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It is difficult to obtain a single-phase environmental barrier coating material that simultaneously offers
the advantages of low thermal conductivity, a suitable coefficient of thermal expansion, and excellent
corrosion resistance. Herein, to synthesize the advantages of single-phase materials, we have
developed an effective approach for the design of high-entropy multiphase ceramics of rare earth
oxides and silicates. Such a specific design approach is capable of making high-entropy RE2SiO5/
RE2O3 and RE2SiO5/RE2Si2O7 (RE = Lu, Yb, Tm, Er, Ho, and Y) multiphase ceramics as two types of
potential environmental barrier coating materials for Al2O3f/Al2O3 and SiCf/SiC ceramic matrix
composites.

Ceramicmatrix composites (CMCs) are suitablematerials to replace nickel-
based alloys in aero-engine hot-end components1–3. Among them, SiCf/SiC
and Al2O3f/Al2O3 composites are up-to-date candidates with excellent
mechanical properties, low density, and high-temperature phase stability4–6.
However, in the environment of the combustion chamber, corrosive media
such as water vapor produced during fuel combustion and
calcium–magnesium aluminosilicate (CMAS) molten salt corrode the
substrate7–10. These corrosive behaviors restrict the widespread application
of SiCf/SiC and Al2O3f/Al2O3 composites. An effective way to solve these
problems is to cover the surface of CMCs with environmental barrier
coatings (EBCs) to prevent corrosive media from affecting them11–13.

Due to thehighmeltingpoint ofY2O3 (approximately2500 °C)14 and its
closely matched thermal expansion coefficient (CTE; 8.6–9.6 × 10–6 K–1)15,16

to that of Al2O3 (8.5–9.0 × 10
–6 K–1)17, previous investigations have revealed

that Y2O3 exhibits significant promise as an EBCmaterial. Nevertheless, the
high thermal conductivity (21.4Wm−1 K−1 at 300 °C)13 at low-temperature
ranges and unsatisfactory resistance to CMAS corrosion make Y2O3 fall
short of meeting the service requirements18. To alleviate the thermal con-
ductivity of Y2O3, several high-entropy rare earth (RE) oxides have been
designed in thepast fewyears13,19. Theenhancedphononscattering causedby
the combined compositional disorder and strong lattice distortion leads to a

certain degree of thermal conductivity reduction20. In addition, due to the
suitable coefficients of thermal expansion, some other ceramic systems
obtained by high-entropy design, such as high-entropy aluminate21,22, and
high-entropy phosphate23,24, are also suitable for Al2O3f/Al2O3 composite.
However, there is a scarcity of reports regarding the CMAS corrosion
resistance of these innovative high-entropy single-phase materials. Hence,
the availability of low thermal conductivity, a CTE that matches Al2O3f/
Al2O3 composite, and strong corrosion resistance all at the same time
remains a formidable challenge for single-phase materials.

X2-type RE monosilicates (X2-RE2SiO5) with excellent corrosion
resistance are thepreferred environmental barrier coatingmaterials for SiCf/
SiC composites, and their thermal conductivity can also be reduced via a
well-designed high-entropy approach25,26. For instance, the thermal con-
ductivity of four-componentmonosilicate—(Ho1/4Lu1/4Yb1/4Eu1/4)2SiO5 at
200 °C is only 1.47Wm−1 K−1 3. However, the CTEs of most X2-type
monosilicates are approximately 6.0–7.8 × 10–6 k–1 at 1400 °C27. Such a CTE
range does notmatch that of SiCf/SiCCMC(4.5–5.9×10–6 K–1)28. During the
thermal cycling process, the challenge of coating delamination persists due
to the mismatched CTEs in the application of monosilicates. The CTEs of
β-type RE pyrosilicates (RE2Si2O7; 4.0–5.4×10

–6 K–1)29 are very close to that
of the SiCf/SiC CMC and Si bonding layer30, coatings prepared by these
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materials exhibit excellent thermal shock resistance31. Nevertheless, the high
thermal conductivity and poor corrosion resistance of pyrosilicates limit
their vast applications12.

