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High-entropy rare-earth (RE) disilicates are promising
next-generation thermal/environmental barrier coating (T/EBC)
materials. However, their resistance to calcium-magnesium-
aluminosilicate (CMAS) corrosion and the underlying mechanisms
remain insufficiently understood and require further improvement.
This study aims to systematically investigate the CMAS corrosion
behavior and predictive lifetime assessment of designed
stoichiometric ~ (Ery,4Yq/4LUy,4Yb4,4),51,0;, and  non-stoichiometric
(Ery/6Tm;6Y1/15Gd1/15LU4/15YD4/15),51,0;. The incorporation of Tm and
Gd, characterized by their distinct ionic radii, is designed to enhance N
their phase stability. Mechanistic analysis reveals that lattice distortion . S s
induced by multication doping suppresses CMAS infiltration, while the % ‘
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introduction of larger-radius RE** ions promotes Ca** depletion in the CMAS melt, reducing its corrosive activity. A temperature-
dependent transition in corrosion mechanisms is also elucidated. Thermodynamic—kinetic competition dominates at 1300 °C,
whereas a dissolution-reprecipitation mechanism prevails at 1500 °C due to accelerated ion diffusion. Furthermore, an innovative
extended Kalman filter (EKF) model is developed, enabling highly accurate prediction of the long-term corrosion depth and rate at
1300 °C, with an error of less than 3%. The experimental results demonstrate that both materials exhibit exceptional CMAS
corrosion resistance, reducing the corrosion depth by approximately 70% compared with single-component RE,Si,O;. This work not
only clarifies the corrosion mechanisms and compositional design principles of high-entropy rare-earth disilicates but also provides
a novel methodology for predictive lifetime assessment, advancing the development of next-generation T/EBC systems.

high entropy; rare-earth disilicate; environmental barrier coating; extended Kalman filter; calcium-magnesium-
aluminosilicate resistance

applications and reliability are constrained by severe corrosion in
high-temperature environments, particularly from water vapor
and molten calcium-magnesium-aluminum-silicate (CMAS)
deposits [6-11]. Rare-earth disilicates (RE,Si,O,) are promising

1 Introduction

The global economic impact of corrosion is substantial,
accounting for an estimated 3%-4% of a nation’s gross domestic

product (GDP); total worldwide costs reached $2.5 trillion in 2013
[1]. Consequently, there are significant economic incentives to
mitigate corrosion through the development of resistant materials
and the improved understanding of underlying mechanisms [2].
A significant approach to address high-temperature corrosion
involves the application of thermal/environmental barrier coatings
(T/EBCs) onto ceramic matrix composite (CMC) components in
gas-turbine engines, which are critical for both aircraft propulsion
and power generation [3-5]. However, their engineering

T/EBC materials owing to their matched coefficient of thermal
expansion with CMCs, high damage tolerance, and good
resistance to both water vapor and CMAS corrosion [12].
Nevertheless, conventional single-component RE,Si,O, still faces
challenges such as phase transitions and thermal stress induced by
CMAS corrosion, limiting their further application [13].
High-entropy ceramics exhibit properties superior to those of
single-component materials due to high-entropy effects, sluggish
diffusion, lattice distortion, and cocktail effects [14—17], offering
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new strategies for T/EBC design. Specifically, for CMAS corrosion
resistance, the pronounced lattice distortion in high-entropy
ceramics can hinder jon diffusion and melt infiltration, while the
cocktail effect enables synergistic optimization of reactivity and
stability through strategic elemental combinations. Previous
studies have demonstrated that high-entropy rare-earth disilicates
((nRE,),S1,0;) can reduce the coefficient of thermal expansion
and thermal conductivity while enhancing phase stability and
corrosion resistance [14,18,19]. The corrosion of (nRE,;),Si,0, by
CMAS primarily follows a “dissolution-reprecipitation” process:
The material first dissolves into the molten CMAS, and then
Ca-RE-Si-O products (e.g., cyclosilicates, apatite) precipitate
once REO, 5 reaches saturation, inhibiting further corrosion by
consuming Ca* jons or forming a barrier layer [20-22]. For
instance, Dong et al. [23] showed that a high-entropy disilicate
forms a dense cyclosilicate layer at 1400 °C, suppressing CMAS
corrosion. However, this pioneering study is limited to a single
temperature and composition. To establish a more comprehensive
understanding, our study systematically investigates the
temperature-dependent corrosion behavior across a wider range
(1300-1500 °C), covering both typical and extreme service
conditions for T/EBC applications. Furthermore, we have
specifically designed our material compositions to address key
research gaps. This enables us to systematically probe the effects of
compositional complexity on corrosion mechanisms across
different temperatures. In this process, the stoichiometry of the
material influences RE* solubility, reactivity, and the phase
composition of the product layer. Specifically, non-stoichiometric
materials may modulate element diffusion and corrosion kinetics
by tailoring defect concentrations. Although these studies confirm
that high-entropy design can improve CMAS resistance, critical
research gaps remain: (1) The intrinsic relationship between
microstructure (e.g., lattice distortion, equivalent ionic radius) and
CMAS corrosion resistance is not systematically elucidated;
(2) current research on high-entropy rare-earth disilicates is
limited to stoichiometric compositions, but the corrosion behavior
and regulatory mechanisms of non-stoichiometric high-entropy
rare-earth disilicates are still unclear. To address these identified
research gaps, we designed two distinct high-entropy disilicate
compositions ~ with  specific  structural  characteristics.
Stoichiometric (Ery;,Y,,,Lu;,Yb,,,),51,0; serves as an ideal system
to systematically investigate the relationship between micro-
structure and CMAS resistance. This composition creates a
controlled lattice environment with well-defined distortion
characteristics, allowing us to quantitatively correlate the degree of
lattice distortion and the equivalent ionic radius with CMAS
corrosion resistance through comparative analysis with the non-
stoichiometric counterpart. The controlled chemical environment
in this four-component system enables unambiguous
identification of how lattice distortion influences CMAS melt
infiltration and reaction kinetics. Meanwhile, the non-
stoichiometric (Er,sTm; Y ;,15Gd;;150u415Ybyy15),51,05, incorporat-
ing six rare-earth elements with deliberately varied molar ratios, is
specifically designed to address the unknown corrosion behavior
of non-stoichiometric high-entropy disilicates. The intentional
deviation from stoichiometry introduces controlled local chemical
heterogeneity, creating a platform to investigate how chemical
composition and ratio modulate element diffusion pathways,
corrosion product formation, and overall corrosion kinetics.
Through comparative analysis of these two strategically designed
compositions under identical corrosion conditions, we can
provide comprehensive insights into both identified research gaps.
Notably, the long-term service safety of T/EBCs relies on
accurate corrosion life assessment, wherein corrosion depth and
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rate are key metrics. CMAS corrosion is a complex time-varying
dynamic process. Traditional predictive models based on
parabolic rate laws or other static corrosion models fail to
adequately account for influencing factors such as the dynamic
evolution of the reaction layer, limiting their predictive accuracy.
The extended Kalman filter (EKF) algorithm integrates
experimental data with physical models, enabling real-time
updates and corrections to parameters and state variables [24,25].
This enhances the prediction reliability for nonlinear, uncertain
systems such as high-temperature corrosion processes. However,
no studies have yet combined EKF with corrosion models to
predict the long-term corrosion behavior of materials. This results
in a fundamental bottleneck in predicting the service behavior of
T/EBC materials under long-term CMAS corrosion. Due to the
inability of traditional static models to capture key time-varying
factors such as the dynamic evolution of the reaction layer during
the corrosion process, there is a significant deviation in their long-
term extrapolation predictions. This bias causes uncertainty in
model-based corrosion life assessment, which may lead to
increasing costs or threaten application safety.

