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Abstract

Thermal barrier coatings are used as a surface technology for hot-end components of turbine engines, and the
continuous development of aerospace technology puts higher requirements on ceramic materials for thermal
barrier coatings. High-entropy ceramics, as a novel material developed recently, have received wide attention
due to their particular structure and high-entropy effect. In recent years, researchers have shown interest in
various high-entropy ceramics due to their exceptional thermodynamic properties and outstanding thermal
insulation capabilities. These ceramics are being considered for potential application in thermal barrier coat-
ings. This paper reviews the component design theory, synthesis methods, sintering methods and functional
performance of high-entropy ceramics for thermal barrier coatings. The future development direction of high-
entropy ceramics for thermal barrier coatings is also prospected.
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I. Introduction

With the continuous development of aerospace tech-

nology, the engine’s inlet temperature is projected to

reach 2100 K as efforts are made to enhance the out-

put power of gas turbines and the thrust-weight ratio of

turbine engines [1]. For the engine’s internal nozzles,

blades, combustion chambers and other hot-end com-

ponents, the commonly used base material is a nickel-

based high-temperature alloy, with an operating temper-

ature of ∼1075 °C, which is far lower than the engine

front inlet temperature [2]. In the 1950s, NASA pro-

posed the concept of thermal barrier coatings to make

turbine engines suitable for higher-temperature operat-

ing environments. With the continuous development of

preparation methods and material selection, a significant

breakthrough was achieved in the early 1980s [3].

Figure 1. Schematic of a traditional TBC design [4]

Thermal barrier coatings (TBCs) are sophisticated

multilayer coatings that offer thermal insulation and

lower the surface temperature of hot-end components

in aerospace engines. Traditional TBCs typically con-

sist of four components (Fig. 1): i) a high-temperature

resistant nickel-based or cobalt-based alloy substrate,

ii) a metal bond coat (BC) with exceptional high-

temperature oxidation resistance, iii) a thermally grown

oxide (TGO) layer formed in a high-temperature envi-

ronment and iv) a ceramic top coat (TC) [4–6].

As the intermediary coat between the nickel-based

superalloy and the TC, the BC enhances the bond-

ing strength between the TC and the metal substrate.

Moreover, it effectively inhibits the diffusion of exter-

nal oxygen to the surface of the nickel-based superalloy,

thereby preventing oxidation of the metal substrate in

high-temperature environments [7]. The TC in the coat-

ing excels in providing heat insulation and corrosion

protection. It not only lowers the surface temperature of

the metal substrate through its unique microstructure but

also effectively hinders the penetration of melt salt from

the coating’s surface to its interior in high-temperature

environments, thereby offering exceptional protection

of the metal substrate [8].

The TGO is a dense layer of thermal barrier coat-

ings generated by the reaction of the BC with exter-

nal oxygen in a high-temperature environment. The thin

TGO effectively blocks external oxygen from infiltrat-

ing the bond layer, optimizing the coating’s perfor-

mance. However, if the thickness of TGO exceeds a

specific threshold, the internal stress of the coating will

be altered. This transformation shifts the internal com-

pressive stress zone to a tensile stress area, resulting in

cracks and delamination in the coating [9].

TBCs play a crucial role in enhancing the turbine

engine’s performance and service life [10]. The perfor-

mance of the ceramic layer in TBCs directly influences

their thermal shock resistance, mechanical properties

and overall durability. Among the various ceramic ma-

terials used, Y2O3 partially stabilized ZrO2 (YSZ) has

emerged as the most widely adopted choice due to its

advantageous properties [11]. YSZ exhibits low ther-

mal conductivity, a thermal expansion coefficient that

matches well with superalloys and exceptional fracture

toughness, enabling the coating to perform optimally

in demanding operating conditions [12]. However, the

increasing thrust-to-weight ratio of engines has led to

higher inlet temperatures, exceeding 1200 °C [13]. Un-

der such extreme conditions, the t’-ZrO2 phase present

in the coating undergoes decomposition into t-ZrO2

and c-ZrO2. The martensitic transformation of t-ZrO2

is triggered at this temperature [14]. Subsequently, the

phase transformation induces a volumetric expansion

of approximately 3–5%, accumulating significant stress

within the coating. This stress accumulation adversely

impacts the service life of the coatings [15].

To meet the stringent application demands of ther-

mal barrier coatings in high-temperature environments,

researchers have made significant progress in the de-

velopment of various ceramic materials, such as rare

earth zirconate, rare earth cerate, rare earth hexaalumi-

nate and yttrium aluminium garnet [16–18]. However,

these materials exhibit a low thermal expansion coef-

ficient and poor fracture toughness. When the ceramic

top coat of these materials is directly applied onto the

bond coat, the thermal expansion mismatch stress ac-

cumulated in the coating under high-temperature con-

ditions can result in cracks which reduces the coating’s

high-temperature service life [19]. To enhance the inad-

equate mechanical properties of the novel ceramic mate-

rials and further optimize their thermal insulation prop-

erties, researchers initiated the change of the material

composition.

At the beginning of the 21st century, Ye et al. [20]

first proposed the concept of high-entropy alloys. Com-

pared with traditional alloys, high-entropy alloys ex-

hibit high-entropy effects, slow diffusion effects, severe

lattice distortion effects and “cocktail” effects, which

have aroused researchers’ interest in applying them

to ceramic materials. In 2015, Rost et al. [21] pre-

pared (Mg0.2Co0.2Ni0.2Zn0.2Cu0.2)O high-entropy oxide

ceramics for the first time, which exhibited excellent

2



J. Liu et al. / Processing and Application of Ceramics 19 [1] (2025) 1–25

mechanical properties. With the continuous develop-

ment of ceramic material synthesis and related technolo-

gies, research on high-entropy ceramics in the field of

thermal barrier coatings has been gradually increasing.

II. High-entropy ceramic composition design

High-entropy ceramics (HEC) is a single-phase ce-

ramic system based on a multi-principal component

high-entropy alloy design. In other words, the molar ra-

tio of core elements in the system is designed accord-

ing to equivalency (or near equivalency) without dis-

tinguishing between primary and secondary elements,

similar to the design concept of decentralization [22].

As the number of principal elements in high-entropy

ceramics increases, the number of material combina-

tions increases exponentially, providing higher degrees

of freedom for material optimization design. Taking the

high-entropy ceramics of the A2B2O7 system as an ex-

ample, when there are five elements doped at both A and

B sites, there will be 22.4 billion types of high-entropy

ceramics [23]. Such a vast ceramics database will con-

tain many options that cannot be prepared, used, or per-

form poorly. Therefore, researchers need to screen el-

ements at different positions when designing ceramic

components to reduce the complexity of material se-

lection and improve design efficiency. To improve the

design efficiency of high-entropy ceramic materials, re-

searchers have proposed design criteria for high-entropy

ceramics, mainly including atomic size criteria, lattice

parameter criteria, and entropy criteria.

Entropy is a critical parameter in thermodynamics

that can describe the degree of disorder in the internal

lattice of high-entropy ceramics [24]. In the design of

high-entropy materials, the size difference between dif-

ferent components is considered one of the important

factors affecting material entropy [25]. By adjusting the

difference in atomic size, the entropy value of the mate-

rial can be effectively adjusted, thereby affecting the lat-

tice structure and properties of the material. Therefore,

the difference in atomic size between different compo-

nents has become one of the criteria for high-entropy

ceramics design [26]. The calculation formula for the

average atomic size difference in high-entropy ceramic

systems given by Nisar et al. [27] is as follows:

δ =

√

√

√

N
∑

i=1

Xi













1 −
ri

∑N
i=1 Xi · ri













(1)

where Xi and ri represent the molar content and atomic

radius of the component i, respectively, and δ repre-

sents the atomic size mismatch parameter. Based on the

Hume-Rothery rules and the atomic radius differences

between different components in high-entropy alloys,

researchers concluded that when δ ≤ 6.6%, a single

high-entropy ceramics can be obtained [28]. However,

in the actual synthesis process of high-entropy ceram-

ics, 6.6% is not an accurate size criterion for forming

high-entropy ceramics. Glid et al. [29] prepared various

boride ceramics based on size criteria and found that

when the δ value was 3.5–8%, the prepared boride ce-

ramics was a single solid solution. The numerical dif-

ference between the two criteria is related to the struc-

ture of high-entropy boride ceramics. Boride ceramics

mostly have an AlB2-type hexagonal structure, where B

atoms form a layered structure similar to graphite, and

metal atoms are interspersed between the layers. It is

precisely due to the covalent solid characteristics of the

B–B ring and M–B bond that there is no clear standard

to effectively represent the actual bond length of dif-

ferent components. Jiang et al. [30] prepared 13 high-

entropy perovskite ceramics with different rare earth el-

ements compositions at different temperatures. Accord-

ing to Table 1, high-entropy perovskite ceramics could

have been obtained when the δ value was 6–12%, and

the atomic size mismatch parameter did not show a sig-

nificant correlation with the phase composition of high-

entropy ceramics. This indicates that the role of the

atomic size criterion in high-entropy ceramics compo-

sition design is limited. Therefore, researchers have be-

gun to provide criteria for composition design from the

Table 1. Summary of the key findings of all 13 compositions examined [30]