Addressing the current challenges in the application of single-phase
materials, the main approach of this study is the design of high-entropy
multiphase materials. This kind of multiphase design relies onmixing rules
to harmonize various aspects of material’s properties. On the one hand, by
harmonizing the properties of RE monosilicates and RE oxides, it was
desired to obtain a coating material with excellent CMAS corrosion resis-
tance while ensuring that the coefficient of thermal expansion is between
that of monosilicates and oxides and matches Al2O3f/Al2O3; On the other
hand, by harmonizing the properties of RE monosilicates and RE pyr-
osilicates, it is hoped to obtain amultiphasematerial that canbeused in SiCf/
SiC composites with a coefficient of thermal expansion that is close to
β-pyrosilicates and an excellent CMAS corrosion resistance close to that of
monosilicates. Simultaneously,we aim to reduce the thermal conductivity of
both multiphase materials through high-entropy design. In order to ensure
that themonosilicates are of typeX2 and the pyrosilicates are of phase β,five
rare-earth elements among lanthanide elements with the smallest ionic
radius, as well as Y element with a similar ionic radius, were selected.

By modulating the ratio of RE2O3 to SiO2 (0.5–1.0–1.5–2.0), the
phase compositions of high-entropy ceramics are capable of under-
going the following transformations: RE2SiO5/RE2O3–RE2SiO5–RE2SiO5/
RE2Si2O7–RE2Si2O7. These two types of high-entropy multiphase ceramics
(RE2SiO5/RE2O3 and RE2SiO5/RE2Si2O7; RE = Lu, Yb, Tm, Er, Ho, and Y)
were prepared by a solid-phase method in the present work. Additionally,
two types of high-entropy single-phase silicate ceramics (RE2SiO5 and
RE2Si2O7; RE = Lu, Yb, Tm, Er, Ho, and Y) were also prepared as controls.
This investigation compares the thermophysical properties and corrosion
behavior of four types of high-entropy ceramics after exposure to CMAS
deposition at 1,400 °C for 20 h. The results indicate that both high-entropy
multiphase materials exhibit outstanding overall performance. These
findings are of great advantage to further accelerate the screening process of
candidate EBCmaterials in the presence of a broad range of conditions and
provide a solid foundation for the application of EBCs to protect Al2O3f/
Al2O3 and SiCf/SiC composites.

Results
Phase structure and composition of four high-entropy
ceramic blocks
The XRD patterns of four types of high-entropy ceramics are illustrated in
Fig. 1. RES0.5 exhibited the peaks of X2-typemonosilicatewith space group
C2=c and RE oxide with space group Ia�3, whichmatched the PDF#40-0384
and PDF#08-0050 cards, as demonstrated in Fig. 1a. The X-ray diffraction
analysis results were refined via the Fullprof software. The phase contents,
lattice parameters (a, b, c, and β), and measured densities obtained for the
four typesof high-entropy ceramicsare presented inTable 1.The ratio of the
phase content of RE2SiO5 to RE2O3 in RES0.5 is close to 1:1. The diffraction
peaks of RES1.0 and RES2.0 corresponded to PDF cards of PDF#40-0384
and PDF#25-1345, as presented in Figs. 1b and 1d, exhibited the X2-type
monosilicate single phase with space group C2=c and β-type pyrosilicate
single phasewith spacegroupC2=m, respectively.However, RES1.5 showed
multiphase peaks of X2-typemonosilicate and β-type pyrosilicate, as shown
in Fig. 1c, and the phase content ratios of these twophases inRES1.5 are also
close to 1:1.

Figure 1a illustrates the schematic crystal structure ofRE2O3. Thehigh-
entropyRE3+ is located at 8a (1/4, 1/4, 1/4) (seven-coordination) and 24d (x,
0, 1/4) sites (seven-coordination), whileOatomsoccupy the 48e (x,y,z) sites.
The unit cell of X2-RE2SiO5 contains 32 atoms (Fig. 1a–c), with RE3+

occupying two unequal positions, including Site 1 [REO7]
11- (seven coor-

dination) and Site 2 [REO6]
9- (six-coordination). The Si atoms occupy one

position and form a [SiO4]
4− tetrahedron with four adjacent oxygen atoms.

According toβ-type pyrosilicate structures (Fig. 1c, d), RE3+ is bonded to six
adjacent oxygen atoms, whereas Si atoms are bonded to four adjacent
oxygen atoms. In addition, the corresponding crystal consists of [Si2O7]

6−

units and RE3+ stacked along the b-axis. The [Si2O7]
6− unit consists of two

[SiO4]4− tetrahedra, which are connected at the top corners.
As demonstrated in Fig. 1a–c and Table 1, although monosilicate

phases are contained in all three high-entropy ceramics, there are still slight
differences in lattice parameters, RE-O bond lengths of the [REO6]

9- poly-
hedral and [REO7]

11- polyhedra, and Si-O bond lengths of [SiO4]
4− poly-

hedra due to subtle differences in chemical compositions. A similar
phenomenon exists for existing pyrosilicates in RES1.5 and RES2.0.