Based on our previous works, (Er;,Y;,Lu;,Yb,,),Si,0; and
(BryeTmysY115Gdy 15sLuyy15 YDy 5),51,0, were selected for this
work. Both have demonstrated excellent thermomechanical
properties and phase stability [26]. Additionally, the resistance to
CMAS corrosion can be enhanced by increasing the proportion of
inert elements (Yb, Lu), maintaining the ratio of neutral elements
(Ho, Er, Tm), and reducing the content of other rare-earth
elements (La, Ce, Y, Eu). Furthermore, the CMAS corrosion
resistance of both materials is systematically investigated at 1300
and 1500 °C, and their corrosion behaviors at these temperatures
are compared, as shown in Fig. 1. The regulatory mechanisms of
composition and corrosion temperature on the corrosion process
are revealed through analysis of corrosion products and
microstructural evolution. Meanwhile, an EKF algorithm is
innovatively introduced, combined with a classical corrosion
kinetics model, to establish a predictive model for long-term
corrosion depth and rate at 1300 °C. This study aims to achieve
dynamic and high-precision prediction of material corrosion
behavior, providing theoretical support and experimental evidence
for the design and service life assessment of next-generation high-
performance T/EBC high-entropy rare-earth disilicate materials.

2 Method

2.1 Experimental

2.1.1 Sample preparation

Commercial oxides, including Lu,O;, Er,05, Y,0; Tm,O;, and
SiO, (99.9%, Aladdin), as well as Gd,O; and Yb,0; (99.99%,
Aladdin), were used as starting materials to synthesize
(Ery/aY1aluy,Yby,),85,0; and  (EryeTmyeYy05GdyjislugsYbys),
Si,0,. To account for possible SiO, loss due to volatilization, the
molar ratio of RE,O; to SiO, was set at 1 : 1.05. The precursors
were planetary ball-milled at 250 r/min for 24 h using agate balls
and ethanol as the grinding medium. The resulting slurry was
then dried at 60 °C for 12 h. Phase-pure products were obtained
after pressureless sintering at 1600 °C for 4 h. To fabricate dense
bulk ceramics, the synthesized powders were ball-milled again for
12 h, dried, and subsequently densified by hot-pressing in BN-
coated graphite molds at 1700 °C for 2 h under a uniaxial pressure
of 30 MPa in vacuum, yielding (#RE,),Si,0, bulks. Compared
with direct hot-pressing of the reactant mixture, the two-step
method offers two advantages. First, pressureless sintering ensures
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Fig.1 Workflow diagram for this work.

the synthesis of pure-phase high-entropy silicates and avoids
potential carbon contamination or non-equilibrium reactions
from the graphite die. Second, the synthesized powder was re-
milled to de-agglomerate the clusters, producing finer particles
with higher sintering activity that facilitated the fabrication of high-
density bulk ceramics.

2.1.2 Characterization

An X-ray diffractometer (XRD; PANalytical B.V., Netherlands)
using Cu Ka radiation was used to identify the phase composition
of both the as-prepared samples and the corrosion products. The
measurements were carried out over a 26 range of 10°-70° with a
step size of 0.02° and a scanning rate of 2 (°)/min. Microstructural
characterization and elemental analysis were conducted using a
scanning electron microscope (SEM; Merlin Compact, Carl Zeiss
AG, Germany) equipped with an energy-dispersive X-ray
spectroscopy (EDS) detector. Lattice parameters were refined by
Rietveld analysis implemented in the GSAS software package, and
the bulk density (p) was measured via the Archimedes method.
The Vickers hardness was measured by a micro indentation tester
(HXD-1000TMC/LCD, Shanghai Qinming Optical Instrument
Co., Ltd., China) with various applied loads and holding time of
10s.

2.1.3 CMAS corrosion

A CMAS composition of 33CaO-9MgO-13A1,0,-45Si0,,
representative of typical deposits encountered in aviation
environments, was selected for corrosion tests [25]. The CMAS
powder was synthesized by mixing stoichiometric amounts of
CaO, MgO, Al,Os, and SiO,, followed by calcination at 1300 °C
for 2 h to form a homogeneous glassy phase. As confirmed by
XRD patterns (Fig. S1 in the Electronic Supplementary Material
(ESM)), the resulting product was predominantly amorphous. In
the corrosion experiments, a uniform CMAS coating (30 mg/cm?)
was applied onto the ceramic surface. A slurry was prepared by
mixing CMAS powder with anhydrous ethanol, which was then
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evenly applied to the sample surface. The sample weight was
accurately measured before and after coating to control the CMAS
loading. After the ethanol completely evaporated in air, the
samples were then heat-treated in a muffle furnace at 1300 or
1500 °C for 2-48 h (heating rate: 10 °C/min). After corrosion,
cross-sectional specimens were prepared by grinding and
polishing for SEM examination. The thickness of the reaction
layer was determined by averaging measurements taken at five
different locations. To analyze the crystalline reaction products,
powder mixtures of (nRE,;),S1,0, and CMAS at a mass ratio of 4: 1
were heat-treated at 1300 °C for 2 h and 1500 °C for 2 and 48 h,
respectively, prior to XRD analysis.

