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Abstract: The development and manufacturing capability of aeroengines embodies the country’s
comprehensive national strength and the level of cutting-edge science and technology and is also an
important guarantee for national defense and security. Silicon carbide fiber-reinforced silicon carbide (SiC,/
SiC) composites have been developed as promising structural materials that are applied in the hot-end
components of high thrust-to-weight ratio aeroengines, due to their high temperature capability, high
strength, low density, high thermal shock resistance, efc. The typical service environment of high-
temperature structural components in the new generation of high thrust-to-weight ratio aeroengines is
extremely harsh, with the gas-side wall temperature reaching up to 1500 “C; however, the reliable service
temperature of the third generation of SiC/SiC composites is about 1350-1400 °C . Therefore, it is
necessary to apply a thermal/environmental barrier coating (T/EBC) system with high temperature
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resistance, low thermal conductivity, thermal expansion matching the matrix, and excellent corrosion
resistance, which is expected to provide both thermal protection and gas corrosion resistance for the SiC,/
SiC composites. Rare earth oxide ceramic materials, such as rare earth phosphates, tantalates, hafnates,
zirconates, aluminates, and pure rare earth oxides, exhibit high average atomic weight, weak atomic
bonds, complex crystal structure, and high concentration of oxygen vacancies, efc. These properties fulfill
the necessary requirements for protective coating materials, making them highly promising candidates for
T/EBC applications and a key focus of current research. In this paper, the roadmap of development on
T/EBC systems as well as various rare earth oxide ceramics is reviewed. Particularly, the thermal-
mechanical and corrosion properties of rare earth oxide ceramics, such as elastic modulus, thermal
expansion, thermal diffusivity, thermal conductivity, and corrosion resistance against CMAS melts, ezc.,
are comprehensively reviewed and discussed. Moreover, given that the thermal-mechanical properties and
corrosion resistance of rare earth oxides are closely related to the type of rare earth elements, it is proposed
that designing high-entropy rare earth oxides-based materials is a rational strategy to achieve a synergetic
optimization of the thermal-mechanical properties and corrosion resistance of these materials. Specifically,
by adjusting the ratio of various rare earth elements in high-entropy oxides, controlling the average size of
ions in rare earth oxides, and comprehensively considering the thermophysical and corrosion resistance
properties of various rare earth elements, the performance of the material can be flexibly modified, which
further promotes their application in the next-generation T/EBC coating system. At last, by reviewing the
current research stage, we propose that the future development directions of the next generation turbine
components of aero-engines highly rely on the multi-level design and whole-process preparation technology
of high-quality coatings, including the efficient screening of coating materials, the innovative architectural
design and microstructure modulation for coatings, advanced coating spraying technology, and the
discovery of new mechanisms to slow down the corrosion and damage rate of coatings under thermal-
oxidation coupled environment, ezc., especially for the application of new T/EBC coatings at temperatures
above 1500 °C. These research and advanced technologies are expected to generate new breakthroughs in
the development of T/EBC for high-temperature structural components made of SiC,/SiC composites in
next-generation aero-engines.

Key words: thermal barrier coating; environmental barrier coating; ceramic matrix composites; thermal

expansion ; thermal conductivity ; CMAS corrosion
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Table 1 Iterative development process of EBCs for NASA SiC,/SiC ceramic matrix composites

Gen 1

Coating (EPM., Gen 2 Gen 3 Gen 4 Gen 5 Gen 6
Characteristics THPTET) (UEET) (UEET) (VAATE) (FAP SUP-ERA) (FAP SUP, AS,
2000-2004  2000-2005 2005-2011 2007-2012 to present TTT)2008-present
1995-2000
Engine Combustor Combustor/ Combustor/vane Vane/blade Vane/blade EBCs Airfoil components
components: (vane) Equivalent APS
Combustor EBCs
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aluminosilicate layered systems — oxide/silicate oxide/silicate not require
(optional )
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(a) T/EBC multi-layer system structure; (b)CMC blade with protective coating
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Fig.4 Polyhedral representation of RE,O;, where the large spheres represent RE atoms and the small spheres represent O atoms