The surface morphology, EDS elemental mappings, and EDS semi-
quantitative analysis of four types of high-entropy ceramics are presented in
Fig. 2.We found that the distribution of various rare earth elements (REEs)
inmicrons is very uniform. There exist two phases with various contrasts in
the BSE images and lightness in the Si elemental mappings for RES0.5 and
RES1.5 and only one phase for RES1.0 and RES2.0. Based on the semi-
quantitativeEDSanalysis of points 1–6, it canbedetermined that substances
at points 1, 3, and 4 are monosilicates, substance at point 2 is oxide, and
substances at points 5 and 6 are pyrosilicates.

Among them, no significant differences in the contents of REEs are
observed in the two phases of RES1.5. However, in RES0.5, the REE content
shows an increasing trend in the oxide phase and a decreasing trend in the
monosilicate phase as the ionic radius of RE3+ decreases. For RE cations, a
larger coordination number usually corresponds to an increased open space
around them. Therefore, RE3+ with a larger ionic radius is likely to occupy
Site 1 [REO7]

9- (seven-coordination) of monosilicates, which possesses a
larger space and leads to the aforementioned subtle elemental differences25.

Four polished sections of high-entropy ceramic blocks were tested by
EBSD to obtain the crystallographic information of the blocks, as illustrated
in Fig. 3. The grains of different phases with various sizes bonded tightly
together to formdense blocks of RES0.5 and RES1.5, as presented in Fig. 3a,
c. Even though both XRD and SEM results indicate that RES1.0 is a single-
phasemonosilicate, a β-type pyrosilicate phase of less than 1%was observed
in the EBSD results, as shown in Fig. 3b. This may be due to the slightly
excessive Si content that led to the formation of a small amount of pyr-
osilicate as a heterogeneous phase during the reaction. Most of the pyr-
osilicate grains in RES1.5 (see Fig. 3c) and RES2.0 (see Fig. 3d) are available
as twinned crystals, butmost of the RES2.0 grains are columnar crystals and
their grain size is much larger than the former (RES1.5). The high-entropy
ceramics preparedbypressureless sinteringdidnot showa crystal texture, as
presented in the IPF Y maps of Fig. 3a–d.

Thermal performance of four high-entropy ceramic blocks
The thermal diffusivity (α), specific heat (Cp), and thermal conductivity (k)
calculatedusingEq. (1) of fourhigh-entropy ceramic blocks are presented in
Fig. 4. These four types of blocks showed a similar trend.As the temperature
increases, the specific heat increases, while the thermal diffusivity decreases.
The thermal conductivity of six-component RES1.0 at 200 °C was
1.15Wm−1 K−1, which was only 47.7% of the thermal conductivity of
single-component monosilicate—Lu2SiO5 (2.41Wm−1 K−1)25. Due to the
presence of 50% of the six-component monosilicate phase in RES0.5 and
RES1.5, their thermal conductivity is remarkably lower than the reported
thermal conductivities of RE oxides13 and RES2.0.

The coefficients of thermal expansion of RES0.5, RES1.0, RES1.5, and
RES2.0 from 200 °C to 1400 °C are 6.57–8.23 × 10–6 K–1, 4.81–6.59 × 10–6

K–1 25, 3.23–5.16 × 10–6K–1, and3.17–3.83 × 10–6K–1 29, respectively.TheCTE
of RES1.5 is between those of RES1.0 and RES2.0 and is only slightly higher
than RES2.0, which is close to and slightly lower than that of SiCf/SiC
(4.5–5.9 × 10–6 K–1)28. TheCTEof another high-entropymultiphase ceramic
—RES0.5 is also between that of RES1.0 and the reported CTEs of RE
oxides15,16 and is also slightly lower than that of Al2O3f/Al2O3

(8.5–9.0×10–6 K–1)17.