2.2 Computational details

2.2.1 DFT calculations

All density functional theory (DFT) calculations in this study were
carried out with the Vienna ab initio simulation package (VASP)
[27,28]. The projector augmented wave (PAW) method was
employed to describe electron—ion interactions using a plane-
wave energy cutoff of 520 eV to ensure energy convergence within
1 meV/atom. The valence configurations were set as 5p°5d'6s* for
RE elements, 3s3p? for Si, and 2s2p* for O. The Perdew-Burke-
Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA) was applied to account for exchange-
correlation effects. A I'-centered 2 x 3 x 2 Monkhorst-Pack
k-point mesh was used for sampling the Brillouin zone. Since the
geometric structure and lattice parameters show a weak
dependence on the U parameter, the effects of U were
consequently neglected in the calculations [27,28]. All structures
were relaxed, including atomic positions, cell volume, and shape,
until the energy change between electronic steps was less than
10 eV and the maximum force on any atom was below 0.01 eV/A.

To model (nRE,),S1,0,, special quasirandom structures (SQS)
were generated using Monte Carlo simulations, in which random
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Fig.2 Schematic diagram of extended Kalman filter framework designed to accelerate prediction of corrosion depth in long-term corrosive environments.

swaps were permitted only among cation sublattices, without
involving anion sites [29,30]. For each composition, three
independent SQS configurations were constructed and evaluated
to ensure convergence in both lattice constants and energies with
respect to local chemical environments.

2.2.2 Extended Kalman filter

To address the prediction of the corrosion depth and rate in long-
term corrosive environments, an extended Kalman filter was
employed based on classical mathematical corrosion models to
predict the corrosion depth and rate at different temperature
points (beyond 24 h), including the diffusion barrier model,
parabolic model, coating penetration model, S-shaped growth
model, coating-substrate combined model, and piecewise linear
model [31,32]. Detailed descriptions of these models are provided
in Note 1 in the ESM.

As shown in Fig. 2, experimental corrosion depth data at
1300 °C for 0-24 h were used to fit the mathematical corrosion
models. The optimal model was determined by evaluating fitting
errors and comparing the predicted corrosion depth at 48 h with
experimental values at 1300 °C. Subsequently, the extended
Kalman filter was applied to handle the inherent nonlinearity of
the corrosion process. The EKF algorithm consists of two iterative
steps: prediction and update. In the prediction step, the selected
corrosion model performs forward propagation on the state
vector (including depth and velocity) and its covariance matrix.
Due to the nonlinear nature of corrosion kinetics, the Jacobian
matrix of the model function was computed to linearize the
system around the current state estimate. Among them, the
measurement noise covariance (R) was determined based on the
experimental error in the thickness measurement of the reaction
layer. Meanwhile, the process noise covariance Q was empirically
tuned according to the residuals between the model predictions
and the short-term experimental data. In the update step, the
predicted state was corrected by integrating measurement data,
and the covariance matrix was updated to quantify process and
measurement uncertainties. Through this recursive estimation
approach, the EKF enables accurate identification of model
parameters and reliable long-term prediction of corrosion depth
and rate, even under time-varying and nonlinear corrosion
conditions.
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3 Results and discussion

3.1 Microstructures and crystals of two (nRE,;),Si,0;

Figure 3(c) displays the XRD patterns of (Er;,Y,,Lu,,,Yb,/,),51,0,
and  (Er;;sTmy6Y115Gd,1sLugsYbyys), 5,05, along  with  the
standard pattern of B-Er,Si,0, for comparison. The diffraction
results confirm the formation of a single-phase solid solution
crystallized in a P-type crystal structure. As the temperature
increases, no additional impurity peaks appear. Figures 3(a) and
3(b) show SEM images of the (Er,,Y,,Lu;,Yb,,),S1,0, and
(ErysTmy Y 15Gdyj15Luy15Ybyy5),S1,0;, samples, both exhibiting a
single-phase microstructure composed of finely arranged
polyhedral grains. The as-sintered materials reach densities of 5.48
and 5.79 g/cmy’, respectively, corresponding to a high relative
density exceeding 97%. Elemental distribution maps obtained by
EDS (Figs. 3(a) and 3(b)) demonstrate a uniform distribution of
each element, which further confirms the synthesis of a single-
phase solid solution.

To further investigate the crystal details of the two materials,
DFT calculations were performed to obtain their structural
information. As illustrated in Fig. 3(e), the B-RE,Si,O;, structure
consists of stacked [REOQ,] and [SiO,] polyhedra [33]. The lattice
parameters of the synthesized (1nRE,;),Si,0, compounds in Table 1
are consistent with the experimental results obtained from the
XRD refinement, as shown in Table S1 in the ESM. In addition,
the configuration entropy (AS), mean ionic radius (7), and ionic
radius deviation (o,) are summarized in Table 1, with details
provided in Note 2 in the ESM [34]. The results indicate that AS
depends solely on the number and proportion of RE species
incorporated, while 7 and o, are influenced by the specific types of
rare-earth ions. Specifically, larger ionic radii tend to increase 7,
while greater disparities among the ionic radii lead to higher o,
values. The incorporation of multiple RE ions disrupts the atomic
equilibrium due to variations in their jonic radii, thereby inducing
lattice distortion. To quantitatively assess this distortion, the
distortion index (Ad) is evaluated using Eq. (1) [35]:

1 (de-0),—dz-0)\’
M=D) ( dL-0) ) M

n
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Revealing corrosion mechanisms and enabling predictive lifetime assessment of high-entropy rare-earth disilicates with ...

9221251-5

(d)
(©) Bulk-(Er, Y /s Yby Lt ),55,0, 640, |
l l \‘\ . b, [TmOdl+
g I 0 05, I N | V. 1T T T
i:,. Bulk-(Ery/Tmy6Y 1sGdyysYb 15l 15),S1,05 [LuOg] 4
g [YbOg] 1 N
o
- [YO4l |
Er,$i,0, (PDF#97-008-6148) [ErOq] ]
1Si0,1 (Ers6TMyY 11158015 YD g5l Ugyr5),51,07
| [ || ! || il ll T T T 4 .j . }'(E”MY:MY"‘M:-”m)zslizov . .
10 20 30 40 50 60 70 00 02 04 06 08 10 12 14 16

26(°)

Distortion index (bond length) (%)

Fig.3 SEM images and EDS mappings of (a) (ErysTmyYy5Gdy/sLuy5Yby5),81,0; and (b) (Ery,Y,,Lu,,Yb,,),S5,0;. (c) XRD results, (d) crystal distortion,
and (e) crystal structure of (Ery,Y 5Lty 5Yb4),51,0; and (Ery Tmy6Y115Gdy 15415 Ybyy15),51.05.

