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 Abstract 1 

Multi-layered thermal barrier coatings (TBCs) are deposited on gas-turbine metallic components 2 

to protect them against high temperatures, oxidation, and corrosion. However, TBCs have limited 3 

working temperatures and lifetimes due to their material properties. Several approaches are being 4 

tested to increase TBC topcoats' phase stability and properties. Increasing entropy to stabilize 5 

phases is a concept introduced in 2004 and required decreasing the Gibbs free energy. Many high-6 

entropy ceramics are being developed for structural and functional applications, and different types 7 

of high-entropy oxides (HEOs) are promising TBC ceramics due to their unique characteristics. 8 

HEOs are single-phase solid solutions that contain five or more cations, usually a mixture of 9 

transition metals and rare earth elements. Due to the cocktail effect, the final material has a 10 

different behavior from its constituents, making it a viable method to improve the properties of 11 

traditional materials. Generally, high entropy materials are characterized by three additional 12 

phenomena: sluggish diffusion, severe lattice distortion, and high entropy. A review of possible 13 

improvements in the lifetime of TBC topcoats using different HEOs in terms of their composition, 14 

properties, and stability is presented here. Different HEOs are then examined and various 15 

thermophysical properties, high-temperature stability, and sintering resistance are discussed. 16 

 Keywords: High Entropy Oxides, Thermal Barrier Coatings, Topcoat, Thermal Spray. 17 

  18 



3 

 Introduction 1 

The Olympic motto “citius, altius, fortius – communiter” which means “faster, higher, stronger – 2 

together” tempts participants to work harder for new records. Likewise, the industrial sector has 3 

high-performance standards and pursues continuous improvement which is paramount to 4 

increasing sustainability in both aviation and industrial gas turbines (GT). Advancements in power 5 

generation, pollution reduction, and resource conservation are the driving forces behind the 6 

development of cutting-edge protective coatings. Within the domain of gas turbines (GTs), hot 7 

section components, such as combustors, turbine blades, and vanes, are covered with thermal 8 

barrier coatings (TBCs) to protect them against high temperatures and extend their lifespan (Ref 9 

1–4). Driving hotter GTs is the major driving force in improving TBCs, which results in higher 10 

turbine efficiency, lower fuel consumption, and reduced NOx emissions (Ref 5–7). 11 

TBC coatings are usually applied using thermal spray (TS) methods and comprise a metallic bond 12 

coat and ceramic topcoat, with a total thickness ranging from 200-1000 µm (Ref 8). TS processes 13 

may provide a variety of coating thicknesses that depend on the operating conditions of the 14 

components, for example, thinner coatings (e.g., 150-250 µm) on vanes prevent gas path reduction 15 

in GTs during operation, thereby preserving efficiency. In contrast, thicker coatings (e.g., 250-16 

1000 µm) provide increased thermal insulation for hotter parts, such as combustors (Ref 9,10). 17 

In TBC systems, a thermally grown oxide (TGO) layer forms at the topcoat and bond coat interface 18 

as aluminum diffuses out of the bond coat and oxidizes in contact with oxygen diffusing through 19 

the topcoat. This process ultimately leads to the depletion of the aluminum in the bond coat, 20 

creating a uniform alumina layer. While the bond coat protects the substrate against oxidation and 21 

corrosion, the topcoat - usually Yttria Stabilized Zirconia (YSZ) - insulates the underlying layers 22 

(Ref 2,4,11). Nevertheless, due to phase transformation, thermal shock, sintering, etc., YSZ has 23 
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limitations in terms of its maximum working temperature (e.g., 1200-1300 ̊C) and exposure time 1 

(Ref 11–13). In this context, new ceramics with high phase stability and low thermal conductivity 2 

are being developed namely defect-cluster TBCs, rare earth zirconates (REZ) such as Gd2Zr2O7, 3 

and high entropy oxides (HEOs). These next-generation materials are designed to address typical 4 

TBC challenges, such as thermal insulation, erosion, and Calcium Magnesium Alumina Silicate 5 

(CMAS) hot corrosion resistance (Ref 14–17). 6 

The concept of increasing the entropy of ceramics to stabilize them at high temperatures (higher 7 

than 1200 ̊C) was introduced recently by Rost et al. (Ref 18). As the newest candidates for ceramic 8 

topcoats, HEOs are composed of transition metal oxides and rare earth oxides (REOs). High 9 

entropy zirconates (HEZ), a subcategory of HEOs, are considered promising TBC topcoats. A 10 

review of the literature suggests that compared to YSZ, HEZ exhibits lower thermal conductivity 11 

and high phase stability, coupled with a high coefficient of thermal expansion (CTE). The 12 

properties will result in an improved performance at higher temperatures (higher than 1300 ̊ C) 13 

and match the characteristics of their underlying layers, including both the bond coat and the 14 

substrate. In addition, HEZs demonstrate superior sintering resistance (Ref 19–23) and the 15 

potential to reduce residual stresses in the coating. By using coatings that are designed to withstand 16 

higher thermal and mechanical stress levels, while being highly insulating, and ensuring 17 

compatibility with metallic components in terms of thermal expansion, it becomes possible to 18 

extend the lifetime of the TBC and the interval between GT maintenance (Ref 24). These 19 

promising features of HEOs make them an ideal candidate for topcoats, warranting further 20 

investigation. Hence, this review delves into novel ceramic topcoats, particularly HEOs focusing 21 

on their thermo-physical properties, and their potential to enhance TBC performance. 22 
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Lastly, it is essential to note that although the impact of powder manufacturing methods on HEO 1 

properties has been recognized as significant, it remains an aspect not been investigated in our 2 

study. Our current research does not focus on exploring the specific aspect of how different 3 

manufacturing methods may influence HEO properties. Instead, we aim to thoroughly investigate 4 

and analyze the properties of HEOs to gain valuable insights into their performance, 5 

characteristics, and potential applications. Focusing on these aspects allows us to contribute to 6 

existing knowledge in this field. Additionally, we hope to pave the way for future research in the 7 

field of HEOs. 8 

 9 

 Current TBC Topcoat Ceramics 10 

In TBC systems an overlay ceramic topcoat is deposited on a bond coat to reduce the heat flux 11 

toward the bond coat and substrate, therefore safeguarding them against high temperatures (Ref 12 

8). The TGO layer plays a crucial role in TBC systems. Its main function is to act as a diffusion 13 

barrier, preventing the migration of harmful species such as oxygen and sulfur from the working 14 

environment to the underlying bond coat and substrate. Ultimately it helps to maintain the integrity 15 

and durability of the TBC system by reducing the detrimental effects of oxidation and corrosion. 16 

Additionally, the TGO layer provides thermal insulation, contributing to the overall thermal 17 

resistance of the TBC system and enabling effective thermal management in high-temperature 18 

applications.  19 

While the bond coat protects the substrate against oxidation and corrosion, the topcoat (usually 20 

yttria-stabilized zirconia, ZrO2-6-8wt%Y2O3, or YSZ), insulates the underlying layers (Ref 2). A 21 

functional TBC topcoat must withstand high-temperature environments without undergoing phase 22 
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transformation, making phase stability one of the most critical requirements for topcoats (Ref 1 

10,25). In addition, low thermal conductivity, high CTE, as well as good fracture toughness are 2 

essential (Ref 12,25,26). YSZ has been found to be a good material to meet these criteria, with 3 

excellent properties to tolerate the harsh environment of GTs: 4 

- Low thermal conductivity compared to Ni-based superalloys (2.6 W/mK for the bulk 5.3 5 

wt.% YSZ, at 600 °C and 0.7 to 1.4 W/mK for 7.25 wt.% YSZ coating (Ref 11), while the 6 

thermal conductivity value is between 16-23 W/mK for Ni-based superalloys at 600 °C, 7 

depending on the chemical compositions (Ref 27)). 8 

- High coefficient of thermal expansion (CTE): (11 ×10-6 1/K (Ref. 11)), which is very close 9 

to those of bond coat materials and Ni-based substrates (13-15×10-6 1/K (Ref 27)). 10 

- High fracture toughness value compared to other ceramics such as toughened Si3N4, and 11 

Al2O3 (Ref 28), (2 MPa.m1/2 (Ref 1)). 12 

YSZ is practically a thermal insulator, with the phonon scattering properties of its atomic lattice 13 

reducing the heat flux toward the underlying layers. Phonon scattering occurs mainly by point 14 

defects such as oxygen vacancies and substitutional solid atoms. Moreover, line defects such 15 

as dislocations, or grain boundaries can also result in phonon scattering (Ref 29,30). In 16 

addition, the high CTE of YSZ allows it to relieve stresses due to the CTE mismatch between 17 

the YSZ and metallic layers (Ref 31). High-temperature mechanical properties, such as fracture 18 

toughness, hardness, and elastic modulus play a pivotal role in the failure of the coatings due 19 

to crack propagation erosion, and foreign object damage (FOD) (Ref 3,11,32). Nevertheless, 20 

after operation mechanical and microstructural properties of materials through processes like 21 

densification, microcrack healing, or stress relaxation will change. Such changes could be 22 
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beneficial for the GT components operating at high temperatures for extended periods of time 1 

(Ref 33–35). 2 

Meanwhile, there are several factors that contribute to the limited lifespan of TBCs. First 3 

stresses arise from thermal expansion mismatch between ceramics and metals. Also, the 4 

oxidation of metals and the growth of TGO changes the microstructure of the coating due to 5 

sintering and changing the coating properties (Ref 36). Besides, ensuring the chemical 6 

compatibility of the ceramic topcoat with both the TGO layer and metallic bond coat enhances 7 

adhesion between layers, subsequently improving the lifetime and durability (Ref 12). In 8 

addition, corrosion (usually caused by molten silicate deposits or CMAS derived from sand 9 

deposits or volcanic ash) deteriorates the coating by diffusing through the pores and defects. 10 