(a)type A structure; (b)type B structure; (¢)type C structure
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Fig.5 Coefficient of thermal expansion of rare earth oxides'
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Table 2 Thermal diffusivity (D,,), specific heat capacity (c,),

and thermal conductivity («) of some rare earth oxides!®

D,/ /(I K/
Material (10 °m?: mol - (Wem !

s K™ K™
(EugsErgLug Yo, Yby )05 1.92 109.55 5.1
(Smy,Er,1ug, Y0, Yby2),0; 1.88 108.19 4.6
(Smg,Er, ;Lag Y0, Ybg2),04 2.5
(Smy,Er, ;Lag Y0, Ybo2),Ce Oy 2.45
(Smy,Er,,l.a,,Y,,Yby,),Ce; ;05,4 2.2
(Smy,Er,,la,, Y, Yby,),Ce,0; 1.85
(Smy,Erg,Lag 5 Y02 Yby2)5Ce, 5056 2.3
(Y035 Yy 53Er0.53),04 3.3
(Yo, Yby,Ery,Hoy,Nd, »),0, 3.2
(Y25 Y by o5Er sl 160,05 2.7
Nd,O, 3.8
Y,04 5.23 102.32 214

4 95.46 GPa. Lu,O, & BUEL & e K, iy 203.16
GPa. T/EBCURIZM BT AN REA — & I EK
MR o R e e A ] T S B PR AR L
FRURSE 2 F i B DI 9 00 %, W Ho \Er .Gd .Sm
SERBAZ 10 B R TR IE AR I S T
3.2.4 PUEREE S

CMAS St 25 & shAIL i 58 38 14 d5e i U 1 5 o ok
TR 28 7 A6 25 S 1A ke O O A e B A T A
PF b S BORZREE . CMAS & =4 al Loy =

59-66]

3 BEIEUYEEEE(C,.CnCy) ETRIERE(B), 5]
HE(G) MFREE (E)FITARLE (v) 7
Table 3 Elastic constants (Cy;, Cy,, Cu), volume modulus
(B), shear modulus (), Young’s modulus (E) and Poisson’s

ratio (v) of rare earth oxides'® "'

Cy/ C/ Cy/ B/ G/

Materiel b Gpa GPa GPa Gpa /0T

LaO, 19622 9829  79.34 1339 6357 16414 0.29
Ce,0,  283.94 152.02 13542 1485 95.28 245.99 0.29
PrO, 21142 10844 8552 1482 67.63 175.24 0.29
Nd,O, 22376 109.85 91.04 150.5 7346 189.06 0.28
Pm,O, 20074 97.69 7553 1538 63.66 164.55 0.29
SmO, 21619 11607 10012 1534 7151 185.03 0.29
EwO, 132.86  86.35 59.56 156.1 36.66 98.21 0.33
GO, 26541 10776 11343 1583 96.48 241.09 0.24
ThO, 25848 11173 11098 1586 9210 231.97 0.25
Dy,0; 24398 10531  99.10 159.9 8458 213.93 0.26
Ho,O, 249.36 10386  97.77 161.6 85.94 217.02 0.26
Er0, 25541 11421 10542 1612 88.05 22348 0.2
TmO, 26690 112.97 106.98 161.6 92.54 233.74 0.26
YbO, 160.52 12157 7136 161.6 34.54 9546 0.38
LuO, 31278 14836  60.50 179.4 67.64 182.66 0.35

28, 3 IR ARAE S & ) FDLE 7 RN N 4 i
/IR BERCOON: uilioh-A TS N =E g1l PaPs e
WORAT N G . TEIREERR IR 2 A CMAS Ji il i 72
o BE KA (apatite) J2: 438 RIS 5 22 14 IV 45 i ™
Y, A I 0 45 — S fk i h R feE R R S N 4
Yy, A A (gamet) FEBERRES (silicocarnotite ) 45
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Table 4 Physical and chemical parameters of hafnium oxide ceramics

) o Density/ Coefficient of thermal Thermal conductivity/ . o
Melting point/°C . . . . X Dielectric constant  Band gap/eV  Refractive index
(grem ™) expansion/K (Wem K1)
2780-2810 9.68 (5.6-5.8)x10°° 1.31-1.96 20-25 5.7 2.11-2.2
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