Table1 Crystal features of (Er,,Y,,Lu,,Yb,,,),51,0, and (Er; s Tmy 6Y,,15Gd) 1505 Yby15),55,0,

Composite (Ery4Y,Luy 4 YD, ,4),81,0; (Ery6Tmy6Y1/15Gd, /15Luy15Yby)15),51,0;
a(A) 6.77 6.78
b(A) 8.84 8.86
c(A) 4.74 4.75
7 (A) 0.880 0.879
or 0.02 0.02
AS (J-mol-K™) 1.39R 1.66R

where d(L—O) represents the bond distance between cation L
(L = RE or Si) and the nth oxygen atom and d(L—O) denotes the
corresponding mean bond length. Figure 3(d) shows the
calculated distortion indexes for the [REO,] and [SiO,] polyhedra
in (Ery,Yy luy Ybyy),55,0;  and  (EryeTmyeYy15Gdyslug,s
Yby5),5,0,. In the crystal structure of (nRE,),Si,0, the
coexistence of multiple RE cations with differing ionic radii at
equivalent atomic sites not only distorts the [REO4] polyhedra but
also exerts compressive or tensile effects on the [SiO,] tetrahedra,
further contributing to structural distortion [28]. Specifically, an
increase in o, and 7 corresponds to greater lattice distortion in
both the [REO,] and [SiO,] polyhedra [36].

3.2 CMAS corrosion resistance of two (nRE,),Si,0, at
1300 °C

3.2.1 Corrosion morphology and phase of two (nRE,;),Si,O, at
1300 °C

Figure 4 presents cross-sectional SEM images of (Er;,Y,,Lu,,

Yb1/4)25i207 and (Er1/6Tm1/6Y1/15Gd1/1 5LU4/15Yb4/15)2Si207 after
CMAS corrosion at 1300 °C for 2 h. Both the
(EryaYyaluy,Yb,,),81,0, and (BrysTmy Y 115Gy sLugs

Yb,,;5),51,0, samples exhibit a three-layer structure consisting of a
residual CMAS layer, a reaction product layer, and an intact
ceramic  substrate.  Notably, the reaction layer of
(EryY,sLu, YD, 4),S1,0; contains both rod-like and dendritic
morphologies, whereas only rod-shaped products are observed in
the (ErsTmyY,,15GdysLuy5Yby5),51,0; sample. EDS analysis

https://doi.org/10.26599/JAC.2026.9221251

at points 1-3 (Table 2) confirms the presence of RE, Ca, and Si
elements at the corrosion front. The dendritic regions exhibit a
Ca/Si ratio of approximately 1.5, which is higher than that of the
rod-like areas (approximately 0.25).

To investigate the corrosion evolution, the corrosion time is
extended. As shown in Fig. 5, the corrosion depth increases
progressively with time, although the corrosion rate decreases.
After 48 h, residual CMAS is observed on both materials. The
thinner reaction layer in (Er,Y,,Lu,,Yb,,),S1,0; than that in
(ErysTmy Y 15Gdyj1sluy s Ybys),S1,0,  suggests its  superior
corrosion resistance. Morphologically, (Er;TmyY,;5Gd,5
Luy;5Yby)5),51,0, maintains rod-like precipitates over time, while
the dendritic structures in (Er,Y,,Lu,,,Yb,,),S1,0, diminish.
Additionally, the apparent densification of the unreacted bulk
substrate observed in Fig. 5 after prolonged corrosion at 1300 °C
can be attributed to variations inherent in the ceramic samples
used for CMAS corrosion testing. Due to microstructural
inhomogeneity during the sintering process, such as uneven grain
distribution and slight differences in matrix density, indeed exist
across different regions. This intrinsic microstructural variation
may lead to localized differences in the infiltration rate of the
CMAS melt during the corrosion stage, resulting in the observed
appearance of a denser bulk substrate after extended corrosion. To
identify the Ca-RE-Si reaction products, powder mixtures of
(nRE,;),S1,0, and CMAS were calcined at 1300 °C for 2 h. The
XRD results shown in Fig. 6(a) reveal the formation of
Ca;RE,Sic0 5 and Ca;RE4(SiO4)O, phases alongside (nRE,;),S1,0;.
In summary, the EDS and XRD results suggest that the reaction
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Table2 Element content for each point in Fig. 4 (Unit: at%)
Ca Si Er Y Yb Lu Gd Tm RE
1 10.05 20.02 1.64 1.57 1.53 1.56 — — 6.30
2 4.56 7.69 4.20 4.27 4.07 3.80 — — 16.34
3 5.07 9.21 2.96 1.90 4.51 4.48 2.00 2.93 18.78

(@) (Ery,Yy,Yb,,Luy,),Si,0, 1300°C, 2 h

(b) (ErysTmyY,,sGd,y;sYbysLug,s),Si,0, 1300°C,2h

CMAS residue
CMAS residue

Reaction layer

Substrate Subktraté

Fig.4 Cross-section images of (a) (Ery;,Y,,Lu,,Yb,4),81,0; and (b) (ErysTm,6Y,,15Gd,1sLuy5Yby) 5),S1,0; after CMAS corrosion at 1300 °C for 2 h.
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layer is likely composed of accumulated cyclosilicate and apatite
phases.

3.22 Corrosion mechanism of two (nRE,,),Si,0, at 1300 °C

During CMAS corrosion, the RE disilicate first dissolves into the
molten CMAS, during which RE ions diffuse outward from the
dissolution front. Once the Ca/RE ratio reaches a critical
threshold, Ca-RE-Si compounds begin to precipitate from the
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melt [37]. Simultaneously, a reaction product layer forms via a
reaction—precipitation mechanism at the corrosion interface,
wherein (nRE,;),Si,0, reacts with CaO and SiO, in the CMAS to
form cyclosilicate and apatite phases. This mechanism is further
corroborated by previous studies, as described by Reactions (2-a)
and (2-b):

REzsle7+ 3Ca0O (CMAS)+ 48102 (CMAS) — Cag,RElegOlg
(2-a)
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4RE,$1,0; + 2Ca0 (CMAS) — Ca,RE;(Si0,),0, + 28i0,
(2-b)