Molten CMAS infiltrates, and reacts with the ceramic, forming a dense glassy reaction zone, 11 

which eventually accelerates the sintering (Ref 8,37). The presence of these reaction zones 12 

intensifies elastic strain levels in the coatings. High elastic energy release rates in the presence 13 

of glassy reaction products may compromise the strain tolerance of TBCs. The delamination 14 

cracks inside or beneath the infiltrated layer typically originate from surface-connected vertical 15 

cracks occurring as a result of processing defects or during service due to sintering or cold 16 

shock and eventual spallation of the coatings (Ref 38–40). Ultimately, the failure is 17 

thermomechanical, arising from the strain energy generated in the coatings while cooling due 18 

to the CTE mismatch between the CMAS-infiltrated topcoat and the underlying layer (Ref 41).  19 

Microstructural changes (Ref 31) can also cause stresses at the topcoat/bond coat interface and 20 

within the topcoat (Ref 42). Furthermore, during the thermal spraying of YSZ, a metastable 21 

phase (t ̍) is developed by activating a ferroelastic toughening mechanism and providing 22 

sufficient toughness to withstand the harsh GT environment. But the eventual phase 23 
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transformation at 1200 ̊C after long times from t ̍ to the tetragonal and cubic structures are 1 

followed at high temperatures accompanied by volume expansion, which finally decreases the 2 

toughness (Ref 8,11,13). The transition from t' to the cubic phase results in a significant volume 3 

increase, impacting stress distribution in the coating TBCs and exacerbating thermomechanical 4 

failure (Ref 43). Additionally, the t' to cubic transformation can lead to the formation of vertical 5 

cracks at high temperatures, as the cubic phase exhibits less toughness than the t' phase (Ref 6 

28). Another harmful transformation during cooling or heating happens, when the tetragonal 7 

phase transforms into a monoclinic phase, leading to 5-7% volume changes (Ref 44) and 8 

promoting microcrack nucleation. Hence, YSZ has a maximum operating temperature of about 9 

1200°C (Ref 45).  10 

TBC lifespan is also limited due to spallation and/or delamination within the topcoat interface 11 

with TGO, where crack nucleation and propagation may occur due to tensile stresses resulting 12 

from the outward growth of the TGO (Ref 46). During TBC operation, sintering typically 13 

occurs due to prolonged exposure to high temperatures, reducing pores size and percentage 14 

(Ref 4,36). This rapid increase in thermal conductivity causes stress at the topcoat and bond 15 

coat interface and within the topcoat (Ref 42,47). On the other hand, although stress relaxation 16 

mechanisms are expected to occur at high temperatures, sintering also tends to induce residual 17 

stresses within the coating after long-time operations.. During the sintering process, in-plane 18 

shrinkage takes place, accompanied by an in-plane elastic strain. In-plane shrinkage is also 19 

present due to thermal expansion mismatch between the topcoat and underlying layers at their 20 

operational temperatures. Once the in-plane tensile stresses exceed the fracture energy of the 21 

topcoat, the coating may fail through spallation (Ref 48,49). 22 
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In this regard, new ceramics are developed to address the usual TBC issues including the defect 1 

cluster TBCs, rare earth zirconates (REZ) such as Gd2Zr2O7, and high entropy oxides (HEO) 2 

(Ref 14). The novel materials are designed to address the usual TBC challenges faced by TBCs, 3 

such as thermal insulation, CMAS hot corrosion resistance, sintering resistance, and 4 

compatibility with TGO and bond coat (Ref 14–17). 5 

 Novel Topcoat Ceramics 6 

To enhance TBC topcoats, different ceramics have been studied and introduced as promising 7 

candidates. Initially, topcoat ceramics are selected based on criteria such as low thermal 8 

conductivity, high CTE, and excellent phase stability. Subsequently, additional factors like 9 

toughness, hardness, thermal cycling behavior, and hot corrosion resistance must be thoroughly 10 

investigated. Diverse ceramics including REOs or defect cluster TBCs, rare-earth zirconate (REZ), 11 

Perovskites, Hexa-aluminates, and Phosphates, have been explored (Ref 1,8,11). Vassen et al.(Ref 12 

8) have compiled a substantial amount of data concerning the thermal conductivities and CTEs of 13 

various materials (Figure 1). The properties are of great interest when comparing them to 14 

conventional YSZ. In line with previous discussions, ceramics with low thermal conductivity and 15 

high coefficient of thermal expansion (CTE) values are considered highly desirable. In this vein, 16 

ceramics such as REZ with the composition of RE2Zr2O7 (in which RE can represent any rare-17 

earth element), multi-component zirconia-based ceramics, and high entropy oxide (HEO) 18 

consisting of at least five different cationic elements with 5-35 atomic% in their composition with 19 

high mixing entropy, exhibit the desired properties. This review article provides an explicit focus 20 

on HEOs. 21 
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REZ materials with pyrochlore or defective fluorite structures are among the most extensively 1 

studied for TBC applications, particularly CMAS attack, as well as high-temperature environments 2 

exceeding 1300 ̊C (Ref 14). 3 

 4 

Figure 1: CTE vs. thermal conductivity of different TBC topcoat materials gathered by Vassen et al. (Ref 5 

8). 6 

Ceramics featuring a pyrochlore crystal structure typically adopt either an A2B2O7 or A2B2O6O’ 7 

configuration. Here, A and B represent cations of rare-earth elements and transition metals with 8 

charge states 2+, 3+, 4+, and 5+, forming a face-centered cubic (FCC) array. The stability of A and 9 

B cations in pyrochlores can be achieved by maintaining the ionic radius ratio of A and B (
𝑟𝐴

𝑟𝐵⁄ ) 10 

within the range of 1.46 and 1.80 (Ref 50). For instance, the ratio for different lanthanide zirconates 11 

(Ln can be La, Nd, Sm, Eu, or Gd), varies between 1.46 and 1.61, leading to the formation of a 12 
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pyrochlore structure. Conversely, for ratios below 1.46, a defective fluorite structure will be more 1 

stable (Ref 51). A comparison of cations’ positions certifies that the pyrochlore has a higher degree 2 

of order than that of the defective fluorite structure. One challenge with the pyrochlore structure is 3 

an order-disorder transformation, a characteristic shared by all lanthanide zirconates, which is 4 

likely dependent on the lanthanide ion radius. The transition temperature for Gd is reported to be 5 

1550-1570 ̊C (Ref 52) and 2000 ̊C for Sm. In contrast, La did not undergo this transformation (Ref 6 

14). The transformation is reported to affect the sintering rate of coatings (Ref 11,47). 7 

Lanthanide zirconates exhibit low thermal conductivity owing to their high oxygen vacancies and 8 

large atomic mass differences between Ln and Zr, leading to increased phonon scattering. Thus, 9 

they are potential topcoat candidates (Ref 11,53,54). Additionally, compared to YSZ good CMAS 10 

corrosion resistance (Ref 55) and higher temperature stability further explain the reason for their 11 

potential. Recently La2Zr2O7 (Ref 56,57), Nd2Zr2O7 (Ref 58,59), Gd2Zr2O7 (Ref 60), and 12 

Sm2Zr2O7 (Ref 61,62) have been introduced as alternatives for TBC topcoats (Ref 63–65). Among 13 

them, Gd2Zr2O7 stands out with its exceptional thermophysical properties, with lower thermal 14 

conductivity (1.2-1.4 W/mK for bulk ceramic), higher CTE (10.5-12.2 ×10-6 1/K), as well as 15 

superior thermal stability (1550 ̊C), compared to YSZ, which made it an interesting alternative for 16 

the topcoat (Ref 11,66). However, the mechanical properties of Gd2Zr2O7, such as elastic modulus 17 

and fracture toughness need to be improved in order to increase erosion resistance and FOD. 18 

Further improvements in the thermal resistance of the TBC can be attained by implementing 19 

microstructural modifications. These modifications include augmenting the overall thickness of 20 

the TBC and/or decreasing its thermal conductivity by increasing porosity or utilizing new TBC 21 

materials characterized by lower thermal conductivity values compared to YSZ (Ref 67). 22 

Nevertheless, it is worth noting that the introduction of new REZs led to compromised topcoat 23 
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performance during thermal cyclic tests (Ref 66), and low damage resistance attributed to their 1 

low fracture toughness values (less than half of YSZ (Ref 68) and lower CTE values (Ref 57,64). 2 

The thermochemical incompatibility of REZ with the TGO layer is an issue, impacting the lifetime 3 

of the coating (Ref 69,70). These shortcomings necessitate using REZ together with a YSZ topcoat 4 

to form a double-layered ceramic (DLC) coating (Ref 57,71). Therefore, upgrading materials to 5 

pyrochlores may be more effective by applying other modifications, such as using DLC topcoats 6 

for high temperatures, as Vassen et al. (Ref 72) claimed, or using graded topcoats for moderate 7 

temperature applications, according to Chen et al. (Ref 73). 8 

 9 

 High Entropy Materials 10 

The concept of high entropy alloys was introduced first and later extended to ceramics. High 11 

entropy alloys are simple solid solutions containing five or more elements with 5-35 atomic 12 

percent, in equiatomic or non-equiatomic ratios (Ref 74). Yeh et al. (Ref 75) presented four distinct 13 

effects for high entropy alloys (HEAs), that could be extended to high entropy ceramics. 14 

Thermodynamically, HEAs have high configurational entropy (∆𝑆 > 1.61𝑅, 𝑅 is the gas constant: 15 