Composition
Secondary phase

δ
Tolerance

1300 °C 1400 °C 1500 °C factor

Sr(Zr0.25Sn0.25Ti0.25Hf0.25)O3 Minor Minor Major 6.7% 0.97

Sr(Zr0.2Sn0.2Ti0.2Hf0.2Mn0.2)O3 Minor Trace No 11.2% 0.99

Sr(Zr0.2Sn0.2Ti0.2Hf0.2Ce0.2)O3 Major Major Major 11.9% 0.95

Sr(Zr0.2Sn0.2Ti0.2Hf0.2Y0.2)O3-x Major Minor Trace 13.3% 0.95

Sr(Zr0.2Sn0.2Ti0.2Hf0.2Ge0.2)O3 Trace Trace Major 11.2% 0.99

Sr(Zr0.2Sn0.2Ti0.2Hf0.2Nb0.2)O3 Minor Trace No 6% 0.97

Ba(Zr0.25Sn0.25Ti0.25Hf0.25)O3 Minor Minor Major 6.7% 1.03

Ba(Zr0.2Sn0.2Ti0.2Hf0.2Mn0.2)O3 Major Major Major 11.2% 1.05

Ba(Zr0.2Sn0.2Ti0.2Hf0.2Ce0.2)O3 No Minor Major 11.9% 1.01

Ba(Zr0.2Sn0.2Ti0.2Hf0.2Y0.2)O3-x No Major Major 13.3% 1.01

Ba(Zr0.2Sn0.2Ti0.2Hf0.2Ge0.2)O3 Minor Minor Major 11.2% 1.05

Ba(Zr0.2Sn0.2Ti0.2Hf0.2Nb0.2)O3 No Minor Major 6% 1.03

(Sr0.5Ba0.5)(Zr0.2Sn0.2Ti0.2Hf0.2Nb0.2)O3 Minor No No 6% 1.00
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perspective of crystal structure.

Since the atomic size criteria cannot provide suffi-

cient theoretical support for the design of high-entropy

ceramic components, researchers provide criteria for

component design based on the lattice constants of each

component. Gild et al. [29] proposed using lattice con-

stants instead of atoms to calculate the size differences

between components:

δa =

√

√

√

N
∑
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Xi


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




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










(2)
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








(3)

where ai and ci are the lattice parameters of the com-

ponent i. By calculating and analysing δa and δc of the

high-entropy metal diboride ceramics, it was concluded

that δc can be regarded as a better criterion for forming

high-entropy ceramic solid solutions. When δc ≤ 6.2%,

single-phase high-entropy ceramics can be effectively

obtained, and the smaller the value of δc, the smaller

the degree of lattice distortion, making it easier to pre-

pare single-phase high-entropy ceramics. Based on the

lattice parameter criteria, Chen et al. [31] found in the

preparation of (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12 high-

entropy yttrium aluminium garnet ceramics that single-

phase high-entropy ceramic solid solutions could be ob-

tained more efficiently when each component had the

same crystal structure. This is because there is no need

for a large amount of atomic rearrangement between dif-

ferent components during the solid-state reaction pro-

cess. The required activation energy for the reaction is

lower and the reaction rate is faster. This study provides

sufficient theoretical support for designing high-entropy

ceramics, making it easier for scholars to design high-

entropy ceramics for thermal barrier coatings more effi-

ciently.

In addition to the two high-entropy ceramics compo-

sition design criteria mentioned above, Sarker et al. [32]

proposed using “entropy” as a criterion and referred to it

as the entropy forming ability (EFA) for predicting and

designing five-component metal carbide solid solutions:

EFA =



















√

√
∑n

i=1 gi(Hi − Hmix)2

(

∑n
i=1 gi

)

− 1



















−1

(4)

where n is the total number of sampled geometrical con-

figurations and gi is the degeneracy. Hi is the enthalpy of

formation at zero temperature of a supercell, and Hmix is

the average of the enthalpies Hi of all of the possible su-

percell configurations. EFA is proportional to the width

of energy distribution, and the higher the value, the eas-

ier it is to form single-phase high-entropy ceramics.

Saker et al. [32] screened five species from Ti, Zr,

Hf, V, Nb, Ta, Mo and W to prepare high-entropy car-

bides and calculated the EFA values of 56 high-entropy

carbides. By analysing XRD patterns, it was found that

multi-phase formation is favoured in high-entropy car-

bide ceramics when EFA ≤ 45. Harrington et al. [33]

prepared twelve high-entropy ceramics and analysed

each ceramics’ EFA and phase composition. The results

showed that a second phase would form when EFA ≤

45, and a single-phase high-entropy carbide would form

when EFA ≥ 50. This result is consistent with Sarker’s

entropy criterion, providing sufficient theoretical sup-

port for the design of high-entropy ceramic components.

However, in the actual design process, the entropy crite-

rion also has certain limitations and its application scope

is limited to five components high-entropy ceramics. It

is hard to directly apply this criterion to predict the other

components of high-entropy ceramics.

Although the three criteria can provide specific the-

oretical references for the design of high-entropy ce-

ramics, they all start from the synthesis of a single-

phase high-entropy ceramic solid solution and assume

that different components are mixed in equal propor-

tions. However, there are still gaps in predicting the

composition of non-equal-proportion high-entropy ce-

ramics and predicting the performance of prepared ce-

ramics. Therefore, improving the theoretical criteria for

ceramics design is still an important research topic.

III. Synthesis of high-entropy oxide powders

The synthesis of high-entropy ceramic materials is

the basis for preparing new thermal barrier coating ma-

terial. The distribution of different elements in ceramic

materials, the particle size of powders, the flowability

of powders, and the phase composition of powders di-

rectly affect their application in thermal barrier coatings

[34]. Therefore, it is necessary to adopt the most suit-

able powder synthesis method based on different high-

entropy ceramic powders and select the best preparation

parameters to synthesize ceramic materials with the best

usage performance. The synthesis methods of ceramics

mainly include the solid-state method and liquid-state

method. The solid-state method refers to the contact

and reaction of solid materials with different composi-

tions in a high-temperature environment to obtain the re-

quired reaction products, often including the mechanical

crushing method and solid-state reaction method [35].

The liquid-state method involves dissolving materials in

the solution and changing different reaction conditions

to enable different components to obtain target products

through various reactions. These are mainly the sol-gel

method, co-precipitation method and solution combus-

tion method [36].

3.1. Solid-state reaction

The solid-state reaction method is the most widely

used high-entropy ceramics synthesis method. It has the

advantages of a simple preparation process, low cost,

and large yield [37]. The specific steps are as follows:
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i) mix the dried oxides of different metals in propor-

tion through ball milling, ii) grind the mixed powder

and iii) prepare in a high-temperature environment to

synthesize ultrafine powder of high-entropy ceramics

[38]. The solid-state reaction process of high-entropy

ceramics is mainly related to three factors [39–41]. The

first is the contact area between different metal oxide

powders. According to the calculation formula for spe-

cific surface area, the smaller the particle size of the

metal powder, the larger the specific surface area, and

the higher reaction activity can be exhibited. Obtain-

ing high-entropy ceramics is more straightforward dur-

ing the calcination process where reaction of different

metal oxides occurs. Therefore, the metal oxides must

be uniformly mixed and thoroughly ground before the

solid-state reaction. Secondly, the structural differences

between different metal oxides can affect the nucleation

rate of high-entropy ceramics. When metal oxides have

the same structure, the required reaction activation en-

ergy for solid-state reaction is lower, allowing for faster

synthesis of ceramic materials. Conversely, if differ-

ent metal oxides have different structures, the reaction

becomes more complex, the synthesis temperature is

higher and the reaction time is longer. The third factor is

the ion diffusion rate, which is influenced by the crystal

structure of metal oxides and the calcination tempera-

ture. The higher ion diffusion rate in high-temperature

environment can effectively control the phase composi-

tion of the products.

Zhan et al. [42] used high-purity (>99.9%)

powders of SrCO3, ZrO2, HfO2, CeO2, Yb2O3

and Gd2O3 as raw materials that underwent a

solid-state reaction at 1400 °C for 24 h. Finally,

Sr(Zr0.2Hf0.2Ce0.2Yb0.2Me0.2)O3-x (Me = Y, Gd) high-

entropy ceramics containing a small amount of the

second phase were prepared. Zhang et al. [43] prepared

(La0.2Gd0.2Y0.2Yb0.2Er0.2)2(Zr1-xTix)2O7 high-entropy

ceramics with different Ti contents using La2O3,

Figure 2. XRD patterns of samples calcined at 1500, 1550
and 1600 °C [31]

Gd2O3, Y2O3, Yb2O3, Er2O3, ZrO2 and TiO2 as raw

materials and sintering at 1550 °C for 6 h. Chen et

al. [31] prepared (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12

high-entropy ceramics by solid-state reaction method

and analysed the phase compositions of the reaction

products at three calcination temperatures of 1500,

1550 and 1600 °C. The XRD patterns of the reaction

products at three environments are shown in Fig. 2 and

it could be found that the reaction products consisted of

a single yttrium-aluminium garnet structure only when

the calcination temperature was 1600 °C. In contrast,

diffraction peaks of (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)AlO3 and

Al2O3 appeared in the XRD patterns of the reaction

products at 1500 and 1550 °C, indicating that the

calcination temperature had a significant effect on the

physical phase composition of the reaction products.

Although increasing the calcination temperature is

conducive to a faster solid-phase reaction rate and

promotes the synthesis of high-entropy ceramics with

a single physical phase, high calcination temperatures

increase the particle size of the prepared powders,

which affects the flowability of the pelletized spherical

powders during the thermal spraying process. To

synthesize high-entropy ceramic powders with smaller

particle sizes, researchers have begun to explore other

powder synthesis methods.

