properties of TBCs/EBCs
Material Granulation technology Porosity (%) Therr(nve& ;?Eglic)tivny Youn%g,l;a())nduct Frac(t;/f;atiﬁﬁzl;ness
YSZ [71,100,110] ESP 20.0 0.70 96 1.51-2.23
YSZ [71,75,77,79] HOSP 12.2 1.10 110 1.80
YSZ [71,75,77] A&S 15.1 1.22 100 —
YSZ [71,75,77,79] F&C 7.6 1.31 125 —
La,(Zry55Cey,35),0, [112] Spray drying 15.0 0.65 — —
LaYbZr,0, [36] ESP 7.9 0.45 — —
La,Zr,0, [57,73] ESP — 0.52 - —
La,Zr,0, [130] Spray drying 19.3+0.9 — — 0.86+0.06

(LaGdYSmYb,¢)Zr,0; [130] Spray drying 17.2+0.7 — — 1.12+0.07
(SmGdADyErYb),Zr,0, [74] ESP — 0.41 — —

Lu,SiO; [55,116] (nanosized) Spray drying — 0.78-1.20 149 —
Lu,Si,0; [119] (nanosized) Spray drying 7.6+0.3 0.53-1.27 — —
Yb,SiO; [139] (nanosized) Spray drying 8.9 0.71-1.22 — 1.21

Yb,SiOs [139] Spray drying 10.6 0.81-1.32 — 0.71
(YbLuErY),Si,0, [136] Spray drying — — — 1.71
(YbYLuHoEr),Si,0, [128] Spray drying — 0.67-0.98 — —

exploit the advantages of multicomponent ceramics. The melting
status of feedstock powder during heating depends on their
density, sphericity, inner structure, and size, which strongly affect
the microstructure and residual stress level of the deposited
coatings. Feedstock powder with random configurations and
structures exhibits unpredictable variations in both melting and
solidification during the thermal spraying process. Thus,
undesirable phase segregation, amorphous phase, and
microstructure defects are often observed in as-received
multicomponent ceramic coatings prepared via traditional
granulation technology and thermal spraying parameters, leading
to large differences in design life and practical performance. In
summary, the theoretical knowledge and thermal spraying
experience derived from granulation technologies in the context of
binary ceramics hardly guide the performance optimization of
medium/high-entropy ceramic coatings. Systematic investigations
of multicomponent medium/high-entropy ceramic particle
trajectories and temperature history in the context of basic
phenomena governing momentum, heat, and mass exchange
between the plasma and the particles can guide the optimization
of feedstock powder fabricated via microfluidic techniques, which
could greatly increase the manufacturing accuracy of thermally
deposited coatings on both the composition and structure sides.
The practical application and granulation technology suitable for
high-entropy ceramic coatings still need further exploration. This
review focuses only on the influence of feedstock powder on
ceramic top coats utilized for thermal and environmental
protection. Nevertheless, the bonding layer, material composition,
and spraying technique synergistically play important roles in
improving the comprehensive properties of TBCs/EBCs. It is
necessary to thoroughly apply the existing research results to
successfully prepare TBCs/EBCs that can be employed at
temperatures above 1600 °C and have excellent long-term
performance.
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