8.314 J/K mol). The high entropy effect could interfere with the formation of complex phases in 16 

thermodynamics. Besides, HEAs have severe lattice distortion that can change the properties of 17 

the final composition from the primary constituents. Furthermore, in terms of kinetics, HEAs have 18 

severe sluggish diffusion that limits phase transformation. Lastly is the cocktail effect, which is 19 

the ability of materials to develop a wide range of unique and unexpected properties by combining 20 

them. The new properties depend on a few parameters including the mixture rule, mutual 21 

interactions between all the elements, and severe lattice distortions due to mass and bonding 22 
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differences. Among the aforementioned core effects, the high configurational entropy plays a vital 1 

role in enhancing high-temperature stability (Ref 76). A comprehensive assessment of 2 

performance, perspectives, and future applications of thermally sprayed HEAs has been conducted 3 

by Nair et al. (Ref 77) and Shahbazi et al. (Ref 78). 4 

 5 

 Crystal Structures of HEOs 6 

HEOs, which belong to the category of high entropy ceramics (HECs), are characterized as solid 7 

solutions consisting of five or more principal elements, with equal or non-equal compositions (Ref 8 

76). Some reviews have been published for bulk HECs and are still underway (Ref 20,21,79–81). 9 

In this section, a subset of HEOs will be studied specifically for TBC topcoats. HEOs can generally 10 

be stabilized in different crystal structures such as rock salt (Ref 18,82), fluorite (Ref 83–86), 11 

perovskite (Ref 87,88), pyrochlore (Ref 89–93), bixbyite, magneto plumbite (Ref 94), O3- type 12 

layered (Ref 95), or spinel (Ref 96–98). According to the studies, all types of oxide crystal 13 

structures, or different phases can be effectively designed with an entropy-based approach, by 14 

selecting the cations according to their ionic radii and oxidation state (Ref 81,99). In addition, the 15 

presence of different cations produces various structures or phase compositions (Ref 100). The 16 

pyrochlore oxide’s complex structure exhibits strong phonon scattering characteristics. Over the 17 

past few years, various types of high-entropy oxides with pyrochlore structures have been 18 

investigated (Ref 22,83,92,100). 19 

 20 
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 Stabilizing HEOs 1 

Multi-component or entropy-stabilized oxides (ESO) were first introduced in 2015 by Rost et al. 2 

(Ref 18), by fabricating a stable single-phase oxide using five equimolar oxides including MgO, 3 

CoO, NiO, CuO, and ZnO. The selection of these oxides was based on factors such as 4 

electronegativity values, crystal structures, cation coordination, and solubility binary oxides. The 5 

concept was first having a stable composition at high temperatures without any transformations. 6 

In this research, a group of five oxides with an equimolar ratio was studied, and the relationship 7 

between mixing entropy (configurational entropy) and the composition of a mixture was 8 

calculated. Based on their findings, it was established that deliberate configurational disorder 9 

provides a strategy for discovering new phases. In addition, it provides unexplored opportunities 10 

for property engineering. Chen et al. (Ref 19) synthesized a five-component ESO with a 11 

composition of (Ce0.2Zr0.2Hf0.2Sn0.2Ti0.2)O2, with a low thermal conductivity (1.2 W/mK), 12 

suggesting the composition as a promising ceramic for TBCs based on the thermophysical 13 

properties. 14 

The phase stability, according to Gibbs free energy, not only depends on the ideal configurational 15 

entropy but also on the temperature and mixing enthalpy. The following equation (Equation 1) 16 

gives the Gibbs Free energy in an ideal solid solution. Nevertheless, contributions from 17 

configuration, vibration, electronic excitation, and magnetism affect the free energy amount (Ref 18 

101). More accurate free energy calculations for high entropy ceramics are done by different teams 19 

and can be found in (Ref 102–108). 20 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥 (1) 
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In which ∆𝐻𝑚𝑖𝑥 is the mixing enthalpy, ∆𝑆𝑚𝑖𝑥is the mixing entropy, and T is the absolute 1 

temperature. In the aforementioned papers, enthalpy and temperature have to be increased in order 2 

to achieve high entropy values, meaning that the enthalpy value always must be positive (+∆H). 3 

In this equation, the temperature parameter also becomes very significant. This means that the 4 

single phase will be stable at higher temperatures, and at lower temperatures, it transforms into a 5 

multi-phase structure (Ref 22). 6 

Configurational entropy, in particular, has a considerable effect on the high entropy materials. As 7 

highlighted by Ananad et al. (Ref 102) configurational entropy becomes more critical as the 8 

number of cations in multi-component oxides increases, affecting stability in single phase solid 9 

solutions. In addition, to predict the formation of a single-phase HEO, an indicator has been 10 

introduced based on atomic size differences (δ) of A-site and B-site cations, as well as the enthalpy 11 

of mixing (∆𝐻𝑚𝑖𝑥) (Ref 22,109–112). Equation 2 gives the descriptor based on atomic size 12 

differences: 13 

𝛿 = √∑𝑐𝑖(1 −
𝑟𝑖

∑ 𝑐𝑖𝑟𝑖
𝑁
𝑖=1

)2
𝑁

𝑖=1

 (2) 

In which 𝑐𝑖 is the concentration of species and 𝑟𝑖 is their radius. Huttere et al. (Ref 113) reported 14 

a threshold of 4.5% for δ to form a single-phase Zirconate, while Yang et al. presented a 5.2% 15 

threshold (Ref 109), which seems to be very close to each other. 16 

On the other hand, Wen et al. (Ref 104) introduced a descriptor based on both mixing enthalpy and 17 

atomic size differences, using the logistic regression approach in supervised machine learning. 18 

This descriptor was first introduced for borides with the composition of (MxN1-x)B2. Furthermore, 19 
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Sarker et al. (Ref 114) introduced an entropy formation ability descriptor based on mixing 1 

enthalpy, based on the energy spectrum of the high entropy system at absolute zero. Still, it seems 2 

that all introduced descriptors are in their early stages or are just applicable to specific systems. 3 

Nevertheless, they provide a convenient means to facilitate the discovery and design process for 4 

high entropy ceramics. Spiridigliozzi et al. (Ref 85) also studied a predictor for single-phase HEO 5 

formation, emphasizing the “dispersion” of cationic radii as a key parameter, rather than the 6 

cationic mean radius. In parallel, a descriptor by density functional theory (DFT) method was 7 

developed by Pitike et al. (Ref 115). This method considers oxygen vacancy concentrations and 8 

local distortions to predict the single-phase formation of pyrochlore HEO. However, exploring 9 

new HEOs may be facilitated if a simple indicator were used. Given their compositional diversity, 10 

there are several structural and chemical combinations that may be achieved. As a result, 11 

attempting to find the “optimal properties” experimentally for specific applications can be time-12 

consuming and frustrating. According to theoretical approaches such as density functional theory 13 

(DFT) calculations, it appears to be possible to calculate phase equilibria, structures, and (some) 14 

properties of HEOs. For systems with such complexity, traditional simulation approaches might 15 

still be challenging though (Ref 116–118). The discovery of novel HEOs with specific properties 16 

can thus be accelerated using combinatorial synthesis and high-throughput calculations. There is 17 

no doubt that HEOs will progress more rapidly if experimental and theoretical researchers 18 

collaborate more actively. 19 

 20 
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 Properties of HEOs 1 

In recent years, functional properties of HEOs have been the subject of extensive research, 2 

covering various aspects such as mechanical (Ref 118,119), thermal (Ref 86,120), dielectric (Ref 3 

121), electrochemical (Ref 122), optical (Ref 123), and magnetic (Ref 124,125) properties. Due to 4 

their high-entropy nature, HEOs have notably different properties from their individual 5 

constituents. These properties can be tailored appropriately to suit specific materials applications 6 

by selecting primary constituents and calculating thermodynamics. In the literature, ESO and HEO 7 

terms are used interchangeably. As discussed by Chen et al.(Ref 19), Liu et al. (Ref 22), and the 8 

preceding section, the degree of entropy in HEOs is essentially determined by their mixing entropy. 9 

On the other hand, ESOs have high mixing entropy, as well as positive enthalpy and entropy, 10 

dominating thermodynamic stability. In other words, enthalpy also affects phase formation and 11 

stability. However, the long-term performance or the effects of volume-changing transformations 12 

require more investigation. In addition, ESOs, undergo a reversible transformation at a specific 13 

transition temperature, transitioning from a multi-phase composition to a single-phase 14 

composition. Since not all aspects of multiphase ceramics’ long-term performance are fully 15 

understood, and phase transformations might be accompanied by unexpected volume changes, 16 

single phase compositions are typically preferred. This preference is one of the main reasons for 17 

favoring HEOs over ESOs. 18 

According to the literature, HEOs have lower thermal conductivity compared to oxide ceramics 19 

(Ref 93,126) due to phonon scattering, resulting from the severe lattice distortion effect of high 20 

entropy and their slow sluggish grain growth rate. Similar behavior has also been observed in 21 

HEAs (Ref 127). 22 
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Furthermore, thanks to the sluggish diffusion effect of high entropy materials, the sintering rates 1 

tend to be relatively lower compared to conventional materials. This characteristic contributes to 2 

enhanced coating performance during thermal cycling and contributes to decreased thermal 3 

conductivity values (Ref 128,129). Other main properties reported in the literature, that are 4 

essential for TBC candidates such as CTE, phase stability, and fracture toughness have been 5 

summarized in Table 1. In this table, the properties of benchmark bulk YSZ are provided in the 6 

first line for comparison with other HEOs. P or F in the table represents pyrochlore and fluorite. 7 