For the corrosion products of two (nRE,;),S1,0y, in addition to
their common corrosion product Ca;REg(SiO,)O,, the emergence
of the Ca;RE,SiqO} phase can be attributed to the relatively high
viscosity of the CMAS melt at 1300 °C, which reduces the
solubility of the silicate-based matrix. The crystals of Ca;RE,SisO 4
and Ca;RE(SiO,)O, have Ca/RE ratios of approximately 1.5 and
0.25, respectively. The formation of Ca;RE,SicO 4 requires fewer
RE*, explaining its preferential formation in the
(Ery,Y,,Luy,Yb,,4),81,0, sample during the early corrosion stage.
As corrosion progresses, the viscosity of the CMAS melt
decreases, leading to an increased dissolution rate of the substrate.
The consequent rise in RE* ion concentration and its graded
distribution facilitate the reprecipitation of dissolved matrix
components and the formation of apatite. On the other hand, the
crystal structural features of Ca;RE,SisO;3 and CasREg(SiO,)0,
also contribute. In Ca;RE,SizO 4, three crystallographic sites can be
occupied by either Ca or RE ions, whereas in Ca;RE4(SiO,)O,,
only one site is available for mixed occupation. This results in
greater lattice distortion in cyclosilicate, weakening its structural
stability. It has been reported that cyclosilicates possess lower
stability in CMAS melts than apatite [16]. Therefore, as the
reaction proceeds, the system tends to form the more stable
Ca;RE4(SiO,)O, phase rather than Ca;RE,;SiO,s leading to a
gradual reduction of the latter in (Er,;,Y,,Lu,,,Yb,,),S1,0; after a
long corrosion time.

To elucidate the corrosion mechanisms and early-stage product
differences, we introduced the distortion index and optical basicity
(OB), which correlate with the differing corrosion kinetics of the
two materials. First, regarding the role of optical basicity, the
average ionic radius (7) influences the material’s chemical
characteristics. A smaller 7 corresponds to a higher cationic field
strength, which renders the oxide more acidic (ie., lower OB).
Lewis acid-base theory holds that reactivity increases with the OB
difference between a crystalline oxide and an oxide glass. The
difference in OB is used to evaluate the reactivity of RE silicates in
CMAS melts by Duffy et al. [38], Wolf et al. [39] and Tian et al. [40].
Consequently, the RE silicates with smaller 7 possess a lower OB
and thus exhibit a larger OB difference when contacting the highly
basic CMAS melt. For (ErysTm,;Y;,15Gd;150uy5Yby5),515,0;
with a smaller 7, although the larger OB difference relative to
CMAS enhances the thermodynamic driving force for the
reaction, the high cationic field strength of this material due to its
smaller 7 stabilizes its silicate lattice, thereby increasing the kinetic
barrier for dissolution. Ultimately, the enhanced kinetic stability
dominates, resulting in a lower net reactivity of the material and
promoting the reprecipitation of (nRE,;),S1,0, from the residual
CMAS glass. Second, the specific ion effect of Gd* plays a crucial
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complementary role. The presence of Gd*, whose ionic radius is
close to that of Ca*, further facilitates the formation of the apatite
phase. The minor mismatch of the ionic radius minimizes the
localized lattice strain energy when Gd* substitutes for Ca*,
making it kinetically more favorable for the nucleation and
growth of the apatite phase [16]. Furthermore, during rapid
precipitation from CMAS melts, the nucleation energy barrier for
apatite crystals is critical. A crystal nucleus that can incorporate
RE™ ions into the 4f sites with minimal strain possesses a lower
activation energy for formation [16]. The presence of Gd*, which
can occupy both RE sites and Ca sites, promotes the stability of
the initial apatite nuclei [16]. This plays a catalytic role in
accelerating the crystallization of the apatite phase from the melt.

Regarding the difference in corrosion depth between the two
(nRE,;),S1,0,, the high-entropy effect in thermodynamics
enhances the stability of rare-earth disilicates and reduces their
dissolution rate in CMAS melts. Furthermore, the lattice
distortion in the microstructure, quantitatively characterized by
the distortion index, induces sluggish diffusion, which mitigates
the attack of Ca* ions on (nRE,;),Si,0; [6]. It inhibits the reaction
among (nRE,),S1,0;, CaO, and SiO, at the corrosion front.
Therefore, the reactivity of (nRE,;),S1,0, with CMAS is governed
by the lattice distortion resulting from multiprincipal RE doping.
Large lattice distortion suppresses the formation of cyclosilicate
reaction products at the corrosion front, thereby reducing the
thickness of the reaction product layer. As shown in Fig. 5, the
variation in reaction layer thickness between the two samples
exhibits an inverse correlation with the degree of lattice distortion.
Namely, (Er;,Y;,Lu;,Yb,,),S1,0; exhibits greater lattice
distortion than (Ery;sTmysY115Gdy1sLuy15Ybys), 51,0 (Fig. 3(d)),
resulting in a thinner reaction layer and better corrosion resistance
than  those of = (EryqTmyeY15GdyslgsYbys)Sh0,  In
summary, the corrosion mechanisms can be understood through
the interplay of these identified factors. The cocktail effect
synergistically combines reduced reactivity from lattice distortion,
sluggish diffusion, and Gd* catalysis of apatite. This integrated
perspective clarifies how compositional design governs corrosion
behavior.

A dense Ca-RE-Si reaction product layer can serve as an
effective physical barrier, inhibiting the further penetration and
corrosion of the substrate by molten CMAS and thereby
enhancing the material’s resistance to high-temperature corrosion.
This type of reaction layer improves the overall corrosion
resistance by hindering mass exchange and chemical reactions
between the CMAS melt and the substrate. To understand CMAS
corrosion mechanisms and design high-performance corrosion-
resistant materials, we performed elemental mapping on two
material cross sections (Figs. 7 and 8). The results indicate that in
both the (EryYy4Luy4Yby4),55,0; and (ErysTmy Yy 5Gd;islug s
Yb,)15),51,0, samples, the rare-earth elements (including Tm, Y,
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Yb, Er, Lu, and Gd) are predominantly distributed within the high-
entropy silicate phase and the apatite phase. In contrast, Ca and Si
are mainly retained in the residual CMAS melt region and show a
tendency to diffuse further into the substrate (Figs. 7(a) and 8(a)).
The distributions of Mg and Al elements are provided in Fig. S2 in
the ESM. Point analysis revealed that rare-earth elements with
smaller atomic radii (such as Lu and Yb) are enriched in the
region of the corrosion reaction layer closer to the substrate,
whereas those with larger radii (such as Er and Y) are more
distributed in the upper part of the reaction layer. To further
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clarify the distribution differences of elements across various
regions, point scanning was conducted for compositional analysis
of the bulk layers. Figure 7(b) shows a gradient in rare-earth
elements for (Er,Y,,Lu,,Yb,,),S1,0,: Content decreases with
atomic radius in the upper layers but increases in the substrate.
For (ErysTm;sY;,15Gdy15Luy5Yby)5),51,05, the actual elemental
ratios remain close to stoichiometric in each layer. However, after
normalizing the content, Fig. 8(b) reveals a similar distribution
trend.