3.2. Sol-gel method

In the 1980s, the application of the sol-gel method

in functional ceramics and composites gradually in-

creased. At present, the widely used sol-gel method uses

citrate ion as a complexing agent, generating viscous

gel through ethylene glycol and citric acid’s esterifica-

tion reaction to obtain nanometre-level powder particles

[44]. In addition, citric acid can be used as a combus-

tion agent, effectively reducing the temperature required

for powder synthesis. Synthesis of the high-entropy ce-

ramic powder by the sol-gel method consists of a few

steps. First, dissolution of the proportionally mixed rare

earth oxides into nitric acid to obtain a mixed solution of

rare earth nitrates. This is followed by continuously stir-

ring and mixing of metal nitrates, citric acid and ethy-

lene glycol under the condition of water bath heating.

Further on, the obtained gel is heated and dried, and

finally ground and calcined to obtain powder particles

[45]. The particle size of the powder obtained by the

sol-gel method can reach the nanometre size, which is

much smaller than that obtained by the solid-state reac-

tion method.

(La0.2Y0.2Nd0.2Gd0.2Sr0.2)CrO3 (LYNGSCO)

high-entropy powder with a single perovskite

structure was prepared by sol-gel method using

La(NO3)3 · 6 H2O, Y(NO3)3 · 6 H2O, Nd(NO3)3 · 6 H2O,

Gd(NO3)3 · 6 H2O, Cr(NO3)3 · 9 H2O, C6H8O7 ·H2O

and HOCH2CH2OH as raw materials [46]. The pow-

der morphology is shown in Fig. 3. The prepared

powder exhibited slight agglomeration, which was

consistent with uniformly distributed particles with a

5
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Figure 3. Photograph (a), particle size distribution curve (b)
and microstructure (c,d) of LYNGSCO powder [46]

mean grain size of approximately 800–1000 nm and

D50 = 938.7 nm.

Figure 4a shows the morphology of

(La1/6Nd1/6Yb1/6Y1/6Sm1/6Lu1/6)2Ce2O7 high-entropy

ceramic powder prepared by Zhang et al. [47] via sol-

gel method, with an average particle size of 30–100 nm.

In addition, the sol-gel method could give high-entropy

ceramic powder with a single phase at a lower temper-

ature environment, which was 300–400 °C lower than

the synthesis temperature of the solid-state reaction

method. Figure 4b shows the XRD patterns of prepared

(La1/6Nd1/6Yb1/6Y1/6Sm1/6Lu1/6)2Ce2O7 high-entropy

ceramic powder and Sm2Ce2O7, which had almost the

same diffraction peaks, indicating that powders with

a single fluorite structure could be obtained by the

sol-gel method. Although nanoscale powder particles

can be obtained by the sol-gel method, which provides

a specific technical basis for the development of

nanoceramic materials and cold-sprayed nanostructured

thermal barrier coatings, the complexity of the process

of preparing ceramic powders using this method,

low productivity, high cost of raw materials, and the

environmental pollution caused by the evaporation of

organic solvents in the process of milling and calcining,

make it difficult for this method to be directly applied

to commercial mass production.

3.3. Co-precipitation method

The co-precipitation method changes the equilibrium

concentration of ions through the interaction between

the precipitant and the metal salt solution so that each

component can precipitate in a predetermined propor-

tion in the container, thereby obtaining a uniform pre-

cipitate [48]. The co-precipitation method can offer uni-

form multi-component ceramic powder through high-

speed stirring, addition of a large amount of precipitant

and by adjusting the acidity/alkalinity.

The co-precipitation method consists of a few steps.

First, the salts of each of the corresponding components

are mixed in the distilled water according to the pre-

determined proportion and stirred until a clear solution

is formed. Second, a precipitant is added to the mixed

solution to obtain a gel-like precipitate. Finally, the pre-

cipitate is calcined to obtain high-entropy ceramic pow-

der [49]. Compared with the sol-gel method, the co-

precipitation method obtains the ceramic powder with

a single-phase composition through the reaction in the

solution, which avoids the environmental risks caused

by organic substances during the calcination process. In

addition, the co-precipitation method can more easily

obtain nanosize ceramic powder. The process flow of

the co-precipitation method is more convenient and the

preparation conditions are more straightforward, mak-

ing it suitable for commercial mass production.

(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)2Zr2O7 powders with

a single pyrochlore structure was prepared by co-

precipitation method using ZrOCl2 · 8 H2O and

LnNO3 · 6 H2O (Ln = La, Ce, Nd, Sm and Eu) [50]. In

addition, (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)PO4 high-entropy

ceramic powder with a single monazite structure was

synthesized by co-precipitation using RE(NO3)3 · 6 H2O

(RE = La, Ce, Nd, Sm and Eu) and H3PO4 as raw

materials [51]. Although the co-precipitation method

allows for more efficient synthesis of ceramic powders,

the precipitant is not directly distributed throughout

the solution by stirring. A localized area of high

concentration will be formed at the location of contact

between the precipitant and the solution, forming an

inhomogeneous powder precipitation, leading to a

Figure 4. SEM image (a) and XRD pattern (b) of high-entropy oxide (La1/6Nd1/6Yb1/6Y1/6Sm1/6Lu1/6)2Ce2O7 powder [47]
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Figure 5. TEM images of the combustion prepared (La0.2Nd0.2Sm0.2Gd0.2Yb0.2)2Zr2O7 high-entropy nanopowder [57]

deviation from the present ratio of rare earth elements

within some of the ceramic powders which decreases

the uniformity of the ceramics’ properties.

3.4. Solution combustion method

The solution combustion method was developed in

the mid-1980s as a new method to synthesize nanoscale

ceramic powders [52]. The research on the low-

temperature thermal decomposition of metal-hydrated

hydrazine forms can be considered as the first applica-

tion of this method. In this method, soluble metal ni-

trates were used as oxidants and organic fuels served

as reducing agents [53]. The process involves ignition

of the solution at a specific temperature and the heat

required for combustion is provided through the solu-

tion’s oxidation-reduction reaction to produce a fluffy

ceramic powder. The solution combustion method was

previously used to prepare metal oxide powders, and the

preparation of nanoscale inorganic non-metallic pow-

ders was only developed in the later stage [54]. The

solution combustion method is generally classified ac-

cording to the different fuels, oxidants and solvents.

Typical oxidants often include metal nitrates, while fuel

choices are relatively broad, including urea, glycine,

citric acid and acetylacetone [55]. The role of fuel is

not only to provide sufficient heat to the system but

also to ensure the formation of stable complexes with

metal ions to increase their solubility and prevent selec-

tive precipitation of metal ions during dehydration [56].

Compared with other powder preparation methods, the

solution combustion method has the advantages of a

short preparation cycle, simple operation process, high

purity of reaction products and low environmental pol-

lution. Moreover, the prepared ceramic powder has uni-

form elemental composition and properties and broad

application prospects in high-entropy ceramic powder

preparation.

Zhang et al. [57] prepared high-entropy

(La0.2Nd0.2Sm0.2Gd0.2Yb0.2)2Zr2O7 ceramic

nanopowders by solution combustion method

using La(NO3)3 · 6 H2O, Nd(NO3)3 · 6 H2O,

Sm(NO3)3 · 6 H2O, Gd(NO3)3 · 6 H2O,

Yb(NO3)3 · 6 H2O and Zr(NO3)4 · 5 H2O as raw

materials. The glycine with purity ≥99 wt.% was intro-

duced as the incendiary agent. The powder morphology

is shown in Fig. 5. The particle size of the prepared

powder was 8–10 nm, which was much lower than that

of the solution combustion synthesized powders of

other A2B2O7 systems.

IV. Fabrication of TBC with high-entropy oxides

Conventional thermal barrier coatings are manufac-

tured mostly by using electron beam physical vapour

deposition (EB-PVD), atmospheric plasma spraying

(APS) and electrophoretic deposition (EPD), but some

other deposition techniques which can use previously

synthesized powders are also developed.

Although with liquid-state methods someone can ob-

tain high-entropy ceramic powders with single phase,

uniform element distribution and small particle size,

these powders cannot directly participate in the ther-

mal spraying process. This is because nanoscale pow-

ders have poor flowability. During the plasma spraying

process, the powder will adhere to the inner surface of

the powder delivery pipeline, reducing the deposition

efficiency of the powder. Moreover, it is challenging for

smaller ceramic powders make to enter the centre of the

plasma flame flow. Therefore, further thermal treatment

of the powder is needed to increase the particle size of

the ceramic powder.

In recent years, high-entropy ceramic materials have

emerged as promising candidates for thermal barrier

coating applications due to their excellent performance.

However, there are only a few reports on high-entropy

thermal barrier coatings, and existing research primarily

focuses on their preparation using atmospheric plasma

spraying and laser cladding techniques.
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Atmospheric plasma spraying has the characteristics

of high deposition efficiency, simple equipment oper-

ation, and low cost [58]. The powder velocity is high

during the spraying process, providing excellent bond-

ing strength between the molten powder and the metal

substrate [59]. As a traditional coating preparation

method, it is widely used to prepare high-entropy ther-

mal barrier coatings. Xue et al. [60] prepared gradient

high-entropy (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Ce2O7/YSZ

thermal barrier coatings by APS and compared the ther-

mal shock behaviour with double-layer coatings. The

results showed that the double-layer structure coating

formed a through crack after 12 thermal shock cycles.