Notably, the table illustrates that new HEOs exhibit desirable properties, including low thermal 8 

conductivity and high thermal stability. However, it's important to highlight that only a few 9 

researchers have investigated other crucial properties that significantly impact the lifetime and 10 

performance of TBCs in GTs, such as fracture toughness and hardness, which are important for 11 

crack propagation and FOD. 12 

 13 

 Potential High Entropy Oxides for TBCs 14 

To date, several HEOs have been designed, synthesized, and studied for TBC purposes. These 15 

novel ceramics primarily exhibit pyrochlore or fluorite structures. These cubic structures have an 16 

A2B2O7 format, in which the B-O bond pair is primarily responsible for maintaining structural 17 

integrity and elastic properties (Ref 11). In pyrochlores, the B ions are coordinated with six O ions 18 

with relatively short B–O bond lengths. In contrast, the A ions are coordinated with eight O ions 19 

and have large and weak A–O bonding. Consequently, any weakening of B-O bonding can result 20 

in structural relaxation, lattice strain, and potentially higher values of CTE, elastic modulus, and 21 
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fracture toughness. A-site elements must be studied in terms of possible interaction with bond coat 1 

and topcoat oxidation, and corrosion resistance (Ref 130–132).  2 

As a first step towards choosing rare-earth elements for the A-site, consideration should be given 3 

to the TGO layer. Potentially many rare-earth elements can react with Al in a bond coat and 4 

produce α-Al2O3, but the kinetics, thermodynamics, and thermophysical properties must all be 5 

taken into account  (Ref 133–135). For example, Leckie et al. (Ref 135) declared that by decreasing 6 

the Y amount in the topcoat layer and adding Gd, an interface temperature below 1100 ̊C is required 7 

for TGO growth. Alternatively, conventional YSZ could be employed as a diffusion barrier layer 8 

to maintain an intact TGO layer. Other concepts such as the formation of brittle intermetallic 9 

compounds or other oxide layers can affect the durability of the TBC system. Even though the 10 

effect of A-site cations on the performance of the TBC and its compatibility with other layers are 11 

crucial to our knowledge, no papers have been published on this subject. 12 

The nomenclature of HEOs is based on the elements present at the B-site. When it comes to 13 

mixed oxides, multiple transition elements can occupy the B-site position. Accordingly, zirconates 14 

incorporate just Zr, aluminates feature Al, cerium oxides contain Ce, hafnates have Hf, and 15 

niobates encompass Nb. All of the aforementioned combinations fall under the category of HEOs. 16 

 Mixed Oxides 17 

Gild et al. (Ref 86), employed high-energy ball milling for powder mixing, followed by spark 18 

plasma sintering and annealing, to synthesize various high entropy fluorite oxides. The single-19 

phase compositions of these synthesized ceramics are detailed in Table 1, rows 2 to 8. Notably, all 20 

these compositions displayed low thermal conductivity values and relatively high hardness 21 

compared to YSZ samples prepared using the same method. The high entropy oxides exhibited 22 
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promising potential due to their low thermal conductivity, attributed to the presence of various 1 

cation species, resulting in phonon scattering induced by mass and bonding disorder. For phase 2 

stability, Sun et al. (Ref 136) found that the compositions could maintain their single-phase solid 3 

solution structure up to 1700K, suggesting a lack of precipitation reactions based on the positive 4 

values observed for both the second derivative of Gibbs free energy and the Gibbs free energy 5 

change of chemical reaction.  6 

Zhao et al. (Ref 83) studied the CTE and thermal conductivity of 7 

(Y0.25Yb0.25Er0.25Lu0.25)2(Zr0.5Hf0.5)2O7 (Row 9), prepared using spark plasma sintering. They 8 

reported that the HEO has low thermal conductivity. This was mainly associated with the high 9 

entropy sluggish grain growth effect. Interestingly, its CTE value closely matched that of Al2O3, 10 

which forms the TGO, making it a promising candidate for environmental barrier coating (EBC). 11 

Due to its suitable properties, this HEO may be a preferred choice for TBC topcoats. 12 

Wright et al.(Ref 137), synthesized three HEOs as well as two non-equimolar medium entropy 13 

oxides, all with general compositions of (Hf1/3Zr1/3Ce1/3)1-x(Y1/2X1/2)xO2-δ (where X=Yb, Ca, and 14 

Gd) (Rows 10, 11), and reported their stability up to 1500 ̊C. These materials exhibited lower 15 

thermal conductivity values compared to YSZ, attributed to the presence of oxygen vacancies and 16 

especially clustering in their microstructure. In this research, to create a uniform mixture of 17 

ceramics, a planetary ball mill was employed, followed by spark plasma sintering to achieve dense 18 

ceramics. 19 

Song et al. (Ref 126), studied the thermophysical and mechanical properties of an HEO 20 

synthesized via solid-state reaction with a composition of (Y1/2Yb1/2)2(Ti1/3Zr1/3Hf1/3)2O7 shown in 21 

row 12. The study confirmed the expected thermal conductivity and high CTE of the HEO. 22 

Besides, high hardness and elastic modulus were reported due to the solid solution hardening 23 
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mechanisms, mass disorder, and atomic size differences of A-site and B-site cations. Zhang et al. 1 

(Ref 100), designed and synthesized an oxide-type high entropy with a composition of 2 

La2(Zr0.2Ce0.2Hf0.2Sn0.2Ti0.2)2O7 using a solid-state reaction method. The composition has been 3 

reported to have low thermal conductivity and CTE values (row 13). In comparison to YSZ, 4 

thermal conductivity and CTE were lower. Afterward, the HEO powder was granulated and then 5 

deposited using air plasma spray technology.  6 

Among all oxide-based high entropy compositions, in which the B-site position is occupied by O, 7 

only La2(Zr0.2Ce0.2Hf0.2Sn0.2Ti0.2)2O7 has been thermally sprayed. The HEO was deposited on a 8 

bond coat using the air plasma spray method, with a thickness of 120 µm. SEM images of the 9 

cross-section of the coating are given in Figure 2. In terms of the microstructure, as declared by 10 

the authors porous coating was formed due to rapid cooling conditions, which resulted in low 11 

fracture toughness values. The spray parameters, or particle size distribution, were not mentioned 12 

in the reference, which affects the microstructure of the coating. According to the phase analysis 13 

results, the initial pyrochlore structure changed into defective fluorite, but it could remain stable 14 

at 1100 ̊C for a long time. Additionally, the authors investigated the performance of the coating 15 

during thermal cycling. According to the results, low fracture toughness values led to low 16 

performance after cyclic tests at 1050 ̊C. 17 

Recently, Song et al. (Ref 138), used the entropy stabilization method to synthesize new 18 

compositions (rows 14, 15), with solid-state reactions. The researchers reassembled oxides in the 19 

form of A2B2O7 or A3B’O7 to the form of A5B2B’O14 with a single defective fluorite crystal 20 

structure without any secondary phase formations (according to the provided XRD results, given 21 

in Figure 3a). In their findings, the researchers reported that the process of reassembling the 22 

structure led to an increase in lattice distortion, ultimately leading to lower values of thermal 23 
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conductivity. The lattice distortion was verified using the results of Raman spectroscopy, with very 1 

broad spectra (given in Figure 3b). Having a high population of cations in these compositions 2 

caused the ion sublattice distortion. In terms of thermophysical properties due to the random 3 

distribution of multiple cations and oxygen vacancies, the new structure had low thermal 4 

conductivity (about 1 W/mK) (Ref 138), while cations and oxygen vacancies in rare-earth 5 

zirconates, like intermetallic compounds, are in specific locations. (Ref 77). Also, the composition 6 

had a CTE value of ~9.95×10-6 1/K, which is larger than the reported value for La2Zr2O7 (8.42×10-7 

6 1/K) (Ref 138). In this research, they used the term HEO for their entropy-stabilized oxides, and 8 

the compositions are introduced as promising TBC materials, however, the phase stability and 9 

other thermal performances need further investigation. 10 
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 1 

Figure 2- SEM image of as-sprayed TBC with the L(ZCHST)O topcoat. (a) Full view of cross-section 2 

SEM image of as-sprayed TBC, (b) topcoat magnification SEM image, (c)interface between topcoat and 3 

bond coat magnification SEM image (Ref 100). 4 
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 1 

Figure 3: Structural characterization of synthesized ceramics by Song et al., namely (a) XRD patterns, (b) 2 

Raman spectrum 3 

 4 

 Zirconates 5 

High entropy zirconates (HEZ) are a subset of HEOs with Zr occupying the B-site position, 6 

typically formulated as (5RE0.2)2Zr2O7 (rows 16-30). These materials consistently exhibit desirable 7 

average values for the critical properties of TBCs and the crystal structure is generally pyrochlore. 8 

The choice of Zr in the B-site position, with its relatively large atomic radius (175pm), contributes 9 

to an increased cationic ratio. Two novel HEZs were synthesized by Zhao et. al (Ref 128), and Luo 10 

et al. (Ref 139) and shown in rows 16 and 17, Table 1, by co-precipitation method. Both the HEZs 11 

demonstrated low thermal conductivity and exceptional thermal stability up to 1600 ̊C along with 12 

excellent sintering resistance. Both groups compared their results with a REZ. High 13 

configurational entropy and local ionic charge disorder were reported as the governing factors for 14 

decreasing thermal conductivity (Ref 128,139).  15 
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However, the fracture toughness values were slightly lower than that of YSZ but higher than REZs 1 

(see Table 1). Increased fracture toughness from REZ to HEZ was reported to happen due to severe 2 

lattice distortion and their unique microstructure that deflect and branch the microcracks.  3 