CMAS corrosion resistance of four high-entropy ceramic blocks
Figure 5 illustrates the CMAS corrosion of RES0.5 at 1400 °C for 20 h.
The plotted results reveal that the diffraction on the block surface
is mainly apatite (corrosion product), and some monosilicate and
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Table 1 | Phase contents and crystal lattice parameters obtained by the XRDRietveld refinement and themeasured densities of
RES0.5, RES1.025, RES1.5, and RES2.029

Compounds RP(%) RWP(%) Phases Contents (wt%) a(Å) b(Å) c(Å) β(°) Measured density (g/cm3)

REO0.5 2.34 2.99 RE2SiO5 52.01% 14.3438 6.6941 10.3562 122.182 6.97

RE2O3 47.99% 10.5034 -- -- --

REO1.0 2.54 3.50 RE2SiO5 100.00% 14.3421 6.6894 10.3466 122.182 6.13

REO1.5 2.95 3.97 RE2SiO5 44.24% 14.3262 6.6923 10.3543 122.133 5.97

RE2Si2O7 55.76% 6.8312 8.9115 4.7128 101.832

REO2.0 3.30 4.26 RE2Si2O7 100.00% 6.8322 8.9131 4.7119 101.841 5.61

Fig. 1 | XRD patterns, Rietveld refinement of XRD patterns, crystal structure, RE-O and Si-O bond lengths of four high-entropy ceramic blocks. a RES0.5, b RES1.025,
c RES1.5, and d RES2.029.
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lower oxide peaks are also visible after 20 h of corrosion. Figure 5b
shows the surface conditions of RES0.5 after corrosion, some residual
CMAS is spread over the entire surface of the block. The cross-
sectional morphologies of the RES0.5 block after corrosion are shown
in Fig. 5c, d. According to the semi-quantitative EDS analysis of points

1–4 (see Fig. 5d) in Fig. 5f, it is clear that the substance (point 1)
covering the top of the blocks with the darkest contrast is the residual
CMAS, corresponding to the brightest part in the Si and Ca elemental
mappings (see Fig. 5e). The grains (point 2) accumulated at the
interface between the CMAS and the RES0.5 block are corrosion

Fig. 2 | Micromorphology, EDS elemental mappings, and EDS semi-quantitative analysis of four high-entropy ceramic blocks. a RES0.5, b RES1.0, c RES1.5, d RES2.0.

Fig. 3 | Typical EBSD datasets of polished cross-sections of four high-entropy ceramic blocks. a RES0.5, b RES1.0, c RES1.5, d RES2.0.
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product apatite, corresponding to the second brightest part of the Ca
elemental mappings. The substances (points 3 and 4) in the brightest
and second brightest contrast area at the bottom of the figure are
uncorroded oxide and monosilicate. According to the cross-section of

RES0.5 after corrosion (see Fig. 5c), the product layer with an average
thickness of 21.8 μm consists of uniform apatite grains. The EBSD
analysis (Fig. 6) indicates that the outer corrosion layer consists of
apatite grains (green phase) with much larger sizes than RES0.5 grains

Fig. 4 | Thermophysical properties of four high-
entropy ceramic blocks. a Thermal diffusivity,
b specific heat, c thermal conductivity, and
d coefficients of thermal expansion of RES0.5,
RES1.025, RES1.5, and RES2.029.

Fig. 5 | The corrosion results of RES0.5 after CMAS corrosion at 1400 °C for 20 h. a XRD pattern, bmacro-photos, c, d SEM images of cross-section, e EDS elemental
mappings, and f EDS semi-quantitative analysis.
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(yellow and blue phases) is continuous. All CMAS remain above the
product layer and do not penetrate through the product layer into the
block, and the RES0.5 block as a whole presents an uncorroded state.
The IPF Y map (see Fig. 6d) and the polar figure of the apatite grain
(see Fig. 6e) show that the product apatite preserved the randomly
crystallographic information. The orientations refer to a coordinate
system in which the Y-axis is perpendicular to the original block
substrates. RES0.5, which consists of a monosilicate and oxide mul-
tiphase, demonstrates the best CMAS corrosion resistance among the
four high-entropy ceramics.

The XRD pattern, surface condition, cross-sectional morphology,
EDS results, and EBSD results of RES1.0 after CMAS corrosion at
1400 °C are demonstrated in Fig. 7. The strong diffraction peaks of
corrosion product apatite can be seen in Fig. 7a. Unlike the previous

one (RES0.5), the CMAS is concentrated on the lower right corner of
the RES1.0 block surface (Fig. 7b). According to the semi-quantitative
EDS analysis of points 1–3 (see Fig. 7d) in Fig. 7f, it is clear that the
material (point 1) with the darkest contrast, the grains (point 2) with a
dark gray contrast, and the substance (point 3) in the brightest contrast
area at the bottom of the figure represent residual CMAS, apatite, and
monosilicate, respectively. The EDS mappings (Fig. 7e) reflect the
differences in the elemental content of different materials. The EBSD
results (see Fig. 8) indicate that the product layer with an average
thickness of 66.7 μm is composed of numerous fine apatite grains.
Most of the red apatite grains in the IPF Y image (see Fig. 8d) and the
high-intensity regions around the y-poles of the {0001} pole figure in
Fig. 8e indicate a preference for apatite c-axis orientation around the
substrate normal.