In comparison, the gradient structure thermal barrier

coating only showed partial peeling on the surface after

48 thermal shock cycles, indicating that gradient design

is beneficial for alleviating thermal stress inside the

coating. Ma et al. [61] investigated the effect of spray

power on the thermal conductivity of high-entropy

(La0.2Sm0.2Eu0.2Yb0.2Y0.2)2(Ce0.5Zr0.5)2O7 coatings.

The results showed that lower spray power was

beneficial for increasing the concentration of oxygen

vacancies in the coatings and reducing the thermal

conductivity.

Laser cladding, a multidisciplinary technology com-

bining laser and computer-aided control technology,

was also used for preparation of high-entropy coating

[62]. Laser cladding is a surface treatment method that

uses a high-energy density laser beam as a heat source to

simultaneously melt the substrate and cladding material

and prepare a coating [63]. Compared with atmospheric

plasma spraying, laser cladding technology has the fol-

lowing advantages: i) after laser cladding, the coating

material forms a metallurgical bond with the substrate

and exhibits excellent bonding performance, ii) the coat-

ing preparation time is short, the cooling rate is fast

and it is easy to form small microstructures and im-

prove work efficiency and iii) the coating composition

can be controlled, the operation is simple and it is easy

to achieve automated production [64]. Therefore, laser

cladding technology is considered as a high-entropy

thermal barrier coating preparation technology with

good application prospects. In one study, Zhang et al.

[65] prepared La2(Ti0.2Zr0.2Sn0.2Ce0.2Hf0.2)2O7 high-

entropy coating on the YSZ surface by laser cladding

and characterized the thermal cycling life of the coating.

The results indicate that due to the effective alleviation

of thermal stress inside the coating by the double-layer

structure, the thermal shock life of the laser cladding

coating can reach 60 times.

V. Sintering of high-entropy ceramics

Synthesis of ceramic powders is only the first step in

sample fabrication and usually it is necessary to apply

sintering to produce final desirable product. Ceramics

sintering usually refers to placing stacked ceramic pow-

ders in a high-temperature environment under specific

temperature and atmosphere conditions. Powder mate-

rials achieve atomic diffusion under high temperatures,

gradually reducing the gap between particles inside the

powder. This eliminates moisture, binders, pores, etc.

in the ceramic green body, resulting in volume shrink-

age and densification of the ceramic powder. At present,

the advanced sintering methods for high-entropy ceram-

ics mainly include common sintering, ultra-fast high-

temperature sintering, spark plasma sintering and flash

sintering.

5.1. Common sintering

Common sintering (CS) is a sintering method in

which a press-formed ceramic green body is placed into

a conventionally heated furnace and conventional heat-

ing is utilized to complete the densification process of

the sample at high temperatures [66]. Common sinter-

ing is the most frequently used and mature method for

preparing and producing ceramics due to its low con-

sumables and simple equipment. The common sinter-

ing process requires both a driving force and a mate-

rial transfer process so that the pores in the green body

gradually diffuse, shrink and disappear, increasing the

density of the green body [67].

At present, researchers study the material transfer

mode and mechanism in the sintering process of ceram-

ics, mainly including the evaporation-condensation ma-

terial transfer mechanism and material transfer by dif-

fusion. In the high-temperature process, due to the dif-

ferent surface curvature of the powder particles, there

are different vapour pressures in different parts of the

system. There is a tendency of mass transfer through

the gas phase and this mass transfer process is only

carried out at the high temperature of the system with

higher vapour pressure [68]. Due to the relatively low

vapour pressure of many ceramic materials at high am-

bient temperatures, evaporation-condensation material

transfer is difficult. Therefore, the material transfer is

carried out by diffusion mass transfer. During the ini-

tial stage of sintering, the combined impact of hydro-

static pressure and localized shear stress causes the par-

ticles to rearrange, resulting in a notable reduction in the

porosity and shrinkage of the ceramic green body [69].

Li et al. [70] used common sintering to pre-

pare six high-entropy oxide ceramics such as

(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 with pyrochlore

structure by using seven oxides, namely, ZrO2, La2O3,

Nd2O3, Sm2O3, Eu2O3, Gd2O3 and Y2O3 as raw

materials. It was found that a single-phase pyrochlore

structure was obtained when temperature was increased

to 1000 °C (Fig. 6). In addition, as the sintering temper-

ature increased to 1500 °C, the half peak width of the

(400) diffraction peak decreased and the crystallinity of

the sample was increased.

5.2. Ultra-fast high-temperature sintering

Traditional high-entropy ceramics sintering densifies

ceramics by providing the energy required during the
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Figure 6. XRD patterns of the mixtures of raw powders and ceramic products (a) and corresponding zoom-in view of (400)
diffraction peaks. XRD pattern of ceramics sintered at 1500 °C for 3 h (c) [70]

sintering process through external heating under no-

pressure conditions. Due to the simple equipment, con-

venient manual operation and large ceramics size used

in traditional sintering methods, this sintering technol-

ogy is still widely used. However, traditional ceram-

ics sintering processes typically have a slow heating

rate (generally below 20 °C/min), resulting in the pro-

longed sintering heating and holding times [71]. This

is especially true for ceramics with high melting points

or complex crystal structures, where the entire sinter-

ing cycle can last up to several tens of hours. Such low

production efficiency limits the preparation and applica-

tion of ceramic materials and the long-term heating pro-

cess causes serious energy waste. Therefore, researchers

have been committed to exploring new ceramics sinter-

ing technologies to improve the sintering efficiency of

ceramics while shortening the sintering time to obtain

small grain size ceramics with better performance.

In 2020, Wang et al. [72] first proposed the ultra-

fast high-performance sintering technology and used it

to achieve the sintering of Li1.3Al0.3Ti1.7(PO4)3 ceram-

ics. This method improves ceramic components’ screen-

ing efficiency by optimizing the ceramics sintering pro-

cess. The ultra-fast high-performance sintering technol-

ogy can complete the densification process of ceramics

in 10 s, significantly reducing the preparation cycle of

ceramics. The working principle of ultra-fast sintering

technology is shown in Fig. 7 [73]. Firstly, the precursor

powder of the target product is pressed and formed on a

press and then placed inside the graphite felt. Secondly,

graphite felt generates a large amount of Joule heat un-

der the action of electric current, which quickly reaches

a high temperature (up to 3000 °C) in the entire sinter-

ing system. Finally, the precursor powder coated with

graphite inside the carbon felt reaches a high sintering

temperature in a very short time, thereby achieving den-

sification within an ultra-short sintering cycle.

Figure 7. Schematic of the UHS system [73]

At present, ultrafast high-speed sintering technology

has been applied to the high-entropy ceramic mate-

rials for thermal barrier coatings. Ye et al. [74] pre-

pared (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Hf2O7 (5LaH) high-

entropy ceramics by ultra-fast high-temperature sinter-

ing and characterized their structures. The results are

shown in Fig. 8. The sintered high-entropy ceramics

had a single fluorite structure and the elements were

uniformly distributed in the ceramic blocks without

elemental bias. In addition, Ye et al. [75] used this

method to prepare defective fluorite-phase high-entropy

(Y0.2Dy0.2Er0.2Tm0.2Yb0.2)4Hf3O12. The sintering pro-

cess involved a stepwise temperature increase and the

samples were sintered at a current of 52 A for 150 s. The

high-entropy oxide ceramics had a high thermal expan-

sion coefficient (11.23 × 10−6 K−1) and very low ther-

mal conductivity (0.94 W·m−1·K−1 at 1300 °C). The av-

erage grain sizes of the samples obtained by ultra-fast

high-temperature sintering were 1.20, 1.68 and 2.08µm

after annealing at 1500 °C for 10, 15 and 20 h, respec-

tively. The growth of the grains was extremely slow,
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Figure 8. XRD pattern of the 5LaH (a), the enlarged view of the six prominent peaks (b) and the microstructure and

element distribution of the 5LaH (c) [74]

attributed to the non-equilibrium property of ultra-fast

high-temperature sintering and the high-entropy mate-

rial’s non-equilibrium features.

Since 2020, ultra-fast high-temperature sintering has

attracted the attention of researchers since it has a

few advantages [75–78]. Firstly, it is simple and has

easy-to-operate sintering equipment, i.e. ultra-fast high-

temperature sintering utilizes electrified graphite felt

for heating [75]. Hence, the construction of sinter-

ing equipment is relatively simple, requiring only a

programmable DC power supply with stable output.

Secondly, high heating rate and sintering temperature

can be obtained. The heating rate of ultra-fast high-

temperature sintering can be present through a pro-

grammable power supply, thus enabling precise control

of the temperature of graphite felt. Moreover, due to

the high melting point of carbon, as long as the cur-

rent is large enough, graphite felt can heat the sam-

ple to 3000 °C, which theoretically can densify the vast

majority of ceramics. Finally, sintering ceramics with

complex shapes can be prepared. The sample’s complex

shape is almost not damaged after sintering because it is

wrapped inside the graphite felt during ultra-fast high-

temperature sintering.

5.3. Spark plasma sintering

Spark plasma sintering (SPS) is a new type of rapid

sintering technology that has been developed in re-

cent years. This technology involves directly applying

pulsed current between powder particles for heating

and sintering [79]. Hence, it is also known as plasma-

activated sintering or plasma-assisted sintering. This

technology applies the on/off DC pulse voltage gener-

ated by a particular power control device to the pow-

der [80,81]. On the one hand, it can use the usual dis-

charge to promote sintering. Pulse discharge can cause

spark discharge between powders, achieving densifica-

tion through an instantaneous high-temperature field.