Further, the authors found that the crack resistance against thermal stresses increased due to the 4 

slow grain growth effect of the HEZ (Ref 128,139). Figure 4a to Figure 4e were published by Zhao 5 

et. al (Ref. 99), at different annealing times as evidence of a slower grain growth rate of high 6 

entropy zirconate compared to a rare-earth zirconate (with the composition of (La2Zr2O7). Their 7 

findings revealed that the average grain size of HEZ increased from 1.69 to 3.92 µm, whereas the 8 

grain size for REZ changed from 1.96 to 8.89 µm after 18 hours of heat treatment at 1500 ̊C. This 9 

demonstrates the potential advantages of HEZs over traditional REZs in TBC applications. 10 

 11 

Figure 4: Microstructures of (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)2Zr2O7and La2Zr2O7compacts after annealing at 12 

1500◦C for 1–18 h in the air: ((a): 1 h, (b): 6 h, (c): 12 h, (d): 18 h for(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)2Zr2O7and 13 

(e): 1 h, (f): 6 h, (g): 12 h, (h): 18 h for La2Zr2O7); published by Zhao et. al (Ref. 99). 14 

 15 

Ren et al. (Ref 23), also, studied the thermophysical and mechanical properties of a novel HEZ 16 

(row 18), produced by the coprecipitation method; and compared the results with two REZs: 17 
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Sm2Zr2O7 and Lu2Zr2O7. High hardness, fracture toughness, low thermal conductivity, high CTE 1 

(close to metals), and thermal stability up to 1400 ̊C for relatively long durations were reported for 2 

the studied HEZ. The study also confirmed the effect of severe lattice distortion on improving the 3 

mechanical properties, as well as the cocktail effect on improving thermophysical properties. The 4 

latter includes mass differences, severe lattice distortion, and chemical bonding deviation. 5 

Li et al. (Ref 93), synthesized five different HEZs by solid-state reaction method, with different 6 

lanthanides in the A-site. These HEZs demonstrated exceptionally low thermal conductivity as 7 

shown in rows 19-23 of Table 1. Also, their studies on sintering resistance revealed that these 8 

ceramics have relatively high sintering resistance. The CMAS corrosion resistance of 9 

(Y0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7, (given in row 20) was compared to a REZ (La2Zr2O7) reported 10 

by Tu et al. (Ref 140). Notably, different corrosion mechanisms were observed due to better 11 

mechanical properties and reduced crack propagation rates of HEZ. Relatively higher corrosion 12 

resistance was also achieved for these HEZs. The point energy-dispersive X-ray spectroscopy 13 

(EDS) analyses for these compositions are shown in Figure 5. According to their results, there 14 

were no horizontal and vertical cracks in the ceramic substrate and the reaction layer, because of 15 

having lower elastic modulus and higher CTE values in HEZs. Also, a fine-grained and dense 16 

reaction layer was formed due to the slow diffusion observed in the high-entropy phases. During 17 

cooling, this fine-grained reaction layer is expected to enhance the layer's resistance to cracking 18 

(Ref 140). Figures 5(c), (d), and (e) display the results of point energy-dispersive X-ray 19 

spectroscopy (EDS) analyses of the dark region, rod-shaped crystals, and globular grains. 20 

Statistical EDS analysis of multiple regions reveals that rod-shaped crystals are predominantly 21 

composed of rare-earth elements (RE), calcium (Ca), and magnesium (Mg), while globular grains 22 

are predominantly composed of zirconium (Zr), with small quantities of RE, Ca, and Mg. It is 23 
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reported that the dark phase present in the HEZ sample contains substantial quantities of calcium 1 

(Ca), magnesium (Mg), aluminum (Al), and silicon (Si). On the other hand, the LZ sample exhibits 2 

two types of dark regions, namely an interstitial dark phase and a large "pool" of dark material. 3 

The interstitial dark phase and the dark phase in the HEZ sample have similar elemental 4 

compositions. While a substantial amount of magnesium and aluminum is present in the dark 5 

"pool"(Ref 140). Sun et al. (Ref 141) added Alumina to this composition with flash sintering and 6 

studied the effect of this addition on the mechanical properties of HEZ. According to these authors, 7 

the mechanical properties (including nano-hardness and elastic modulus) were improved due to 8 

the formation of perovskite REAlO3 and magnetite REAl11O18 phases (Ref 141).  9 

 10 

Figure 5: Point EDS analysis results of the CMAS corroded specimens after 24 h corrosion, published by 11 

Tu et al. (Ref 140). Microstructures of (a) (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (HEZ) and (b) La2Zr2O7 (LZ), 12 

element contents of (c) residual CMAS. 13 
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Liu et al. (Ref 142), and Luo et al. (Ref 143), also studied the thermophysical and mechanical 1 

properties of a fluorite structure HEZ (row 24). Their results confirmed an acceptable fracture 2 

toughness (> 1-2 MPa.m1/2) and favorable thermophysical properties of the HEZ composition, 3 

primarily driven by the high-entropy effect, cocktail effect (including mass difference), chemical 4 

bonding deviation, and local lattice distortion. On the other hand, Luo et al. (Ref 143), synthesized 5 

two other HEZs (rows 25, 26) using the reverse coprecipitation method, and their results were 6 

inconsistent with other materials. 7 

An ultrafine-grained HEZ (row 27) was fabricated by high-pressure sintering of the self-8 

synthesized nano powders, reported by Ma et al. (Ref 144). The authors examined its mechanical 9 

properties including fracture toughness, hardness, and thermal conductivity. The results were 10 

satisfactory in terms of having high hardness and high fracture toughness (very close to YSZ). For 11 

this composition, low thermal conductivity was also reported, and the phase stability of the 12 

composition was reported as high as 1500 ̊C. All properties were reported as being due to high-13 

entropy and grain-refinement effects. These compositions seem to be a good fit for high-14 

temperature applications such as TBCs. 15 

The differences in the reported properties were associated with atomic radius differences of A-site 16 

REs as well as their electronegativity differences. Among studied HEZs, Zhou et al. (Ref 129) are 17 

the only ones that have thermally sprayed HEZ (row 28), by using APS on top of a YSZ layer, 18 

thus, resulting in a DLC topcoat. A cross-section image of the coating is shown in Figure 6, 19 

according to which the coating layers are bonded enough to each other, and the reported porosity 20 

was about 9.17 ± 0.87 %. Based on the published results of the EDS on the cross-section it seems 21 

that all elements are distributed equally in the coating. 22 
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 1 

Figure 6: SEM images of the cross-section of (a) the coating system and (b) the 2 

(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 ceramic layer published by Zhou et al. (Ref 129). 3 

 4 

Figure 7 depicts the X-ray diffraction (XRD) spectrum of the high entropy rare earth zirconate 5 

(HE-REZ) ceramic coating. The diffraction peaks observed in the as-sprayed 6 

(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (HEZ) ceramic coating can be attributed to a phase-pure 7 

defective fluorite structure, without the presence of impurity phases. As indicated in the table, the 8 

structure of the HEZ ceramic powder synthesized initially was pyrochlore, which can be regarded 9 

as an ordered fluorite structure in the cation sublattices. 10 

 11 
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 1 

Figure 7: EDS elemental maps on the polished cross-section of the HE-REZ ceramic coating published by 2 

Zhou et al. (Ref 129). 3 

 4 

Zhou et al. (Ref 129), examined the thermal cyclic behavior of this DLC at 1100 ̊C (see Figures 8-5 

10). The authors reported that the HEZ had a higher lifetime compared to a REZ (La2Zr2O7), due 6 

to their slow grain growth effect and low sintering rate of HEOs. It is critical to note that, since the 7 

TGO grows between the bond coat and the topcoat's first layer after TBC operation, it affects the 8 

TBC's life. As a result, the TGO should be studied and taken into consideration. In spite of this, 9 

this article did not discuss the growth and microstructure of the TGO.  10 

All in all, the spraying of HEZs and the subsequent study on their performance appear to be 11 

promising research areas. HEZs emerge as the best candidates for the next generation of TBCs 12 

with low thermal conductivity, high CTE, and high fracture toughness. Nonetheless, there is a need 13 

for further research into their resistance to erosion and CMAS, which should be addressed. The 14 

importance of choosing the appropriate rare-earth elements for A-site cations is emphasized when 15 

comparing the reported CTE and thermal conductivity values in the table. The importance of 16 

choosing A-site cations is emphasized by comparing the reported CTE and thermal conductivity 17 

values. The CTE value is closely related to different lattice energy (U) of ionic crystals, which can 18 
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be altered by changing the distance between ions, ionic charges, and the Madelung constant for the 1 

crystal lattice or structural coefficient (Ref 145–147). The Madelung constant changes according 2 

to the electronegativity value of A-site elements in pyrochlore structures (Ref 148,149). 3 

Importantly, increasing U leads to a reduction in CTE (Ref 148–150). Additionally, changing the 4 

average atomic mass differences as well as ionic radii differences affect thermal conductivity. 5 

Increasing the differences decreases the thermal conductivity value (Ref 150). These emphasize 6 

the significance of selecting the most appropriate A-site cations for the specific application. 7 

 8 

 9 

Figure 8: XRD pattern of the as-sprayed HE-REZ ceramic coating. The inset is the zoom-in view of (222) 10 

peak compared with that of as-synthesized (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 published by Zhou et al. (Ref 11 

129). 12 
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 1 

Figure 9: (a) Photographs of the as-sprayed coating and after the thermal cycling test. (b) XRD pattern of 2 

the (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (HE-REZ) ceramic and LZ coating before and after thermal 3 

published by Zhou et al. (Ref 129). 4 

 5 

Figure 10: SEM images of the cross-sections of the TBCs after the thermal cycling test. (a) 6 