The above phenomenon is due to the higher solubility and

J Adv Ceram 2026, 15(3): 9221251
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faster migration of smaller rare-earth ions in the CMAS melt,
resulting in a gradient where smaller ions are found farther from
the corrosion front. Specifically, in the (Er;¢TmysYs
Gd,15Luy)15Yby5),51,0; system, the highly active Gd* ion, with an
ionic radius close to that of Ca”, readily participates in the
formation of the apatite phase at the corrosion front. In contrast,
the less reactive Lu* and Yb* ions, which are relatively insensitive
to CMAS corrosion, tend to remain within the substrate lattice,
ultimately resulting in a distinct three-layer corrosion structure
[35]. As the corrosion time increases, more silicate grains
reprecipitate in the residual CMAS glass, leading to gradual
thickening of the apatite layer. Therefore, adding larger RE* ions
(e.g, Y and Gd) into high-entropy disilicates enhances corrosion
resistance. This helps consume Ca** via ion exchange and reduces
the chemical activity of the CMAS melt. This also explains the
inferior corrosion resistance of (ErysTm;;Y,,5Gd,/5Luys
Yby5),51,0, compared with (Er,;,Y,,Lu,,Yb,,,),S1,0; at the early
corrosion stage. Namely, the low content of Gd and Y in
(Ery6Tmy6Y115Gdy 150015 YDy 15),51,0; is insufficient to enhance
corrosion resistance. Based on these results, we propose a design
strategy to achieve CMAS resistance by selecting rare-earth
elements with a large average ionic radius and maximizing ionic
radius differences to enhance lattice distortion and by adding
larger RE* jons to deplete Ca* in CMAS and reduce its activity.

3.3 CMAS corrosion resistance of two (nRE,),Si,0, at
1500 °C

3.3.1 Corrosion morphology and phase of two (nRE,;),Si,O, at
1500 °C

To further investigate the CMAS corrosion behavior of the
materials at elevated temperatures, (Er,;,Y,,Lu,,,Yb,,),S,0; and
(EryeTmy Y 15Gd, 15Luy5Ybyy5),51,0, are subjected to corrosion
experiments at 1500 °C for 2 and 24 h. Figures 9(a) and 9(c) show
the cross-sectional morphologies and elemental distributions of
the  (Ery,Yylu,Yby,),55,0; and  (EryeTmyY)05Gdyjslugs
Yby15),S1,0, samples after corrosion at 1500 °C for 2 h. The
reaction layer of (Er,,Y,,Lu,,Yb,,),Si,0; is thinner than that of
(Erye Tmy6Y 1/15Gdy 1510415 YDy15),55,07 indicating that
(EryY4Lu, 4 Yb,4),51,0, maintains better resistance to CMAS
corrosion even at 1500 °C. Moreover, numerous needle-like and
blocky corrosion products are visible within the residual CMAS
glass adhered to the sample surfaces, suggesting that both
materials exhibit good short-term resistance to CMAS attack at
high temperature. To identify the composition of the rod-like and
blocky corrosion products in the residual CMAS glass, EDS
analysis is performed on different phases of the
(Ery/aY/aluy,Yby,),85,0; and  (EryeTmy6Yy15GdyjisbugisYbys),
Si,0, samples, and the results are summarized in Fig. 9(e). EDS
analysis of the rod-like reaction products (spots 1 and 5 in Fig. 9)
revealed the presence of RE, Si, and Ca elements, with an RE/Ca
atomic ratio close to 4 : 1, confirming this phase as apatite.
Notably, the blocky crystalline phases (spots 2 and 4) within the
CMAS glass contain significant amounts of RE and Si, with
almost no Ca and an RE/Si atomic ratio of approximately 1 : 1,
suggesting that these are reprecipitated high-entropy rare-earth
disilicate phases rather than Ca-RE-Si reaction products.
Additionally, elemental mappings of the cross sections of the two
(nRE,;),S1,0, materials after 2 h of corrosion at 1500 °C are
presented in Figs. 9(a) and 9(c). Similar to the elemental
distribution after corrosion at 1300 °C (Figs. 7 and 8), RE elements
(Y, Yb, Er, Lu, and Gd) are primarily present in the rare-earth
disilicate and apatite phases, while Ca is mainly distributed within
the residual CMAS melt and the apatite phase.
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To further study the reaction products, (Er,,YLu,,Yb,,),
$,O; and  (ErysTmyY,5Gdy sy sYbys),S,O; powders are
mixed separately with CMAS powder and calcined at 1500 °C for
2 h. The phase compositions of the reaction products are shown
in Fig. 6(b). In contrast to the results at 1300 °C, both the
(Ery/aY/aluy,Yby,0),85,0; and  (EryeTmyeY 115Gy nslugisYbys),
Si,0; samples produced apatite and reprecipitated rare-earth
disilicate phases at 1500 °C. Sun et al. [6] also observed the
coexistence of reprecipitated high-entropy rare-earth disilicates
and apatite (Ca,REg(SiO)¢O,) when studying the CMAS
corrosion resistance of (Ery,Y;,Lu;,Yb,,),SL,0; at 1500 °C.
Similarly, Schulz et al. [41] reported the reappearance of RE-Si-O
phases in rare-earth zirconate systems under CMAS attack and
proposed that RE,Si,0, can reprecipitate rather than transform
into apatite. It is worth noting that unlike at 1300 °C, no
CasRE,SicO,5 phases are detected in the corrosion products of
(EryY 4Ly YDy ,4),51,0; at 1500 °C. This absence is attributed to
the greater lattice distortion in Ca;RE,SicO,s, which weakens the
crystal structure stability. Thus, they tend to transform into more
stable apatite phases at higher temperatures.