Figure 9 is a schematic diagram of spark plasma sin-

tering [82]. Due to the strong pulse current applied be-

tween powder particles, spark plasma sintering can gen-

erate many effects conducive to rapid sintering. Com-

pared with traditional sintering methods, spark plasma

sintering has the advantages of a fast-heating rate, short

sintering time, low sintering temperature, uniform grain

size, favourable control of the fine structure of the sin-

tered body and high material density [83,84].

The explanation of the mechanism of spark plasma

sintering mainly includes two types. The first explana-
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Figure 9. Schematic presentation of the SPS process and two
different kinds of graphite abrasive tools [82]

tion suggests that during the sintering process, powder

particles form positive and negative electrodes under the

induction of an electric field. Under the action of pulsed

current, discharge phenomena occur between particles

of different electrodes, and plasma is excited. When the

plasma generated by discharge collides with the contact

positions between ceramic particles, it causes evapora-

tion on the surface of ceramic particles and increases

the activation degree of the powder contact positions.

At this point, the electrical energy stored in the dielec-

tric layer of the particle cluster begins to be released,

and the dielectric layer undergoes intermittent rapid dis-

charge. The self-heating generated by the final rapid dis-

charge will complete the sintering of ceramic powder

[85]. The second explanation suggests that the instanta-

Figure 10. XRD patterns (a) and SEM images and
corresponding EDS mapping (b) of the as-sintered bulk

A6B2O17 ceramics [87]

neous on/off of a DC pulse circuit will form a discharge

plasma during the sintering process, activating the sur-

face of ceramic particles and generating internal heat.

Finally, the ceramic powder is sintered under the com-

bined action of internal heat and discharge shock pres-

sure [86].

At present, spark plasma sintering has been ap-

plied for the sintering of high-entropy ceramics.

Tan et al. [87] prepared four A6B2O17-type ceramic

green bodies using SPS, which included Hf6Ta2O17

(HT), Zr6Ta2O17 (ZT), (Zr2/3Hf1/3)6Ta2O17 (ZHT) and

(Zr2/3Hf1/3)6(TaNb)2O17 (ZHNT). Figure 10 illustrates

the four ceramics’ surface morphologies and elemental

distributions after sintering. The average grain sizes of

the HT, ZT, ZHT, and ZHNT ceramics were 1.1 ± 0.8,

0.96±0.5, 1.3±0.7 and 1.74±0.9µm, respectively. Ad-

ditionally, Hf, Zr, Ta and Nb were uniformly distributed

in all ceramics and no secondary phase was detected.

Figure 11. SEM images and statistical diagrams of the average grain size of Gd2Zr2O7 (a) and 7 RE2Zr2O7 (b). SEM images
and corresponding EDS mapping of polished surfaces of Gd2Zr2O7 (c) and 7 RE2Zr2O7 (d) [88]
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(La1/7Nd1/7Sm1/7Eu1/7Gd1/7Dy1/7Ho1/7)2Zr2O7 high-

entropy ceramics and Gd2Zr2O7 (GZO) ceramics were

prepared by reactive spark plasma sintering (RSPS) and

the morphology and elemental distribution of the two

ceramics were compared after sintering (Fig. 11) [88].

All elements were uniformly distributed inside the ce-

ramics. Due to the synergistic effect of compositional

complexity and severe lattice distortion, the grain size

of 7 RE2Zr2O7 ceramics was only 1.45µm, about 1/6 of

the average grain size of GZO.

5.4. Flash sintering

Flash sintering (FS) belongs to the electric current-

assisted sintering and has gained the attention of re-

searchers due to the extremely short sintering time. The

flash sintering technique was first reported in 2010 by

Cologna et al. [89]. They subjected zirconia blanks to

an electric field of 40 V/cm, causing rapid sample warm-

ing by the Joule heating effect and resulting in sample

densification at the temperature of 850 °C within a few

seconds. According to the changes in parameters such

as current, voltage and power loss, flash sintering can

be divided into three stages (Fig. 12) [90]. The first, la-

tent stage, where the resistivity of the sample decreases

as the temperature increases and the current through the

sample increases gradually. In the second flash sintering

stage, the resistivity and voltage of the sample plummet

and the current and power loss increase sharply. The

third, stabilization stage, where the sample’s current,

voltage and power loss enter a steady state. The most

apparent advantages of flash sintering over conventional

sintering are the significant reduction in sintering time

and temperature. The sintering time of flash sintering

can be shortened to a few minutes or even seconds and

the furnace temperature can be lowered by several hun-

dred degrees or even down to 1000 °C, which effectively

avoids the problems of coarse grain size caused by hold-

ing the sample at a high temperature for a long time.

(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 high-entropy py-

rochlore ceramics was prepared by using reactive flash

sintering at 1200 °C for 1 min, with an electric field

Figure 12. Sintering parameters against time in flash
sintering experiment [90]

strength of 9 V/mm and applied pressure of 10 MPa

[91]. In addition, the authors explored the effects of dif-

ferent current densities on the relative density, hardness

and Young’s modulus of the sintered bodies, then com-

pared them with the solid-state sintering samples sin-

tered at 1600 °C for 3 h and 6 h. When the current den-

sity was increased from 60 to 200 mA/mm2, the aver-

age grain size of the sintered body increased from 0.6

to 2.4 µm, and the relative density increased from 91%

to 99%. The relative density of the solid-state sample

sintered for 6 h was 97%, which was lower than that

of the flash sintered sample at 200 mA/mm2. The av-

erage grain size of the solid-state sintered sample was

5.2 µm, which was more significant increase than that of

the flash sintering sample. In terms of mechanical prop-

erties, the (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 ceramics

prepared by flash sintering had better hardness and frac-

ture toughness than the solid-state sintered samples.

Zhao et al. [92] prepared high-entropy pyrochlore

ceramics (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 using re-

active flash sintering. They systematically investigated

the phase transformation process, densification pro-

cess and grain growth of high-entropy ceramics dur-

ing the flash-firing process. The analysis revealed that

the sample initially contained a mix of pure oxides

and a small amount of high-entropy phase during the

first 10 s before the flash sintering began. After 1 s

of the flash sintering, most of the sample had trans-

formed into the high-entropy phase, although some

peaks of the pure oxides were still present. After 5 s

of flash sintering, all the pure oxides had changed into

(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7. When the flash sin-

tering time was extended to 180 s, the sample’s crys-

tallinity increased, and the diffraction peaks of the high-

entropy pyrochlore became more distinct.

VI. Properties of high-entropy ceramics

In recent years, the performance of high-entropy ce-

ramics for thermal barrier coatings has been the focus

of research, including thermodynamic properties, ther-

mal insulation, corrosion resistance, high-temperature

phase stability and chemical compatibility. Due to the

high-entropy effect, high-entropy ceramics have dif-

ferent properties from single-component ceramics, en-

abling them to adapt to more complex environments.

6.1. Thermal conductivity

Thermal conductivity is one of the most critical per-

formance parameters of thermal barrier coatings, re-

flecting their insulating effect in high-temperature envi-

ronments. The lower the thermal conductivity, the lower

the surface temperature of the metal substrate and the

higher the temperature of the front inlet of the turbine

engine. Thus, this contributes to the improvement of the

engine thrust-to-weight ratio and fuel efficiency [93].

There are two main strategies for insulating thermal bar-

rier coatings. The first aims to prevent the conduction
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of external heat flow to the metal substrate by address-

ing the horizontal cracks within the coating. The sec-

ond focuses on phonon scattering through micro-cracks,

pores and defects within the ceramic material to reduce

thermal conductivity by decreasing the phonon mean

free path [94,95]. Since thermal barrier coatings oper-

ate mainly at ≥1100 °C, where heat transfer to the inte-

rior of the coating through phonon is favoured, only the

impact of high-entropy ceramics on phonon scattering

is discussed. The equations for the thermal conductivity

of phonons are as follows [96]:

k =
1

3
Cvlν (5)

Cv =

(

∂U

∂T

)

V

(6)

where k is the thermal conductivity of the phonon, Cv is

the specific heat capacity of the phonon, ν is the average

velocity of the phonon, independent of the ambient tem-

perature, l is the phonon mean free path, U is the energy

and T is the temperature. The Cv can be simplified using

the Dulong-Petit law when the ambient temperature of

high-entropy ceramics exceeds the Debye temperature.

In this case, the thermal conductivity of high-entropy

ceramics can be determined by the mean free path of

phonon, making it more manageable than calculating Cv

directly through Eq. 6. The extent of phonon scattering

can be determined using following equation [96]:

1

l
=

1

lc
+

1

lb
+

1

li
(7)

where lc, lb and li represent the complexity, grain bound-

aries and lattice distortion of high-entropy ceramic

crystals, respectively. Since high-entropy ceramics are

formed by mutual solid solutions of multiple metal ox-

ides, there are numerous lattice distortions inside the

crystals. In addition, due to the significant ionic radius

differences within the high-entropy ceramics and the

large charge differences between cations and anions,

there are sizeable chemical bond length differences as

well as Coulomb force differences in the ceramics, lead-

ing to a more complex internal crystal structure, a sig-

nificant increase in the degree of phonon scattering and

a significant decrease in thermal conductivity [97].