Fig. 6 | The EBSD results of RES0.5 after CMAS corrosion at 1400 °C for 20 h. a EBSD scanning area, b image quality map, c phase map, d IPF Ymap, and e pole figure of
apatite.

Fig. 7 | The corrosion results of RES1.0 after CMAS corrosion at 1400 °C for 20 h. a XRD pattern, bmacro-photos, c, d SEM images of cross-section, e EDS elemental
mappings, and f EDS semi-quantitative analysis.
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The corrosion of theRES1.5 block at 1400 °C is illustrated in Fig. 9. The
main corrosion product was also apatite (Fig. 9a), and the remainingCMAS
was concentrated in the center of the block (Fig. 9b). According to the semi-
quantitative EDS analysis results (see Fig. 9f), it is clear that the materials of
points 1–4 in Fig. 9d are CMAS, apatite, monosilicate, and pyrosilicate,
respectively. The average thickness of the product layer was 90.1 µm, which
was close to RES1.0. Similar to the previous one (RES1.0), there was also a
preference for the apatite crystal plane (0001) orientation over the substrate
normal (see Fig. 10d, e).

Figure 11 illustrates the corrosion of RES2.0 after 20 h of CMAS cor-
rosion at 1400 °C. As can be seen from Fig. 11a, strong diffraction peaks of
corrosion product apatite and weak peaks of β-type pyrosilicate can be
observed. Some of the remaining CMAS was concentrated in the center of

theRES2.0 block.As can be seen from the elemental composition in Fig. 11f,
the substance with dark gray contrast (point 1) shown in Fig. 11d is the
CMAS molten salt, the material with light gray contrast (point 3) is pyr-
osilicate, and the grains (point 2) accumulated at the interface of CMAS and
RES2.0 block are apatite. Figure 12 shows that although the apatite product
grains are large in size and selectively oriented, unlike the case of the first
three high-entropy blocks, the product layer composed of apatite is not very
dense and continuous. Numerous channels between the apatite grains are
permeable to CMAS, and the molten CMAS passes directly through the
apatite layer and directly contacts the pyrosilicate. RES2.0 displayed the
weakest corrosion resistance with an average product layer thickness of
183.0 μm, which was substantially thicker than that of RES0.5, RES1.0,
and RES1.5.

Fig. 8 | The EBSD results of RES1.0 after CMAS corrosion at 1400 °C for 20 h. a EBSD scanning area, b image quality map, c phase map, d IPF Ymap, and e pole figure of
apatite.

Fig. 9 | The corrosion results of RES1.5 after CMAS corrosion at 1400 °C for 20 h. a XRD pattern, bmacro-photos, c, d SEM images of cross-section, e EDS elemental
mappings, and f EDS semi-quantitative analysis.
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Discussion
Since only these oxides were involved in apatite formation reactions, the
ternary phase diagramof CaO-SiO2-REO1.5 drawn byDavid et al.

32. can be
utilized to explain the CMAS corrosion process on RE oxides and silicates.
As the four types of high-entropy ceramics are dissolved in theCMAS liquid
melt, the liquid components move toward the liquid phase field. Then, all
four melt components will first enter the two-phase field of apatite+ liquid
phase, so that the main corrosion product of all four high-entropy ceramic
blocks is apatite. Even though it has been reported in some literature that RE
oxides and monosilicates would form products garnet during corrosion33,
this phenomenon was not observed in this experiment.

The corrosion product, Ca:RE oxyapatite (P63/m), nominally
Ca2RE8(SiO4)6O2, is a defect-free apatite with a RE:Ca ratio of 4:134. RE3+

alone occupies six cationic sites (coordinated to seven oxyanions), and the
remaining cationic sites (coordinated to nine oxyanions) are occupied by
Ca2+ and remaining RE3+. The thermodynamics of the apatite formation
reaction shows that the larger the radius of RE3+ ions, the lower the enthalpy
of the formation of Ca2RE8(SiO4)6O2, which suggests that the reaction
would proceed more easily35. The four high-entropy samples all contained
six different REEs (Lu, Yb, Tm, Er, Ho, and Y). Because of the difference in
the enthalpy of apatite formation for different types of REEs, there are
differences in the precipitation behavior of apatite crystallization in CMAS.