As the corrosion time extended to 24 h, the amount of residual
CMAS decreased (Figs. 9(b) and 9(d)). The layered structure
became less distinct, consisting of residual CMAS glass, corrosion
products, and the substrate. The (Er,,Y,,Lu,,Yb,,),S1,0, sample
exhibited a thinner reaction layer than the (EryTm;;Y,;;s
Gdy;5Luy15Yby)5),51,0,  sample, indicating relatively better
resistance to CMAS corrosion. EDS analysis and elemental
mapping (Figs. 9(b) and 9(d)) revealed that the sample is
composed mainly of gray (nRE,;),Si,0;, grains (spots 3 and 6) and
dark gray CMAS glass, suggesting that the CMAS melt penetrated
along grain boundaries but did not significantly react with the
(nRE,),S1,0; grains. Combining the distribution of elements, EDS
results, and previous studies [16], it can be found that the darker
grains of Figs. 9(b) and 9(d) are pores and/or CMAS that
penetrate the grain gap, as shown in Fig. S3 in the ESM.
Meanwhile, as shown in Fig. $4 in the ESM, the phenomenon of
Mg and Al mainly distributed in the CMAS melt has also been
reported in previous works [32]. To further examine the reaction
products, (ErysTmyYy;;5GdyisLuy5Ybys),5,0; and  (Ery,Yy,
Lu,,,Yb,,),S1,0, powders were mixed with CMAS powder and
calcined at 1500 °C for 24 h. The phase compositions of the
reaction products are shown in Fig. 6(c). Notably, only
(nRE,),S1,0, and minor apatite phases are shown in the
(Ery/aYy/aluy,Yby,0),S5,0; and  (EryeTmyeYy15Gd;slugisYbys)
Si,0, samples. Based on SEM and EDS analysis, the main
corrosion products of both materials after the CMAS reaction are
reprecipitated (nRE,;),S,,0; and some apatite. The corrosion
products at 1500 °C show much more silicate reprecipitation than
those at 1300 °C. This is because higher temperatures facilitate the
depletion of Ca* and the enrichment of RE*.

3.3.2  Corrosion mechanism of two (#RE,;),Si,0, at 1500 °C

The experimental results demonstrate that (Er;,Y,,Lu,
Yby4),55,0; and  (ErysTmy Y 5Gd; sl s Yby5),S50;  exhibit
different corrosion behaviors and phase evolution pathways under
CMAS attack at 1500 °C. To further understand the influence of
temperature on the corrosion mechanisms, we compare the
corrosion processes of the materials at different temperatures, as
illustrated in Fig. 10. Under CMAS corrosion at 1300 °C, the
corrosion behavior of both materials is primarily governed by a
thermodynamic and kinetic competition equilibrium. At this
temperature, the relatively low environmental temperature
restricts jonic migration, resulting in high viscosity of the CMAS
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Fig.9 Cross-sectional images and EDS results of (Er,,Y},,Lu,/,Yb,,),S1,0;, and (EryTm, ;Y };15Gd))15Luy5Yby5),81,0, after CMAS corrosion at 1500 °C for (a, ¢) 2 h

and (b,d) 24 h.

melt and reduced transport rates of Ca™. This leads to a slow yet
continuous supply of Ca* at the corrosion interface [35,36]. Such
conditions favor the formation and stabilization of the apatite
phase. As a thermodynamically stable phase, apatite forms and
accumulates at the corrosion front, developing a reaction layer
that offers some protective effect, thereby retarding further CMAS
penetration and corrosion progression. Hence, at 1300 °C, the
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apatite phase remains thermodynamically stable, while kinetic
diffusion limitations provide the necessary conditions for its
formation and persistence.

When the temperature increases to 1500 °C, the corrosion
mechanism shifts toward a thermodynamically controlled
dissolution-reprecipitation ~ process. The  high-temperature
environment reduces the viscosity of the CMAS melt and
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enhances ion mobility, bringing the system closer to
thermodynamic equilibrium. In the initial stage of corrosion, the
apatite phase can still form transiently; however, with prolonged
exposure, its stability decreases. Rapid consumption depletes Ca*
in the CMAS melt, while the simultaneous enrichment of rare-
earth elements alters the local chemistry, disrupting the original
thermodynamic equilibrium and leading to the gradual
dissolution of apatite. Concurrently, the delayed diffusion effect,
originating from lattice distortion and chemical complexity due to
rare-earth cations of varying radii, inhibits rapid elemental
migration and slows phase transformation. In the later stages of
corrosion, recrystallization dominates the process, eventually
resulting in the reprecipitation of the rare-earth disilicate phase as
the most thermodynamically stable product, which remains in the
corrosion layer. In summary, temperature is a critical factor
influencing the CMAS corrosion mechanism. At lower
temperatures (1300 °C), kinetic factors dominate, allowing the
apatite phase to remain stable. At higher temperatures (1500 °C),
thermodynamic driving forces become more influential,
ultimately promoting the reprecipitation of the rare-earth
disilicate phase via a dissolution-reprecipitation mechanism,
which persists as the final stable corrosion product.

3.4 Corrosion depth prediction based on extended Kalman
filter

To expedite long-term CMAS corrosion assessment for high-
entropy rare-earth silicates, an extended Kalman filter algorithm
coupled with classical models is developed to accurately predict
corrosion depth and rate evolution. A corrosion temperature of
1300 °C was chosen because higher temperatures (e.g., 1500 °C)
may cause undesirable phase changes, thereby deviating from
practical application scenarios. Next, using the 48-h corrosion
depth data for the two materials at 1300 °C, we compared the
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error levels of several classical corrosion models. This comparison,
which included the diffusion barrier and coating penetration
models, provides a basis for later model integration into the EKF
algorithm. Specific corrosion schemes and data are provided in
Note 3 and Table S2 in the ESM. Figure 11 shows that the
diffusion barrier model fits the experimental data best. For both
materials, it has the smallest error (< 20%) over 48 h and shows
superior linear fitting in the initial 0-24 h stage compared with
other models. Therefore, the diffusion barrier model is adopted as
the core kinetic framework for the subsequent EKF prediction
model. From the perspective of the CMAS corrosion resistance
mechanism of high-entropy rare-earth silicate materials at 1300 °C,
after the sample is attacked by CMAS melt, RE* can react with
Ca* in the CMAS to form a dense apatite sealing layer.
Simultaneously, lattice distortion occurs in the high-entropy
material, further obstructing the penetration pathways of the
CMAS melt. The synergistic effect of these two factors imparts
excellent corrosion resistance to the material, which is consistent
with previous reports [23]. This further confirms that the diffusion
barrier model accurately describes the CMAS corrosion process in
high-entropy rare-earth silicates. It is therefore the best model
among those tested for predicting corrosion depth in high-
entropy rare-earth silicates. In practical thermal spray or physical
vapor deposition (PVD) coatings, microstructural features such as
porosity, microcracks, and grain boundaries influence CMAS
infiltration behavior. These defects can provide preferential
pathways for melt penetration, potentially accelerating corrosion
progression. Our integrated EKF-diffusion barrier model
effectively accounts for such microstructural influences through its
parameterization of the effective diffusion coefficient and reaction
rate constants. The model’s capability to dynamically adjust these
parameters based on experimental data enables it to capture the
complex corrosion kinetics in real coating systems with inherent
microstructural defects. Furthermore, the diffusion barrier model
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is based on mass transport through heterogeneous media. This
makes it well suited for predicting corrosion in real T/EBCs,
where the microstructure creates a tortuous path for CMAS
infiltration. This connection between our modeling framework
and practical coating characteristics enhances the applicability of
our predictive methodology to real-world T/EBC systems.