(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (HE-REZ); (b) La2Zr2O7 (LZ) published by Zhou et al. (Ref 129). 7 

 8 
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CMAS resistance of a novel HEZ with a composition of (Y0.2Gd0.2Er0.2Yb0.2Lu0.2)2Zr2O7, as shown 1 

in row 29 of Table 1, has been studied by Deng et al. (Ref 151). The composition was synthesized 2 

by the solid-state reaction method and spark plasma sintering. Comparing the thermophysical and 3 

mechanical properties of the HEZ also revealed that it can be introduced as a promising TBC 4 

topcoat. Regarding the CMAS corrosion resistance, as per their statement, the rapid expansion of 5 

CMAS on the HEZ pellet facilitates quick reaction and recession layer formation. By forming a 6 

recession layer, the material can be protected from further infiltration of CMAS. The details are 7 

given in Figure 11. 8 

 9 

Figure 11: (A-F) The cross-sectional images of CMAS-reacted HE-REZ pellets for 0.5, 1, 2, 4, 12, and 24 10 

h, respectively. (a-f) The corresponding EDS elemental Si maps; published by Deng et al. (Ref 151). 11 

 12 

Yan et al. (Ref 152), synthesized a fluorite HEZ, by solid-state reaction and high-temperature 13 

sintering with a composition of (Gd0.2Y0.2Er0.2Tm0.2Yb0.2)2Zr2O7, given in row 30 Table 1. They 14 

also studied thermophysical and mechanical properties as well as the CMAS corrosion resistance 15 
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of the HEZ at 1250 ̊C and 1300 ̊C at different times (changing from 0.5 h to 10h). According to 1 

their results, HEZ exhibits a similar thermal expansion coefficient to YSZ at high temperatures. 2 

This similarity helps to alleviate the issue of thermal stress resulting from a mismatch in thermal 3 

expansion coefficients, thereby extending the coating's lifespan. Additionally, HEZ exhibits very 4 

low thermal conductivity, and high fracture toughness, highlighting its strong potential as a 5 

promising material for TBC applications. 6 

Luo et al. (Ref 153) prepared a HEZ by reverse co-precipitation process, with a composition of 7 

(Dy0.2Nd0.2Sm0.2Eu0.2Yb0.2)2Zr2O7 given in row 31 of Table 1. As a result of the slow diffusion 8 

phenomenon, the HEZ demonstrated excellent sintering resistance. Even after annealing at 1600°C 9 

for 1 to 50 hours, the average grain size increased, from 0.73 to 2.22 μm. The researchers 10 

concluded that HEZ shows high potential as a ceramic material for TBCs, offering excellent anti-11 

sintering properties, high fracture toughness, a large CTE, and low thermal conductivity. 12 

 13 

 Cerium Oxides 14 

Adding cerium oxide to YSZ (CSZ or CYSZ) has been reported to enhance corrosion resistance 15 

and fracture toughness and decrease thermal conductivity (Ref 154–156). Rare-earth cerium 16 

oxides with a composition of RE2Ce2O7 are proposed as new TBC topcoats, as their 17 

thermophysical properties are improved compared to CYSZ or CSZ (Ref 157,158). High entropy 18 

cerium oxides with compositions of (5RE0.2)2Ce2O7 show greater CTE than that of YSZ close to 19 

Ni-based superalloys, as well as high-temperature stability, which is desirable for topcoats (rows 20 

32-41). All synthesized HEOs with Ce in the B-site are stabilized in a fluorite structure.  21 



35 

Tang et al. (Ref 159), designed and synthesized two high-entropy cerium oxides, and studied their 1 

thermophysical properties. Lilin et al. (Ref 160) also studied the CTE and thermal conductivity of 2 

an HEO with Ce in the B-site (rows 23). Their studies reported that the higher CTE of the 3 

composition is mainly attributed to the weak bonding between Ce cations and O anions, as well as 4 

their low thermal conductivity, which resulted from phonon scattering due to the lattice distortion 5 

effect. Another HEO was fabricated by Zhang et al. (Ref 161), which also showed high CTE and 6 

low thermal conductivity. The values were compared to that of Sm2Ce2O7. The hardness and 7 

fracture toughness of high entropy cerium oxide were also investigated. This is the only study of 8 

the mechanical properties of high entropy cerium oxide conducted to date. However, HEZs appear 9 

to be more efficient in terms of mechanical performance than high-entropy cerium oxides. All 10 

ceramics mentioned here had a thermal stability of 1200 ̊C, which is not significantly higher than 11 

YSZ. Xu et al. (Ref 84,162), synthesized six other compounds with thermophysical properties that 12 

were suitable and have phase stability up to 1600 ̊C (rows 37 -41). This highlights the importance 13 

of selecting the proper cations for A-sites. On the other hand, their mechanical properties currently 14 

remain unknown. 15 

 16 

 Other High Entropy Oxides 17 

Aluminates 18 

A novel high entropy aluminate was developed by Chen et al. (Ref 163) as shown in row 42 of the 19 

table. The HEO was prepared using the solid-state reaction method and SPS. Having a CTE value 20 

close to Al2O3, ceramic makes it a viable topcoat choice. Additionally, the ceramic has low thermal 21 
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conductivity, high sintering resistance, and is very stable at high temperatures, since it possesses 1 

all high entropy core effects.  2 

However, it's important to note that further investigation based on the mechanical properties has 3 

yet to be performed and almost no other data has been found for high entropy aluminates. Notably, 4 

in the available references and literature, limited data regarding new high entropy aluminates has 5 

been found. Authors have not reported further information or studies on high entropy aluminates, 6 

which underscores the need for more comprehensive research in this particular field to uncover 7 

their full range of properties and potential applications. 8 

 9 

Hafnates 10 

Unlike HEZs, limited data is available for high entropy hafnates. A comparison between Hafnates 11 

and Zirconates indicates that Hafnates exhibit superior phase stability at high temperatures, a lower 12 

volume change due to phase transitions, and lower thermal conductivity (Ref 148,164). Cong et 13 

al. (Ref 165,166) synthesized two compositions with fluorite structure which was stable up to 14 

1600 ̊C and showed favorable thermophysical properties compared to YSZ. Compositions are 15 

given in rows 43 and 44 of Table 1. The interesting point is that the compositions are chemically 16 

compatible with Al2O3 at 1300 ̊C, which makes them a good choice for TBCs and EBCs. 17 

Ye et al. (Ref 167) prepared an entropy-stabilized Hafnate with the composition of 18 

(Y0.2Dy0.2Er0.2Tm0.2Yb0.2)4Hf3O12, by the emerging ultrafast high-temperature sintering (UHS) 19 

method. In their study of the CMAS corrosion resistance, morphological changes have been 20 

studied. The results at different times of corrosion testing are given in Figure 12. It appears that 21 

the thickness of the reaction layer has increased by increasing time, which may be explained by 22 
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the structural change in the layer. Based on the published results, this Hafnate has an acceptable 1 

corrosion resistance as a result of the formation of a dense structure layer, which acts as a barrier 2 

to the penetration of molten CMAS into the ceramic material. In addition, the small radius of the 3 

rare-earth ions and the Ca2+ accounts for the slow reaction rate. There has been no investigation of 4 

the phase stability of the Hafnate or its behavior during thermal spraying. 5 

 6 

Figure 12: Cross-sectional morphologies (BSE) of 5YH after molten CMAS corrosion at 1300 ℃ for 5 h 7 

(a, b and c), 7.5 h (d, e and f), and 10 h (h, i and j) published by Ye et al. (Ref 167). 8 

 9 

 10 

 11 
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Niobates 1 

Zhu et al. (Ref 168) designed and synthesized a (5RE0.2)3NbO7 ceramic with high configurational 2 

entropy, shown in row 45 of Table 1. The composition was synthesized via solid-state reaction as 3 

a result of the cocktail effect, lattice distortions, and oxygen vacancies, the ceramic has a very low 4 

thermal conductivity. The high fracture toughness was reported to happen due to the grain 5 

refinement effect of high entropy. As shown by the present properties of the bulk of this HEO, it 6 

appears to be a potential candidate for the next generation of TBC topcoats. 7 

Zhao et al. (Ref 169), synthesized two other high entropy Niobates using the solid-state reaction 8 

method, (rows 46 and 47 of the table) with the chemical composition of (Y1/3Yb1/3Er1/3)3NbO7, 9 

and (Sm1/6Eu1/6Y1/6Yb1/6Lu1/6Er1/6)3(Nb1/2Ta1/2)O7. The compositions had a defective fluorite 10 

structure. The thermal expansion coefficient, phase stability, and chemical compatibility of the 11 

compositions with TGO (α-Al2O3 powder) were compared to rare-earth Niobates (RE3NbO7, RE: 12 

Y, Yb, Er, SM, Eu). Based on their findings these high entropy compositions and rare-earth 13 

niobates seemed to be stable up to 1250 ̊C. Results of chemical compatibility with α-Al2O3 also 14 

show that the studied ceramics don’t react with TGO, but according to Figure 13, increasing the 15 

temperature to 1300 ̊C, caused the formation of new oxides. Considering the current working 16 

temperature of TBCs, the high entropy Niobates could be a candidate as a topcoat, while for the 17 

increased gas turbine operation temperatures, the stability and compatibility should be improved. 18 

Based on published articles, no high entropy Niobate coatings have been investigated till now. 19 
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 1 

Figure 13: XRD patterns of the mixed powders of Y3NbO7, HE RE3NbO7, HE RE3(Nb1/2Ta1/2)O7, and α-2 