Zhu et al. [98] prepared two high-entropy ce-

ramics, (La0.2Nd0.2Y0.2Er0.2Yb0.2)2Zr2O7 (LNYEYZO)

and (La0.2Nd0.2Sm0.2Gd0.2Yb0.2)2Zr2O7 (LNSGYZO),

by the solid-state method and compared their thermal

conductivities with La2Zr2O7 and Yb2Zr2O7 from 100

to 600 °C. The results showed that due to the signif-

icant lattice distortion inside the high-entropy ceram-

ics and phonon scattering, the thermal conductivities of

LNYEYZO and LNSGYZO were 1.62–1.59 and 1.74–

1.75 W·m−1·K−1, respectively, i.e. much lower than

the thermal conductivities of La2Zr2O7 and Yb2Zr2O7

in the same environment. Zhao et al. [99] prepared

(Y0.25Yb0.25Er0.25Lu0.25)2(Zr0.5Hf0.5)2O7 by solid-state

method and analysed its thermal conductivity at room

temperature environment, which showed that due to the

lattice distortion caused by the solid solution of multiple

components within each other, its thermal conductivity

was only 1.40 W·m−1·K−1, which was much lower than

the YSZ at room temperature.

Liu et al. [100] prepared single-phase

(Y0.2Sm0.2Eu0.2Er0.2Er0.2Yb0.2)2Si2O5 high-entropy ce-

ramics with single-component silicate ceramics and the

results are presented in Fig. 13. The high concentration

of oxygen vacancies inside the high-entropy ceramics,

along with the disordered arrangement of cations,

contributes to the ceramic materials’ good infrared re-

flectance. Consequently, the thermal conductivity of the

high-entropy ceramics was only 0.96±0.03 W·m−1·K−1.

Song et al. [101] prepared single-phase

(Y1/2Yb1/2)2(Ti1/3Zr1/3Hf1/3)2O7 (YYHEO) high-

entropy ceramics by a solid-state reaction method

and compared their thermal properties with YSZ and

La2Zr2O7 (Fig. 14). The thermal conductivity of YY-

HEO at 298 K was only 1.27 W·m−1·K−1, much lower

than for YSZ and LZO. This low thermal conductivity

was attributed to the unique defective fluorite structure

of YYHEO, where the random distribution of cations

and oxygen vacancies resulted in substantial lattice

Figure 13. Thermal diffusivities and thermal conductivities of (Y0.2Sm0.2Eu0.2Er0.2Yb0.2)2SiO5 and several silicates with
X2-Re2SiO5 structure: a) thermal diffusivities and b) thermal conductivities [100]
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Figure 14. Thermal properties of YYHEO ceramics represented by: a) heat capacity, b) thermal diffusivity and c) thermal
conductivity [101]

distortions and reduced the phonon’s mean free path.

Additionally, YYHEO processed vibration modes as

diffusions that partially localized without well-defined

polarization, led to a glass-like thermal conductivity.

Low thermal conductivity mechanism of

(Gd0.25Sm0.25Yb0.25Y0.25)3TaO7 high-entropy ce-

ramics was analysed by Sang et al. [102]. They found

that RE3+ ions enter the lattice of Ta2O5 to form a

substitutional solid solution. Based on the local elec-

troneutrality principle of the lattice, oxygen vacancies

were created when RE3+ replaces Ta5+ in the lattice

(Eq. 8). These oxygen vacancies led to the increase

of the phonon non-harmonic vibration, which in turn

decreased the phonon mean free path and reduced the

overall thermal conductivity of the ceramics.

RE2O3

Ta2O3

−−−−→ 2 RETa
′′ + 3 O ×

O + 2 V ••

O (8)

6.2. Fracture toughness

Fracture toughness is one of ceramic materials’ cru-

cial mechanical properties for thermal barrier coatings.

It measures the toughness of thermal barrier coatings

and represents ceramic materials’ ability to prevent

crack expansion [103]. To ensure the thermal barrier

coating’s excellent service life in high-temperature envi-

ronments, the ceramic material should possess the high-

est possible fracture toughness.

Phase transition toughening occurs primarily within

the YSZ coating. When the stress near the crack tip

is high, it causes the ZrO2 to change from the tetrag-

onal phase to the monoclinic phase, absorbing signifi-

cant stress at the crack [104]. Due to the excellent high-

temperature phase stability of pyrochlore, monazite and

yttrium aluminium garnet ceramics used for thermal

barrier coatings, it is difficult to perform phase transition

toughening. Therefore, the primary toughening method

for these materials is the ferroelastic domain transfor-

mation. Toughening by ferroelastic domain transforma-

tion is based on the lattice rearrangement that occurs in

ceramic materials under stress, which produces plastic

deformation and achieves toughening while consuming

the stress in the region near the crack. Thus, the stress

required for lattice rearrangement decreases as the am-

bient temperature of the ceramics rises, so that the fer-

roelastic domain transformation can play a better role

in toughening in high-temperature environments [105].

Toughening via ferroelastic domain transformation is

more accessible due to the large number of lattice dis-

tortions within high-entropy ceramics.

Zhu et al. [106] created high-entropy ceramics

(Dy0.2Ho0.2Er0.2Y0.2Yb0.2)3NbO7 and compared their

fracture toughness with single-component RENbO7.

The results showed that the high-entropy ceram-

ics had a fracture toughness of 2.13 MPa·m1/2,

much higher than that of the single-component

RENbO7 and YSZ, due to the grain refinement

caused by doping with several rare earth elements.

Luo et al. [107] prepared two high-entropy ce-

ramics, (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (LaHZ) and

(Yb0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (YbHZ), and com-

pared their fracture toughness with La2Zr2O7. The re-

sults showed that YbHZ exhibited the highest fracture

toughness, indicating that addition of Yb3+ was bene-

ficial for improving the formation and expansion mode

of microcracks in high-entropy ceramics. This optimiza-

tion of mechanical properties was achieved through the

significant lattice distortion caused by the high-entropy

effect.

Guo et al. [108] used solid-state reaction method to

prepare (La0.2Nd0.2Sm0.2Gd0.2Yb0.2)2(Zr0.75Ce0.25)2O7

(LNSGY) high-entropy ceramics and evaluated the frac-

ture toughness of LNSGY, LZO and LCZ (Fig. 15).

The fracture toughness of LNSGY ceramics was 2.0 ±

0.3 MPa·m1/2, which was significantly higher than that

of LZ (1.1±0.1 MPa·m1/2) and LCZ (1.4±0.1 MPa·m1/2).

The high fracture toughness of LNSGY ceramics was

related to the presence of ferroelastic domains. The dop-

ing of cations increased the strain field of the dislo-

cations within the ceramics to increase the chances of

crack bridging and deflection. In addition, the high dis-

location density inside the LNSGY ceramics increased

the local plasticity of their surfaces, which promoted

the stress release in the crack tip region and ultimately

changed the direction of crack deflection.

6.3. Coefficient of thermal expansion

Since thermal barrier coatings operate in high-

temperature environments, thermal expansion mis-

matches exist between the alloy substrate, the metal
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Figure 15. Indentation photograph of LNSGY ceramics and fracture toughness of LZ, LCZ and LNSGY ceramics [108]

bond coat and the top coat [109]. When the difference in

thermal expansion between different parts is too signifi-

cant, an enormous thermal expansion mismatch stress

will accumulate inside the coating, causing cracks to

form inside the coating and leading to premature peel-

ing of the coating, reducing the service life of the coat-

ing [110]. Therefore, there is a need to design materials

for thermal barrier coatings with a high coefficient of

thermal expansion (CTE).

According to the thermal expansion correlation the-

ory, it is predicted that the CTE (α) of the material has

negative correlation with the lattice energy U, the lattice

energy is in positive correlation with the ionic bonding

strength I, and the ionic bonding strength I is in positive

correlation with the average electronegativity difference

of anions ∆X. Hence, the thermal expansion coefficient

shows negative correlation with the average electroneg-

ativity difference of anions [111–113]:

α =
b

a + U
(9)

U ∝ I (10)

I =1 − exp

(

1

4
∆X2

)

(11)

∆X =

√

√

√

n
∑

i=1

ci















Xi −

n
∑

i=1

ci · Xi















2
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where n, ci and Xi denote the total number of atoms, the

molar fraction of the i element and the electronegativ-

ity of the i element, respectively. In addition, the lattice

energy can also be calculated by [43]:

U =
1.38942 × 105A · Z1 · Z2

R0

(

1 −
1

n

)

(13)

where n is the Born index, A is the Madelung constant,

Z1 and Z2 are the absolute values of the positive and

negative ion charges, respectively, and R0 is the positive

and negative ion spacing. For high-entropy ceramics, el-

ement doping affects its thermal expansion coefficient

in two ways [114]. Firstly, when the dopant element

is a rare earth element, the lattice torsion, defects and

disorder caused by the mutual solid solution of multi-

component constituents will lead to a decrease in the

strength of ionic bonding and increase the CTE of the

high-entropy ceramics. Secondly, when the dopant ele-

ment is a transition metal element, the positive-negative

ion spacing R0 will be decreased, which improves the

lattice energy and decreases the thermal expansion co-

efficient. The increase in lattice energy has less effect on

the coefficient of thermal expansion than lattice distor-

tions, defects and disorder, so doping of transition ele-

ments still increases the coefficient of thermal expansion

of ceramics.

(Y0.25Yb0.25Er0.25Lu0.25)2(Zr0.5Hf0.5)2O7 high-

entropy ceramics were prepared by discharge plasma

sintering and their thermal expansion behaviour was

analysed [99] (Fig. 16). The linear thermal expansion

curve of the high-entropy ceramics was nearly linear.