Fig. 10 | The EBSD results of RES1.5 after CMAS corrosion at 1400 °C for 20 h. a EBSD scanning area, b image quality map, c phasemap, d IPF Ymap, and e pole figure of
apatite.

Fig. 11 | The corrosion results of RES2.0 after CMAS corrosion at 1400 °C for 20 h. a XRD pattern, bmacro-photos, c, d SEM images of cross-section, e EDS elemental
mappings, and f EDS semi-quantitative analysis.
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Figure 13a, b shows the contents of Lu, Yb, Tm, Er, Ho, and Y in CMAS
molten salt and apatite after corrosion of four high-entropy ceramic blocks,
where each data obtained from the average of three EDS semi-quantitative
analyses. The EDS analysis revealed that increasing the radius of RE3+ leads
to a gradual decrease in the content ofREEs inCMASand a gradual increase
in the content of lanthanide REEs (except Y) in apatite, indicating that RE3+

ions with large ionic radius possess higher reactivity with CaO to form
apatite from CMAS. Because the atomic number of Y element (39) is very
different from the other five REE elements (67–71) and different results are
obtained from the K-line series and the L-line series of Y element, the semi-
quantitative EDS analysis results of Y element are not very reliable10,11.

The diagram of the corrosion reaction of RESx high-entropy ceramics
with various average product layer thicknesses is presented in Fig. 14. For all
four block types, themain corrosionproduct is apatite, but the reactions that
occur during corrosion are not the same. The chemical equations for the
reaction of RE oxides, monosilicates, and pyrosilicates with CaO or SiO2 in
CMAS to form apatite are as follows:

4RE2O3 þ 2CaO CMASð Þ þ 6SiO2ðCMASÞ ¼ Ca2RE8ðSiO4Þ6O2 ð1Þ

4RE2SiO5 þ 2CaO CMASð Þ þ 2SiO2ðCMASÞ ¼ Ca2RE8ðSiO4Þ6O2 ð2Þ

Fig. 12 | The EBSD results of RES2.0 after CMAS corrosion at 1400 °C for 20 h. a EBSD scanning area, b image quality map, c phasemap, d IPF Ymap, and e pole figure of
apatite.

Fig. 13 | Rare earth element content in CMAS and
apatite. a Atomic percentage of six RE elements in
CMAS; b atomic percentage of six RE elements in
apatite.

Fig. 14 | Schematics of the envisaged CMAS cor-
rosion mechanisms and average thickness of the
product layer of four high-entropy ceramic
blocks. a RES0.5, b RES1.0, c RES1.5, d RES2.0, and
e average thickness of the product layer.
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4RE2Si2O7 þ 2CaO CMASð Þ ¼ Ca2RE8 SiO4

� �
6O2 þ 2SiO2 ð3Þ

In addition, RE oxides and monosilicates may undergo the following
intermediate reactions with SiO2:

RE2O3 þ SiO2ðCMASÞ ¼ RE2SiO5 ð4Þ

RE2SiO5 þ SiO2 CMASð Þ ¼ RE2Si2O7 ð5Þ

In general, 0.5mol of CaOand1.5 mol of SiO2 inCMASare consumed
per mol of RE oxide in the corrosion reaction, both amounts being 0.5mol
for monosilicates. However, the corrosion reaction of pyrosilicates involves
an equimolar exchange ofCaO for SiO2,whichprevents the consumptionof
CMAS. The composition of the CMAS melt evolves as the composition of
four types of samples, as shown in Fig. 15. According to the different con-
sumption of CaO and SiO2, as well as the production of SiO2 in Eqs. (3–5),
the Ca:Si ratio in the residual CMAS melt after 20 h of corrosion deviates
from the initial ratio (3:4) for all four samples. TheCa:Si ratio decreaseswith
increasing x (Si:RE ratio) inRESx due to the difference in SiO2 consumption
and production capacity of RE oxides, monosilicates, and pyrosilicates, as
well as the amount of apatite produced after corrosion of the four samples.
The RE:Ca ratio still grows with increasing x (Si:RE ratio) in RESx,meaning
that more CaO was consumed while more REEs were diffused into the
CMAS. In contrast, the change in the RE:Si ratio is not significant. As
illustrated in Fig. 14, more complex reaction pathways and higher con-
sumption of CMAS allow RE oxides and monosilicates to exhibit greater
corrosion resistance compared to pyrosilicates. On the other hand, unlike
the corrosion product layers of the other three blocks, the non-dense and

discontinuous product layer provides more opportunities for CMAS to
contact with the RES2.0 (pyrosilicate) block.