Al2O3 after annealing at different temperatures for 2 h: (a) 1200 ℃, (b) 1250 ℃, and (c) 1300 ℃ 3 

published by Zhao et al. (Ref 169). 4 

 Future Aspects 5 

The future prospects of HEOs for TBC applications appear to be promising in many respects. 6 

Firstly, there is a need for focused efforts in designing HEOs, specifically tailored for TBC 7 

purposes. This involves exploring various compositions, elemental combinations, and 8 

microstructural designs to optimize properties such as thermal conductivity, thermal expansion 9 

coefficient (CTE), resistance to CMAS, mechanical properties, and sintering resistance. Through 10 

systematic experimentation and advanced computational modeling techniques, researchers can 11 

develop HEOs with enhanced performance and tailored properties. This will meet TBC 12 

applications' demanding requirements. 13 

Moreover, the integration of artificial intelligence (AI) methods and data-driven approaches can 14 

accelerate the discovery and optimization of HEOs for TBCs. AI algorithms can help predict and 15 

screen material properties, identify key compositional factors, and optimize processing parameters 16 

to achieve desired characteristics. Currently, very limited data is available, as discussed. 17 
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HEOs for TBC applications present exciting opportunities for advanced engineering systems such 1 

as gas turbines and aero engines. Although the initial costs of developing and implementing novel 2 

materials may be considerable, the long-term benefits outweigh the expenses. With their low 3 

thermal conductivity, high CTE, potential enhanced resistance to CMAS, and remarkable anti-4 

sintering properties, HEOs have the potential to enable these systems to operate at higher 5 

temperatures, enhanced efficiency, and reduced fuel consumption. By providing superior thermal 6 

insulation, minimizing thermal stresses, and enhancing durability, these materials can contribute 7 

to more efficient and sustainable energy generation. Further research and optimization efforts are 8 

necessary to fully exploit the advantages of HEOs as TBCs, but the potential benefits for gas 9 

turbines, aero engines, and similar applications are significant. 10 

On the other hand, HEOs have primarily been studied in bulk ceramic form and in terms of their 11 

thermophysical properties. Future research is expected to emphasize the crucial mechanical 12 

properties of TBC topcoats, such as fracture toughness and elastic modulus. Understanding these 13 

mechanical properties is essential for determining the suitability of HEOs in TBC applications and 14 

ensuring their long-term performance and durability. The behavior of these HEOs during the 15 

thermal spraying process is also expected to be of increasing interest. In addition, they will be 16 

evaluated in terms of their performance as topcoats for TBC. Such research will provide valuable 17 

insights into the feasibility and effectiveness of HEOs in practical TBC systems. In particular, it 18 

will address their deposition mechanism, coating formation, adhesion, coherence, and thermal 19 

cycling resistance challenges. 20 

 21 
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 Summary 1 

Developing improved TBC systems may be accomplished by enhancing the properties of the 2 

topcoat ceramic, which faces aggressive thermal and mechanical stresses in GTs. High entropy 3 

oxides (HEOs) have recently emerged as a novel class of materials with promising and unique 4 

properties that can be tailored for various applications. This review highlighted the remarkable 5 

properties of HEOs in the context of TBCs. Their low thermal conductivity, high phase stability 6 

(higher than 1200 °C), and high thermal expansions (often close to metallic substrates or bond 7 

coats) make them attractive candidates for TBC ceramics. While the published data regarding 8 

mechanical properties such as toughness and hardness is very limited, zirconates have been found 9 

to perform better in the face of damage or thermo-mechanical shocks.  10 

Beyond the material choice, there are still several aspects to explore when considering HEOs as 11 

TBC topcoats. These include their interactions with the bond coat, their mechanical properties, and 12 

their ability to perform under erosive and corrosive conditions. Since HEOs are synthesized in 13 

pyrochlore or defective fluorite structures, they may undergo phase transformations from 14 

pyrochlore to defective fluorite structure during TS or even during coating operation. Also, 15 

researchers have rarely deposited HEOs and studied the microstructure of the coating and coating’s 16 

hot corrosion resistance (CMAS specifically) which reduces the lifetime of TBCs. Furthermore, 17 

no information was found regarding the erosion resistance of HEOs. These gaps highlight the 18 

importance of continuing to characterize HEOs as TBC topcoats.  19 

All in all, using HEOs as TBC topcoats presents a promising approach to enabling GTs to operate 20 

at higher temperatures, and therefore with improved efficiency. Nevertheless, further investigation 21 

is still required to elucidate the mechanical properties of these materials while being processed 22 

(thermal spraying) and in operation (corrosion or CMAS resistance, etc.). Finally, based on the 23 
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reviewed data, the authors express the belief that further investigation into these high entropies is 1 

essential.  2 
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Table 1: Properties of HE ceramics introduced as promising TBC topcoat ceramic 1 

No. HEO 
Struct

ure 

thermal 

conductivity 

(W/mK) 

CTE 

(×10-6 K-1) 

Phase 

stability 

( ̊C) 

Fracture Toughness 

(MPa.m1/2) 

1 Conventional Bulk 6-8 wt.% YSZ - 2.6 (Ref 1) 11.0 (Ref 1) - - ~3 
Not Given (Ref 

2) 

2 (Hf0.25Zr0.25Ce0.25Y0.25)O2-δ F 1.74 (Ref 3) - - - - - - - 

3 (Hf0.25Zr0.25Ce0.25)(Y0.125Yb0.125)O2-δ F 1.55 (Ref 3) - - - - - - - 

4 (Hf0.2Zr0.2Ce0.2)(Y0.2Yb0.2)O2-δ F 1.29 (Ref 3) 11.6 (Ref 4) 1500 
(Ref 

5,6) 
- - - 

5 (Hf0.25Zr0.25Ce0.25)(Y0.125Gd0.125)O2-δ F 1.17 
(Ref 

86) 
- - - - - - - 

6 (Hf0.2Zr0.2Ce0.2)(Y0.2Gd0.2)O2-δ F 1.61 
(Ref 

86) 
- - - - - - - 

7 (Hf0.25Zr0.25Ce0.25)(Yb0.125Gd0.125)O2-δ F 1.81 
(Ref 

86) 
- - - - - - - 

8 (Hf0.2Zr0.2Ce0.2)(Yb0.2Gd0.2)O2-δ F 2.02 
(Ref 

86) 
- - - - - - - 

9 (Y0.25Yb0.25Er0.25Lu0.25)2(Zr0.5Hf0.5)2O7 F 1.4 
(Ref 

83) 
8.9 (Ref 83) - - - - - 

10 (Hf0.284Zr0.284Ce0.284Y0.074Yb0.074)O2-δ F 1.5 
(Ref 

137) 
12.2 

(Ref 

137) 
1500 

(Ref 

137) 
- - - 

11 (Hf0.314Zr0.314Ce0.314Y0.029Yb0.029) O2-δ F 1.8 
(Ref 

137) 
11.4 

(Ref 

137) 
1500 

(Ref 

137) 
- - - 

12 (Y1/2Yb1/2)2(Ti1/3Zr1/3Hf1/3)2O7 F - - 10.1 
(Ref 

126) 
- - 2.0 

𝐾𝐼𝐶
= 5.1636𝐻𝑣. 𝑎

2. 𝑐−1/2 

(Ref 

126) 

13 La2(Zr0.2Ce0.2Hf0.2Sn0.2Ti0.2)2O7 P - - 7.5 
(Ref 

100) 
1050 

(Ref 

100) 
- 

- 
- 

14 
(Dy0.2Y0.2Ho0.2Er0.2Yb0.2)5(Ti0.25Zr0.25C

e0.25Hf0.25)2(Nb0.5Ta0.5)O14 
F 1.26 

(Ref 

138) 
9.61 

(Ref 

138) 
- - - - - 

15 

(La0.1Nd0.1Sm0.1Eu0.1Gd0.1Dy0.1Y0.1Ho0

.1Er0.1Yb0.1)5(Ti0.25Zr0.25Ce0.25Hf0.25)2(N

b0.5Ta0.5)O14 

F 1.06 
(Ref 

138) 
9.95 

(Ref 

138) 
- - - - - 

16 (Yb0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 P 1.0 
(Ref 

139) 
10.5 

(Ref 

139) 
1600 

(Ref 

139) 
1.8 

𝐾𝐼𝐶 = 𝛿(
𝐸

𝐻𝑣
)1/2

𝐹

𝑐3/2
 

(Ref 

139) 

17 (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)2Zr2O7 P 0.8 
(Ref 

128) 
11.0 

(Ref 

128) 
1600 [57, 58] 1.38 

(Ref 

139) 

18 (Sm0.2Eu0.2Tb0.2Dy0.2Lu0.2)2Zr2O7 P 0.9-1.5 
(Ref 

23) 
11.0 (Ref 23) 1400 

(Ref 

23) 
2.2 

(Ref 

23) 

19 (La0.2Nd0.2Sm0.2Eu0.2Y0.2)2Zr2O7 P 0.7-1 
(Ref 

93) 
- - 1300 

(Ref 

93) 
- - - 

20 (Y0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 P 0.7-1.0 
(Ref 

93) 
11.0 

(Ref 

140) 
1300 

(Ref 

93) 
- - - 

21 (La0.2Y0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 P 
0.95-

1.0 

(Ref 

93) 
- - 1300 

(Ref 

93) 
- - - 

22 (La0.2Nd0.2Y0.2Eu0.2Gd0.2)2Zr2O7 P 0.8-0.9 
(Ref 

93) 
- - 1300 

(Ref 

93) 
- - - 

23 (La0.2Nd0.2Sm0.2Y0.2Gd0.2)2Zr2O7 P 0.6-0.9 
(Ref 

93) 
- - 1300 

(Ref 

93) 
- - - 

24 (La0.2Nd0.2Sm0.2Yb0.2Gd0.2)2Zr2O7 F 
0.9-

1.72 

(Ref 

142,143

) 