The average thermal expansion coefficient obtained

from the slope was 8.97 × 10−6 1/°C, which was lower

than that of Yb2Zr2O7 (10.7 × 10−6 1/°C) and Er2Zr2O7

(11.0× 10−61/°C), but close to Al2O3 (9.0× 10−6 1/°C).

These findings suggested that high-entropy ceramics

might be possible to reduce the mismatch of thermal

expansion between TC and TGO in high-temperature

environments, potentially increasing the thermal cycle

life of thermal barrier coatings.

(La1/6Nd1/6Yb1/6Y1/6Sm1/6Lu1/6)2Ce2O7 (HECeO)

high-entropy ceramics was prepared by sol-gel method

and its thermal expansion behaviour was compared

with Sm2Ce2O7 and YSZ (Fig. 17) [47]. The thermal

expansion coefficients of HECeO ceramics were posi-

tively dependent on temperature and higher than those

of Sm2Ce2O7 and YSZ. The high thermal expansion

coefficients of HECeO ceramics were related to their

lower structural order and larger Re–O atomic distance.

6.4. Anti-sintering properties

As thermal barrier coatings accumulate a large

amount of thermal stress in the working environment,

the microcracks and pores inside the coating become
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Figure 16. Linear thermal expansion curve measured by an optical dilatometer (a) and thermal conductivity versus thermal
expansion coefficients (b) for (Y0.25Yb0.25Er0.25Lu0.25)2(Zr0.5Hf0.5)2O7 together with selected TBC materials and Al2O3 [99]

Figure 17. Coefficient of thermal expansion for
high-entropy oxide [47]

the space for stress release [115]. Therefore, for ce-

ramic materials, a higher resistance to sintering results

in slower grain growth, increased content of microc-

racks and pores, and improved toughness and service

life of the coating [116]. In addition to providing stress

release space inside the coating, the presence of micro-

cracks and pores can provide additional phonon scatter-

ing points, lowering the mean free path of phonon and

optimizing the thermal insulation effect of the coating,

so the sintering resistance has become an essential in-

dicator for evaluating the performance of high-entropy

ceramics [117]. For testing sintering resistance, coatings

are evaluated by comparing porosity changes before and

after high-temperature annealing, while ceramic green

bodies are assessed by comparing grain size before and

after high-temperature annealing.

The sintering resistance of zirconia-based ceramics

may be enhanced by doping with RE3+, which has a

larger ionic radius. The researchers studied the impact

of certain rare earth cations on the sintering resistance

of the ceramics [118]: Dy can improve the sintering re-

sistance of ZrO2, Sm can inhibit the outward diffusion

of cations in the ceramic lattice to improve the sintering

resistance, Nd can provide oxygen vacancies as well as

displace defects, promote the formation of defect clus-

ters and inhibit the migration of grain boundaries to re-

duce sintering.

Luo et al. [118] investigated the sintering behaviour

of (Dy0.2Nd0.2Sm0.2Eu0.2Yb0.2)Zr2O7 high-entropy ce-

ramics at 1600 °C (Fig. 18). The grain size increased

with the increasing holding time. When the sintering

time was 10 h, the grain size of the high-entropy ce-

ramic was 1.24µm, which was 64% lower than that of

La2Zr2O7 (3.46µm) under the same conditions. In ad-

dition, the average grain size of high-entropy ceram-

ics sintered for 10–50 h increased only from 0.73 to

Figure 18. SEM images of (Dy0.2Nd0.2Sm0.2Eu0.2Yb0.2)2Zr2O7 sample sintered at 1600 °C for: a) 1 h, b) 10 h, c) 20 h, d) 30 h,
e) 40 h and f) 50 h, and mean particle size of the sample sintered at 1600 °C for 10–50 h [118]
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Figure 19. Comparison of average grain sizes of
(Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12 specimen with those of

(Y0.25Yb0.25Er0.25Lu0.25)2(Zr0.5Hf0.5)2O7, Yb2Zr2O7

and Y2O3 [31]

2.22 µm, and the average grain growth rate was only

0.026µm/h, which was lower than that of ceramics such

as Yb2Zr2O7 (0.143µm/h), La2Zr2O7 (0.408µm/h) and

YSZ (0.654µm/h).

(Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12 (HEAlO) was

prepared by using the solid-state reaction method

[31]. They compared the sintering behaviour of

HEAlO at 1590 °C with Y2O3, Yb2Zr2O7 and

(Y0.25Yb0.25Er0.25Lu0.25)2(Zr0.5Hf0.5)2O7 (HEZHO).

The results are shown in Fig. 19. The grain growth

rate of HEAlO was significantly slower than that of

HEZHO, Yb2Zr2O7 and Y2O3 at the annealing temper-

ature of 1590 °C. As the annealing time was increased

from 1 to 18 h, the average grain size of HEAlO

increased from 1.56 to 2.27µm. In addition, the fitted

grain growth rate constant of HEAlO was 0.038µm2/h,

which was much lower than that of HEZHO, Yb2Zr2O7

and Y2O3.

6.5. Anti-corrosion properties

In a real working environment, thermal barrier coat-

ings serve the purpose of providing thermal insulation

and isolate the metal substrate from external corrosion.

This is essential to prevent irreversible damage to the

metal substrate from molten corrosive substances in

high-temperature environments [119]. As a result, cor-

rosion resistance has become a critical evaluation crite-

rion for ceramic materials used in thermal barrier coat-

ings.

The one of the two main reasons for corrosion

of the thermal barrier coatings is CaO-MgO-Al2O3-

SiO2 (CMAS) corrosion. During the engine’s opera-

tion, it absorbs dust particles from the external en-

vironment. These dust particles are mainly composed

of CaO-MgO-Al2O3-SiO2 and at temperatures higher

than 1300 °C, they melt and infiltrate the coating in-

ternally [120]. CMAS corrosion damages thermal bar-

rier coatings both thermochemically and thermodynam-

ically [121]: i) in terms of thermochemical damage,

CMAS reacts with the ceramic material, leading to its

decomposition and loss of performance; ii) in terms

Figure 20. Low and high magnification SEM images of: a) HEZ and b) LZ after CMAS corrosion tests at 1300 °C for
1, 12, 24 and 48 h [122]

17



J. Liu et al. / Processing and Application of Ceramics 19 [1] (2025) 1–25

Figure 21. The cross-sectional images of CMAS-reacted HE-REZ pellets for 0.5, 1, 2, 4, 12, 24 h (A-F) and the corresponding
EDS elemental Si maps (a-f) [123]

of thermodynamic damage, the generation of corrosion

products and the phase transition will cause a large

amount of volume expansion within the coating, which

accelerates the failure of the coating. Therefore, there

is a need to develop ceramic materials with excellent

resistance to CMAS corrosion to improve the service

life and performance of thermal barrier coatings. Due

to the slow diffusion effect and the “cocktail effect” of

high-entropy ceramic materials, researchers have begun

to search for high-entropy ceramic materials with excel-

lent resistance to CMAS corrosion. Tu et al. [122] pre-

pared (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 high-entropy

ceramics as well as La2Zr2O7 single-component ceram-

ics by the solid-state method and analysed the CMAS

corrosion behaviours of the two ceramics in 1300 °C

environment (Fig. 20). The high-entropy ceramics re-

tained the intact structure after corrosion and a dense re-

action layer appeared on the top. In contrast, many hor-

izontal and vertical cracks appeared inside La2Zr2O7.

Vertical cracks provided penetration channels for the

molten CMAS, which led to corrosion of the bottom

ceramics, and the horizontal cracks led to the spalling

of ceramic materials, which prevented them from be-

ing correctly applied to high-temperature environments.

High-entropy ceramics can optimize the corrosion resis-

tance in two aspects. Firstly, high-entropy ceramics have

excellent CTE and low Young’s modulus, which re-

duce the thermal stress inside the reaction layer and ce-

ramic material under a high-temperature environment,

avoid the formation of horizontal and vertical cracks,

and prevent the external un-reacted CMAS from con-

tinuing to penetrate into the interior of the coating.

Secondly, the high-entropy ceramics are composed of

multi-component rare earth elements, thus, the slow dif-

fusion effect not only slows down the dissolution of rare

earth elements into CMAS, but also the doping of rare

earth elements provides a specific stabilizing effect for

zirconium oxide, avoiding the phase transformation in

a high-temperature environment, reducing the internal

stress in ceramics, and improving the corrosion resis-

tance of the high-entropy ceramics.

Deng et al. [123] prepared

(Y0.2Gd0.2Er0.2Yb0.2Lu0.2)2Zr2O7 high-entropy ce-

ramics by solid-state method and analysed its resistance

to CMAS corrosion in 1300 °C environment, and the

corrosion results are shown in Fig. 21. After 24 h of

thermal corrosion, the high-entropy ceramics were

only penetrated by 22 µm by molten CMAS. This was

attributed to the larger radius of the doped rare-earth

cations. The apatite formed by reaction with CMAS

effectively filled the internal pores of the coating,

reducing the CMAS penetration rate to 0.793µm/h.

As a result, the high-entropy ceramics exhibited good

resistance to CMAS corrosion.