Some potential EBC or thermal barrier coating (TBC) materials for
CMAS corrosion resistance are shown in Fig. 1610,11,36–46. The thickness of
corrosion products is ameasure of thematerial’s resistance toCMAS,where
CMAS does not penetrate into coating material, a thinner corrosion layer
means less material consumption. Rare earth materials like zirconate36–38,
monosilicates39, tantalate40, hafnate41,42, and oxide43 exhibit superior per-
formance as coating materials compared with traditional TBC materials,
yttria-stabilized zirconia (YSZ), at 1300–1350 °C. However, the surface
temperature of EBCs may increase to 1400 °C. After exposure to corrosion
at å 1400 °C, the corrosion depths of high-entropy rare earth
pyrosilicates10,11,44 and RE3Al5O12/Al2O3 multiphase material45,46 still
exceeded 100 µm. The two types of high-entropy multiphase coating
materials from this study exhibited excellent corrosion resistance at 1400 °C,
especially RES0.5, whose corrosion depth was only 21.8 μm after 20 h of
corrosion.

Compared to RES1.0 (pure high-entropy monosilicate phase), the
pyrosilicate phase in RES1.5 more importantly serves to reduce the coeffi-
cient of thermal expansion, and, giving RES1.5 close CMAS corrosion
resistance compared toRES1.0, while having a better-matched coefficient of
thermal expansion to SiCf/SiC

28. The multiphase structure design balances
the advantages and disadvantages of the properties of monosilicates and
pyrosilicates, giving RES1.5 a superior all-around performance as an EBC
material for application on SiCf/SiC CMC. RES0.5 exhibits the best CMAS
corrosion resistance among the four high-entropy ceramics. The mono-
silicatephase, on theonehand, reduces the thermal conductivity of theblock
as a whole, making the thermal conductivity of this multiphase material
much lower than that of theREoxides13.On the other hand, it allowsRES0.5
to achieve a slightly lower coefficient of thermal expansion than that of
Al2O3f/Al2O3

17, during the thermal cyclingprocess, the coatingmade from it
can only be subjected to compressive stress, which is better for long-term
service of ceramic coating. High-entropy RES0.5 multiphase ceramics that
combine low thermal conductivity, a slightly lower coefficient of thermal
expansion than Al2O3f/Al2O3, and excellent CMAS corrosion resistance
have great potential for use in Al2O3f/Al2O3 CMC as an environmental
barrier coating material.

In the present investigation, two types of high-entropy multiphase
ceramics,RE2SiO5/RE2O3 andRE2SiO5/RE2Si2O7 (RE=Lu,Yb,Tm,Er,Ho,
and Y), as well as two types of high-entropy single-phase silicates (RE2SiO5

and RE2Si2O7), were methodically synthesized by the solid-phase method.
The thermal performance and CMAS corrosion resistance at 1,400 °C of
four pyrosilicates were appropriately tested:

Fig. 16 | Summary of recently reported representative data, as well as data from this
study, on the corrosion depth of EBC/TBC materials against molten CMAS10,11,36–46.

Fig. 15 | The ratios of Ca:Si, RE:Ca, and RE:Si in the residual CMAS after cor-
rosion of four high-entropy ceramic blocks. a Ca:Si, b RE:Ca, and c RE:Si.
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1. The phase compositions of four types of high-entropy ceramics
(RES0.5–RES1.0–RES1.5–RES2.0) undergo the following transforma-
tions: RE2SiO5/RE2O3–RE2SiO5–RE2SiO5/RE2Si2O7–RE2Si2O7. The
grains of different phases with various sizes bonded tightly together
to form dense blocks of multiphase RES0.5 and RES1.5. High-entropy
monosilicates in RES0.5, RES1.0, and RES1.5 were found to exist in the
X2-type, and high-entropy pyrosilicates in RES1.5 and RES2.0 were
found to exist in the β phase.

2. The measured coefficient of thermal expansion and thermal con-
ductivity values of two types of multiphase ceramics largely agree with
the rule of mixtures. The CTE and conductivity of RES0.5 is between
thoseof rare earthoxide andRES1.0,while theCTEandconductivityof
RES1.5 is between those of RES1.0 and RES2.0. Due to the presence of
50% of the six-component monosilicate phase in RES0.5 and RES1.5,
they have significantly lower thermal conductivity. TheCTE of RES1.5
is 3.23–5.16 × 10–6 K–1, which is close to and slightly lower than that of
SiCf/SiC. The CTE of another high-entropy multiphase ceramic—
RES0.5 is 6.57–8.23 × 10–6 K–1, which is also slightly lower than that of
Al2O3f/Al2O3.