10.9 

(Ref 

142,143

) 

1500 
(Ref 

143) 
2.5 

𝐾𝐼𝐶 = 𝛿(
𝐸

𝐻𝑣
)1/2

𝐹

𝑐3/2
 

(Ref 

142,1

43) 

25 (La0.2Sm0.2Eu0.2Gd0.2Yb0.2)2Zr2O7 F 1.3 
(Ref 

143) 
- - 1500 

(Ref 

143) 
1.7 

(Ref 

143) 

26 (La0.2Nd0.2Eu0.2Gd0.2Yb0.2)2Zr2O7 F 1.5 
(Ref 

143) 
- - 1500 

(Ref 

143) 
1.6 

(Ref 

143) 

27 (Sm0.2Gd0.2Dy0.2Er0.2Yb0.2)2Zr2O7 F 1.6 
(Ref 

144) 
- - - - 3.4 

(Ref 

144) 
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No. HEO 
Struct

ure 

thermal 

conductivity 

(W/mK) 

CTE 

(×10-6 K-1) 

Phase 

stability 

( ̊C) 

Fracture Toughness 

(MPa.m1/2) 

28 (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 P - - 10.7 
(Ref 

129) 
- - 1.1 

(Ref 

129) 

29 (Y0.2Gd0.2Er0.2Yb0.2Lu0.2)2Zr2O7 P < 0.9 
(Ref 

151) 
10.2 

(Ref 

151) 
1600 

(Ref 

151) 
- - - 

30 (Gd0.2Y0.2Er0.2Tm0.2Yb0.2)2Zr2O7 F 1.2 
(Ref 

152) 
9.9 

(Ref 

152) 
- - 1.53 

𝐾𝐼𝐶 = 𝛿(
𝐸

𝐻𝑣
)1/2

𝐹

𝑐3/2
 

(Ref 

152) 

31 (Dy0.2Nd0.2Sm0.2Eu0.2Yb0.2)2Zr2O7 P 1.2 
(Ref 

153) 
- - 1600 

(Ref 

153) 
2.07 

(Ref 

153) 

32 (La0.2Nd0.2Yb0.2Y0.2Sm0.2)2Ce2O7 - 1.8-2.4 
(Ref 

159) 
8.0 

(Ref 

159) 
1200 

(Ref 

159) 
- - - 

33 (La0.2Nd0.2Yb0.2Y0.2Lu0.2)2Ce2O7 F 1.2-1.8 
(Ref 

159) 
9.0 

(Ref 

159) 
1200 

(Ref 

159) 
- - - 

34 (La0.25Sm0.25Gd0.25Yb0.25)22Ce2O7 F 1.8-2.5 
(Ref 

160) 
12.0 

(Ref 

160) 
1200 

(Ref 

160) 
- - - 

35 (La1/6Nd1/6Yb1/6Y1/6Sm1/6Lu1/6)2Ce2O7 F 1.1-1.6 
(Ref 

161) 
8.5 

(Ref 

161) 
1200 

(Ref 

161) 
1.9 Not Given 

(Ref 

161) 

36 (La0.2Sm0.2Er0.2Yb0.2Y0.2)2Ce2O7 F 

1.3-1.8 
(Ref 

162) 
11.9 

(Ref 

162) 
1700 

(Ref 

162) 
- 

- 

- 

1.5 
(Ref 

84) 
12.1 (Ref 84) 1600 

(Ref 

84) 
- 

37 (La0.2Nd0.2Sm0.2Gd0.2Y0.2)2Ce2O7 F 1.5 
(Ref 

84) 
11.9 (Ref 84) 1600 

(Ref 

84) 
- - - 

38 (La0.2Nd0.2Gd0.2Er0.2Yb0.2)2Ce2O7 F 1.5 
(Ref 

84) 
12.0 (Ref 84) 1600 

(Ref 

84) 
- - - 

39 (La0.2Gd0.2Er0.2Yb0.2Y0.2)2Ce2O7 F 1.5 
(Ref 

84) 
11.9 (Ref 84) 1600 

(Ref 

84) 
- - - 

40 (Gd0.2Dy0.2Er0.2Yb0.2Y0.2)2Ce2O7 F 1.5 
(Ref 

84) 
11.9 (Ref 84) 1600 

(Ref 

84) 
- - - 

41 (Sc0.2Er0.2Gd0.2Yb0.2Lu0.2)2Ce2O7 F 1.3 
(Ref 

84) 
- - 1600 

(Ref 

84) 
- - - 

42 (Y0.2Yb0.2Lu0.2Eu0.2Er0.2)3Al5O12 - 2.4-3.6 
(Ref 

163) 
- - 1600 

(Ref 

163) 
- - 

(Ref 

163) 

43 (Y0.2Gd0.2Dy0.2Er0.2Yb0.2)2Hf2O7 F 0.9-1.0 
(Ref 

166) 
10.6 

(Ref 

166) 
1700 

(Ref 

166) 
- - - 

44 (La0.2Ce0.2Pr0.2Sm0.2Eu0.2)2Hf2O7 P 1.0 
(Ref 

165) 
12.7 

(Ref 

165) 
1600 

(Ref 

165) 
- - - 

45 (Dy0.2Ho0.2Er0.2Y0.2Yb0.2)3NbO7 F 0.7 
(Ref 

168) 
10.2 

(Ref 

168) 
- - 2.1 - 

(Ref 

168) 

46 Y1/3Yb1/3Er1/3)3NbO7 
F 

- 
(Ref 

169) 
10 - - - - - - 

47 
(Sm1/6Eu1/6Y1/6Yb1/6Lu1/6Er1/6)3(Nb1/2T

a1/2)O7 

F 
- 

(Ref 

169) 
7  - - - - - - 

* Note that in the table 𝛿 is a constant coefficient, 𝐸 is Young’s modulus, 𝐻𝑣 is Vickers hardness, 𝐹 is the 1 

indentation load, and 𝑐 is distance from the center of indentation to the tip of the crack. 2 

 3 

* All reported values for thermal conductivity and CTE are given at 1000 ̊C. 4 

 5 

 6 
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 Table Captions 1 

Table 1: Properties of HE ceramics introduced as promising TBC topcoat ceramic 2 

 3 

 Figure Captions 4 

Figure 1: CTE vs. thermal conductivity of different TBC topcoat materials, gathered by Vassen et al. (Ref 5 

8) 6 

Figure 2: SEM image of as-sprayed TBC with the L(ZCHST)O topcoat. (a) Full view of cross-section SEM 7 

image of as-sprayed TBC, (b) topcoat magnification SEM image, (c)interface between topcoat and bond 8 

coat magnification SEM image (Ref 100). 9 

Figure 3: Structural characterization of synthesized ceramics by Song et al., namely (a) XRD patterns, (b) 10 

Raman spectrum 11 

Figure 4: Microstructures of (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)2Zr2O7and La2Zr2O7compacts after annealing at 12 

1500◦C for 1–18 h in the air: ((a): 1 h, (b): 6 h, (c): 12 h, (d): 18 h for(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)2Zr2O7and 13 

(e): 1 h, (f): 6 h, (g): 12 h, (h): 18 h for La2Zr2O7); published by Zhao et. al (Ref. 99). 14 

Figure 5: Point EDS analysis results of the CMAS corroded specimens after 24 h corrosion, published by 15 

Tu et al. (Ref 140). Microstructures of (a) (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (HEZ) and (b) La2Zr2O7 (LZ), 16 

element contents of (c) residual CMAS. 17 

Figure 6: SEM images of the cross-section of (a) the coating system and (b) the 18 

(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 ceramic layer published by Zhou et al. (Ref 129). 19 

Figure 7: EDS elemental maps on the polished cross-section of the HE-REZ ceramic coating published by 20 

Zhou et al. (Ref 129). 21 
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Figure 8: XRD pattern of the as-sprayed HE-REZ ceramic coating. The inset is the zoom-in view of (222) 1 

peak compared with that of as-synthesized (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 published by Zhou et al. (Ref 2 

129). 3 

Figure 9: (a) Photographs of the as-sprayed coating and after the thermal cycling test. (b) XRD pattern of 4 

the (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (HE-REZ) ceramic and LZ coating before and after thermal published 5 

by Zhou et al. (Ref 129). 6 

Figure 10: SEM images of the cross-sections of the TBCs after the thermal cycling test. (a) 7 

(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (HE-REZ); (b) La2Zr2O7 (LZ) published by Zhou et al. (Ref 129). 8 

Figure 11: (A-F) The cross-sectional images of CMAS-reacted HE-REZ pellets for 0.5, 1, 2, 4, 12, and 24 9 

h, respectively. (a-f) The corresponding EDS elemental Si maps, published by Deng et al. (Ref 151). 10 

Figure 12: Cross-sectional morphologies (BSE) of 5YH after molten CMAS corrosion at 1300 ℃ for 5 h 11 

(a, b and c), 7.5 h (d, e and f) and 10 h (h, i and j) published by Ye et al. (Ref 167). 12 

Figure 13: XRD patterns of the mixed powders of Y3NbO7, HE RE3NbO7, HE RE3(Nb1/2Ta1/2)O7, and α-13 

Al2O3 after annealing at different temperatures for 2 h: (a) 1200 ℃, (b) 1250 ℃, and (c) 1300 ℃ published 14 

by Zhao et al. (Ref 169). 15 