Based on the integrated framework of the diffusion barrier
model and the EKF algorithm, predictions are made for the
corrosion depth and corrosion rate of the two materials at
different time points under 1300 °C, as shown in Figs. 12(a) and
12(b). The integration of the EKF algorithm confirmed the
prediction accuracy. It reduced the relative error for the 48-h
corrosion depth to below 3%, lower than the > 15% error without
EKF, thereby validating the high accuracy of our models.
Additionally, the distinction between this short-term validation
metric and the broader methodological contribution is shown in
Note 4 in the ESM.

Under the assumption of excess CMAS melt, ie., sufficient
CMAS supply during corrosion, excluding termination due to salt

FanY, Bai Y, He X, et al.

depletion, the corrosion rates of both materials exhibit an
evolutionary characteristic of rapid decline followed by
stabilization. During the initial corrosion stage (0-24 h), the thin
apatite sealing layer on the material surface allows rapid CMAS
melt penetration, resulting in a high corrosion rate. As the
corrosion time increases, the apatite sealing layer gradually forms
and densifies, increasing the resistance to CMAS penetration and
reducing the corrosion rate. Beyond 48 h, the sealing layer enters a
stable phase, and the corrosion rate levels off. This evolutionary
trend aligns with experimental results and reported work [23,35],
further confirming the accuracy of our predictions. The evolution
of corrosion depth over time displays a pattern of rapid initial
growth followed by deceleration. Within 0-48 h, the corrosion
depth increases approximately linearly with time. After 48 h, the
growth rate gradually decreases, showing a distinct saturation
trend. When extended to 96 h (Figs. 12(c) and 12(d)), both
materials show a stable corrosion depth of approximately 37 pum.
This is lower than that of traditional YSZ, Y,Si,0,, and Yb,Si,O,
[42—45], confirming their excellent long-term CMAS resistance.
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Table3 Hardness values (GPa) of (Er,,Y /4L, Yb,/4),51,0; and (Er; ;¢ Tm, Y 115Gd, 151415 YDyy15),55,0,

Compound 0.3 kgf 0.5 kgf 1.0 kgf
(EryYy/aluy4Ybyy4),81,0, 6.48+0.86 6.35+0.36 6.2240.50
(ErysTmy6Y1/15Gd 1500415 Yby15),51,05 6.38+0.31 6.41+0.30 5.75+0.47

4 Discussion

To validate the cocktail effect of (Er,Y,,Lu,,Yb,,),S1L,0, and
(Ery6Tmy6Y1/15Gdy 150015 YDy 5),51,0, for their resistance to
CMAS corrosion, the thicknesses of the reaction layer under
similar corrosion conditions (1300 °C, 50 h) for Yb,Si,O,,
Er,S,0O; Y,Si,0, and Lu,Si,O, are compared, as shown in
Fig. 13(a) [46]. Both materials demonstrated excellent corrosion
resistance. Their reaction layer thicknesses (~36.37 and 37.3 pum)
are the lowest among all samples. Even Yb,Si,0, which
demonstrated the best corrosion resistance among the single-
component materials, still has a reaction layer thickness of
125 um—significantly higher than that of (Er;,Y,,Luy,
Yby4),55,0; and  (EryeTmyeY 15Gdyislug5Yby,s),Si,0;.  This
confirms that high-entropy design improves CMAS corrosion
resistance in rare-earth disilicates. Multiprincipal element mixing
creates a cocktail effect, thus boosting chemical stability and phase-
structural durability in extremely high-temperature environments.
Among them, the role of each RE element in improving
performance is detailed in Note 5 in the ESM.

Furthermore, to evaluate the application potential of
(Ery/aY/aluy,Yby,0),55,0; and  (EryeTmyeYy15GdislugisYbas),
S,0, in T/EBCs, the Vickers hardness values of
(Ery/aY/aluysYby),85,0; and  (EryeTmy6Y115GdijisbugisYbas),
Si,O; under loads of 0.3, 0.5, and 1 kgf are presented in Table 3.
Both materials exhibit favorable hardness, with (Er,Y;,Lu;,
Yb,,4),S1,0, demonstrating higher hardness than (Er,,Tm,;Y,,5
Gd,15Luy)15Yby)5),51,0;, which can be attributed to the greater
distortion of [SiO,] in the former [11]. Furthermore, Fig. 13(b)
summarizes the reported corrosion depth data of various T/EBC
materials under CMAS corrosion conditions in recent years. The
comparison shows that the prepared (Er,Y,,Lu,,Yb,,),S1,0;
and  (ErsTm;;Y,,15Gdy150uy)5Ybyys),51,0,  exhibit  excellent
corrosion  resistance among the compared materials
[14,23,47-58]. Their outstanding resistance to CMAS corrosion is
not only superior to that of common T/EBC systems but also
highlights the great potential of high-entropy modification in
enhancing the CMAS corrosion resistance of materials. These
results demonstrate that the high-entropy design strategy can

https://doi.org/10.26599/JAC.2026.9221251

improve the applicability and service reliability of T/EBC materials
in extremely high-temperature corrosive environments. Therefore,
(Ery/aYy/aluy,Yby,),55,0; and  (EryeTmyeYy15Gd;slugisYbys)
Si,0, show broad application prospects in achieving excellent
corrosion resistance and provide important experimental evidence
for the material design of next-generation high-performance
T/EBCs.

5 Conclusions

In this study, we designed and synthesized two novel high-entropy
rare-earth disilicates, (Er,,Y;,Lu,,Yb,,),S1,0; and (Er;sTm
Y ,/15Gdyj1sLuy5Yby 5),51,0,.  First, the developed materials
demonstrate an approximately 70% reduction in corrosion depth
compared with conventional single-component RE,Si,O;,
attributed to enhanced lattice distortion from multiprincipal rare-
earth doping. Then, temperature-dependent corrosion
mechanisms are identified. At 1300 °C, thermodynamic—kinetic
competition dominates, while at 1500 °C, a dissolution—
reprecipitation mechanism prevails due to accelerated ion
diffusion. Last, an innovative extended Kalman filter model
integrated with physical corrosion mechanisms was established,
achieving accurate long-term prediction of corrosion depth and
rate at 1300 °C with errors below 3%. This work provides both
fundamental insights into the corrosion behavior of high-entropy
disilicates and a reliable methodology for predictive lifetime
assessment, advancing the development of next-generation T/EBC
materials.
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