3. In CMAS corrosion testing, RES0.5 showed the strongest corrosion
resistance due to more complex reaction pathways and higher CMAS
consumption. The corrosion resistance of RES1.5 is also significantly
better than that of pure phase pyrosilicates.

RES0.5 and RES1.5 combine the advantages of high-entropy RE oxide
withmonosilicate andmonosilicate with pyrosilicate, respectively, with low
thermal conductivity, coefficients of thermal expansion consistent with
those of CMCs, and excellent CMAS corrosion resistance, having a great
potential to be used as environmental barrier coatings.

Methods
Material synthesis
Two high-entropy multiphase ceramics—RE2SiO5/RE2O3 (RES0.5)
and RE2SiO5/RE2Si2O7 (RES1.5) (where RE = Lu, Yb, Tm, Er, Ho, and
Y), one high-entropymonosilicate (RES1.0), and a type of high-entropy
pyrosilicate (RES2.0) were prepared by a solid-phase methodology.
RE2O3 (RE = Lu, Yb, Tm, Er, Ho, and Y) and SiO2 powders were utilized
as the starting materials. The molar ratio of each RE2O3 was equal, and
the total molar ratios of RE2O3 to SiO2 were 0.5, 1.0, 1.5, and 2.0 for
RES0.5, RES1.0, RES1.5, and RES2.0, respectively. The powder con-
tainer was homogeneously mixed in a vertical nylon tank by a ball mill
using ethanol and zirconia balls as the dispersion medium. The
resulting slurrywas then dried at 120 °C for 5 h and then passed through
a sieve. The powder was placed under the sieve in circular molds with a
diameter of 15 mm and 20 mm and then cold pressed into the required
shape. After cold pressing, the green billets were placed in a muffle
furnace and kept at 1500 °C for 5 h and 1700 °C for 10 h to obtain high-
entropy ceramic blocks. The CMAS powders with the chemical formula
Ca33Mg10Al13Si44 were appropriately synthesized by similar processes
from CaO, MgO, Al2O3, and SiO2 powders

10. The mixed powders were
kept in a muffle furnace at 1400 °C for 5 h to obtain CMAS glass, and
CMAS powders were suitably derived by grinding CMAS glass.

CMAS corrosion
The surfaces of the blocks to be corroded were coated with the CMAS
powders to obtain a concentration of 25mg/cm2. Then, the blocks coated
with CMAS powders were transferred to a muffle furnace and held at
1400 °C for 20 h.

Characterization
An X-ray diffraction approach (XRD, D8 ADVANCE, Bruker, Germany)
was employed to determine the phase composition of four types of high-
entropy ceramics before and after corrosion. The X-ray power was 40 kV
and 40mA; a 0.6 mmevanescent slit was used for data collection. Datawere
recorded over 2θ range of 10°–110° with a 0.8°/min and 10°–80° with a 10°/

min.The results ofXRDanalysiswere refined viaFullProf software toobtain
the lattice parameters and atomic occupancy of two types of multiphase
ceramics.We also used scanning electronmicroscopy (SEM,Magellan 400,
FEI, USA) equipped with an energy-dispersive X-ray spectrometer (EDS,
Oxford, England) and an electron backscatter diffraction (EBSD, Oxford,
England) attachment to comprehensively analyze the micromorphology,
chemical composition, and orientation information of high-entropy cera-
mic blocks before and after corrosion. The density (ρ) was measured by the
Archimedean drainage method. The thermal diffusivity (α) of the samples
was measured in the temperature range of 200–800 °C using a thermal
dilatometer (LFA467, NETZSCH, Germany). The heat capacity (Cp) of
high-entropy ceramics was determined using a high-temperature specific
heat tester (MHTC96, SETARAM,France). Then, the experimental thermal
conductivity (k) of the samples was calculated based on the following
relation:

k ¼ αCpρ ð6Þ

The coefficients of thermal expansion of two types of multiphase
ceramics were measured using a thermal dilatometer (DIL 402SE,
NETZSCH, Germany) from room temperature to 1400 °C with a heating
rate of 10°C/min. The coefficient of thermal expansion can be calculated
using the following equation:

CTE ¼ ΔL=L
ΔT

ð7Þ

Where L, ΔL, and ΔT represent the length of the sample at room tem-
perature, the change in the length, the temperature difference, respectively.

Data availability
All research data supporting this publication are directly available within
this publication.
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