(Y0.2Dy0.2Er0.2Tm0.2Yb0.2)4Hf3O12 high-entropy ce-

ramics was obtained by the UHS method and their

CMAS corrosion resistance as well as their CMAS wet-

ting behaviour at 1300 °C were investigated [124]. In

terms of the corrosion mechanism, the high-entropy ap-

atite phase generated during the reaction process im-

proved the densification of the reaction layer, making

the reaction layer a barrier for preventing the penetra-

tion of molten CMAS and effectively reducing the thick-

ness of the reaction layer. In terms of CMAS wetting

behaviour, the molten CMAS on the surface of high-

entropy ceramics had a larger contact angle than that on

the conventional YSZ, which was conducive to improv-

ing the high-temperature corrosion resistance of high-

entropy ceramics.

In addition to the CMAS corrosion, another impor-

tant type of corrosion of thermal barrier coatings is

Na2SO4+V2O5 corrosion. Bahamirian et al. [125] anal-
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ysed the residual material on the surface of turbine en-

gine blades. They found that Na2SO4 and V2O5 exhibit

deposition on hot-end components when the engine is

running on low-grade fuel. The two salts react in high-

temperature environments to form NaVO3, which reacts

with the rare earth oxides doped in the ceramic mate-

rial and causes the coating to decompose [126]. Com-

pared with CMAS, Na2SO4 and V2O5 have lower melt-

ing points and react with thermal barrier coatings below

1000 °C, and the mobility, corrosion process, and cor-

rosion rate change with temperature [127]. Currently,

there are limited studies on the corrosion resistance of

high-entropy ceramic materials against Na2SO4+V2O5.

Therefore, the corrosion resistance can only be inferred

from the high-entropy effect as well as from the corro-

sion resistance of zirconia doped with poly-rare earth

oxides.

First of all, high-entropy ceramics exhibit the “cock-

tail” effect. Despite rare earth oxides being fully dis-

solved in the lattice of high-entropy ceramics, they still

maintain their oxide properties. This means that their

acidity can be determined based on the ionic radius

of the element and the order of reaction of the rare

earth oxides with NaVO3 can be analysed according

to the Lewis acid-base mechanism [128]. Song et al.

[129] analysed the reaction process of Gd2O3-Yb2O3-

Y2O3 co-doped ZrO2 with NaVO3. They discovered that

Gd2O3 has the strongest alkaline character and would

react first with the molten corrosion, while Yb2O3 and

Y2O3 would remain to stabilize ZrO2 and prevent it

from undergoing a phase transition. This suggests that

high-entropy ceramics containing multi-component rare

earth oxides can be stabilized by sacrificing the alka-

linity of the strongest rare earth oxide while retaining

the others, thus enhancing the resistance of the coating

to high-temperature corrosive environments. Therefore,

high-entropy ceramics with multi-component rare earth

oxides can optimize the corrosion resistance of coatings

by sacrificing highly alkaline rare earth oxides and pre-

serving other rare earth elements to stabilize zirconia,

prevent phase transformation and minimize consump-

tion of corrosive materials under high-temperature cor-

rosive conditions.

6.6. High-temperature phase stability

Under high-temperature thermal exposure environ-

ments, the thermal barrier coating properties change not

only at the interface location but also inside the ceramic

material. Conventional YSZ has a transition process of

the t’ phase transforming into the t and c phases dur-

ing long-term treatment [130]. When the temperature is

higher than 1200 °C, the phase stability of YSZ will fur-

ther decrease, the t phase will be transformed into the

m phase, and a mixture of t + m + c phases will be

formed at the defect location of Y2O3 [131]. The phase

transformation of YSZ will lead to volume changes and

structural destabilization of the ceramic coating, which

will affect its service life [132]. Therefore, it is essential

to characterize the high-temperature phase stability of

high-entropy ceramics.

(La0.2Nd0.2Gd0.2Sm0.2Pr0.2)MgAl11O19 (HELMA)

high-entropy ceramics was prepared by solid-state reac-

tion method and its high-temperature phase stability was

characterized [133]. The results show that the HELMA

ceramics remains a single-phase solid solution after

annealing at 1400 °C for 2 h, indicating that HELMA

has good high-temperature phase stability. Liu et al.

[134] prepared (Dy0.2Ho0.2Er0.2Tm0.2Lu0.2)2Hf2O7 ce-

ramics by discharge plasma sintering and characterized

their high-temperature phase stability. The TG-DSC

curves are shown in Fig. 22. There was no sign of

mass loss or any exothermic/endothermic peaks in the

range of room temperature to 1500 °C, which proved

that (Dy0.2Ho0.2Er0.2Tm0.2Lu0.2)2Hf2O7 ceramics have

excellent phase stability in the 1500 °C range.

Figure 22. TG-DSC curves of
(Dy0.2Ho0.2Er0.2Tm0.2Lu0.2)2Hf2O7 as a function of

temperature [134]

6.7. Chemical compatibility

During the practical application of thermal barrier

coatings, elements such as Al, Ni, Cr, and Co inside the

bond coat oxidize and form TGO between the bond coat

and the top coat. Since Al2O3 inside the TGO may react

with ceramic materials in a high-temperature environ-

ment and affect the service life of thermal barrier coat-

ings, it is necessary to investigate the high-temperature

chemical compatibility of high-entropy ceramic materi-

als with Al2O3.

(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)PO4 powder was mixed

with Al2O3 powder and annealed at 1600 °C [51]. The

XRD pattern of the mixed powder at the end of the

holding time is shown in Fig. 23. Only the diffraction

peaks of (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)PO4 and Al2O3

phases were detected and no diffraction peaks of other

substances appeared, indicating that this high-entropy

ceramics has excellent chemical compatibility with

Al2O3.
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(Y0.2Gd0.2Dy0.2Er0.2Yb0.2)2Hf2O7 high-entropy pow-

der was prepared by solution combustion method and

mixed with Al2O3 before heating at 1300 °C for 4 h

[135]. Only the diffraction peaks of the high-entropy

ceramics and Al2O3 (Fig. 24) were observed in the an-

nealed powder, indicating that the two powders did not

react in the high-temperature environment. This con-

firms the excellent high-temperature chemical compati-

bility of this high-entropy ceramics.

Current research on chemical compatibility of high-

entropy ceramics focuses on Al2O3, which is only a

first-stage oxidation product of the bond coat during

isothermal oxidation of the thermal barrier coating.

When the Al element inside the metal bond coat is con-

sumed in large quantities, the bond coat starts to un-

dergo the second oxidation stage. The oxygen reacts

with the elements inside the bonding layer, such as Ni,

Cr and Co. The generated oxide clusters will diffuse to

the interface between the TGO and ceramic layer, so the

metal oxides, such as Ni, Cr and Co, need to be consid-

ered for checking the chemical compatibility of high-

entropy ceramic materials.

Figure 23. XRD pattern of the mixed powders of HE
(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)PO4 and Al2O3 in equivalent

volume ratio after annealing at 1600 °C for 1 h [51]

Figure 24. XRD pattern of
(Y0.2Gd0.2Dy0.2Er0.2Yb0.2)2Hf2O7/Al2O3 mixed powders

after annealing at 1300 °C for 4 h [135]

VII. Summary and outlook

With the continuous development of aerospace tech-

nology, the increasing temperature of the engine inlet

puts higher demands on the performance of ceramic ma-

terials for thermal barrier coatings, thus requiring the

development of ceramic materials with lower thermal

conductivity, better corrosion resistance, better high-

temperature phase stability, and better thermomechan-

ical properties. High-entropy oxide ceramics, as a new

type of materials with unique properties, are consid-

ered to be a thermal barrier coating material with excel-

lent application prospects. This review highlighted the

compositional design theory, synthesis methods, sinter-

ing methods and performance characteristics of high-

entropy ceramics.

Beyond the material design, the following aspects

need to be considered when using high-entropy ceram-

ics as the top coat of the thermal barrier coatings: i)

consider the compositional changes of trace elements

within the ceramics during the thermal spraying pro-

cess, ii) consider the structural changes during the ther-

mal spraying process, such as the transformation of

the pyrochlore structure to the defective fluorite struc-

ture and iii) select the appropriate coating preparation

method based on the properties of high-entropy ceram-

ics and develop the corresponding coating preparation

process.

Based on the above studies, high-entropy ceram-

ics are expected to be candidates for future ultrahigh-

temperature thermal barrier coatings and replace the

conventional YSZ ceramic coat. However, there are still

some critical issues need to be solved in future research:

• Currently, high-entropy ceramic materials applied to

thermal barrier coatings are all mixed with multi-

ple components in equimolar or near-equimolar ra-

tios. Explorations of various doping compositions,

elemental combinations and microstructural designs

to optimize thermal conductivity, coefficient of ther-

mal expansion (CTE), CMAS resistance, mechanical

properties and sintering resistance are crucial.

• High-entropy ceramics is a complex multi-

dimensional scale coupling system. The existing

basic theory cannot accurately describe the relation-

ship between the internal composition, organization,

structure and performance of high-entropy ceramics,

and the deep-level mechanism research is still

unclear. In recent years, with the development of

computers and the improvement of computing power,

the rapid development of materials computational

science has pushed the development of high-entropy

ceramics towards a computationally-driven research

and development paradigm. Therefore, combining

the design and development of high-entropy ceramics

with artificial intelligence is a future prospect.

• The future application of high-entropy ceramics in

thermal barrier coatings should not be limited to de-

signing the composition of high-entropy ceramics.

20
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It should also include optimizing the powder syn-

thesis process to meet environmental requirements

for specific ceramic material properties. Additionally,

the synthesis of ceramic materials with high purity,

controlled powder size and other necessary factors

should be adequately carried out to ensure success-

ful application in high-temperature and complex en-

vironments.
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