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Abstract: Ceramic matrix composites (CMCs) have the characteristics of low density, high temperature resistance , oxida-
tion resistance and excellent mechanical performance, which can partially replace superalloys and be used as hot-end compo-
nents for aircraft engines. However, CMCs are confronted with corrosion from media such as water vapor during long-term
service, which seriously affects their performance and stability. Environmental barrier coatings (EBCs) are important mate-
rials used in the hot-end components of aircraft engines, which can isolate corrosive media from CMCs and protect the sub-
strate. The application background, materials selection requirements, development history, and preparation process of EBCs
were briefly introduced, and the research progress of the water vapor corrosion behaviors and mechanisms of rare-earth sili-
cates EBCs were focused on. The failure reasons of rare-earth silicates EBCs during service were also elaborated. In response
to the current problems of EBCs, improvement advices have been proposed, which have reference significance for the devel-
opment of high-performance EBCs.
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BIT E M B ceramic matrix composites, CMCs) , 451 J&
WAL fik 2T 4 8 s B Ak ik (SiC/SiC) , Al BUR T iR &
G T At T s & sh WL L SRS
AL, SiC/SiC HA AR %R (Uh 2~3 g/em’,
YA EMN 1/4~1/3) | EAFITEAE 1 (> 1300 °C ) I
R TR Y R R, K sic/sic Tk
SRR, — s & sh AL T AR 4 3T 300 °C |
W >50% . HE S HRE > 30%, AR R R S LT AERL

R RUE 20 140 90 AFAR, BRE— L K B kA
SiC,/SiC 1y W 1A 58 By Be . 2 SNECMA 728 W) 2E 7 1Y
SiC/SiC Z A MR F A S e 4k m M, H
WL 50% , 55 FHa st TR A4 . EE GE
3 2015 SFEFFURTE GEnx & gL % % SiC,/SiC #A b
4, IR & SiC,/SiC BRBEE o B LS IR Fe - 4i 1
R SEHR IR E D BT GEOx & 3hpl' .

Temperature
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Fig. 1  Progress and goals for hot section component materials in aircraft engine
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(K2), &, SiC/siC EAMEHERE2RIR 1L, i
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Fig. 2 Corrosion diagram of CMCs under high temperature steam environ-

ment
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EBCs TAEREEE S, 5 2R 32 W i 09 i B2 AR o
i, [RI THT I 2% o 2 B R O S W o il e ol PRI, 0%
JEM BT E A RIFRZEAPERE, — WIS, EBCs frit
FIRRE RV 2 AR 2R (D A 5 SR DTS fr #4
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Fig. 3 Materials selection requirements of environmental barrier coat-

ings (EBCs)
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Fig. 4 Weight loss curves of BSAS and rare earth silicate materials in high temperature water vapor environment (1500 C, 50% H,0/50%

0,, 4.4 cm/s, 0.1 MPa) '™
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Table 1 Characteristics and limitations of environmental barrier coating systems
EBCs Characteristics Limitations References
1. Amorphous phase is easily formed in mullite
1. Mullite has low density, low thermal conductivity,  coating during spraying, and crystallization
good chemical compatibility and matching CTE  process is prone to introducing cracks
Mullite/YSZ with CMCs 2. Water vapor corrosion resistance of mullite [19, 24-30]
2.YSZ layer can reduce the volatilization of mullite is insufficient
in water vapor environments 3.YSZ has a high CTE and is prone to cracking
during thermal cycling
1. BSAS has low CTE and elastic modulus, and ex- 1. Hexagonal phase of BSAS transforms into mono-
Si/Mullitet hibits good stability in water vapor at 1200 C clinic phase above 1200 °C, causing mismatch
1/ Mullite . . . .
BSAS/BSAS 2. Si layer can improve the bonding performance be-  in CTE [18, 19, 31, 32]

tween intermediate layer and substrate, and can also

consume oxidizing media to protect the substrate

2. The maximum temperature for long-term safe

service cannot exceed 1300 °C
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EBCs Characteristics Limitations References
1. Rare-earth silicates have various types and
sompl hases d > materials have
1. Rare-earth silicates have low CTE, good high- c;)lmp.exlp ase%t,.b.alr'll S(_)Ee mﬁ_fnag ave. poor
“hemical compatibility with mullite
Si/Mullite/ temperature phase stability and corrosion resistance ; ; (?a Cth pal yl u ati " (18, 33-36]
. During thermal cycling, penetrating cracks are , 33—

2. Rare-earth silicates can serve in the environments

above 1300 °C

Rare-earth silicates

generated in the rare-earth silicate layer; Si bond
layer oxidizes and cracks, leading to failure

of EBCs

4 IBEREHEEA

R A B 46 1 U 22 1 SO 44 5 R T 7
TERRIESE, WAIRIER R AL BRIGFIZS . 7R
i IS o A4 BRI A AR . EBCs 19 322 il R

PUFJLZS, S8 FBUR (plasma spray, PS)HiR | 3T
- ER S A UTAR ( plasma spray-physical vapor deposition ,
PS-PVD) AR | BHI B ( slurry ) F1E I -5 B8 15 (sol-gel )
G, R 2 BT IURE W & T 2R R, RS T
KA T2 &R AR
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Table 2 Preparation technology characteristics and prepared material systems of environmental barrier coatings

Preparation technology Characteristics Material systems References
Si/Yb,SiO4
Si/Mullite/ Yh, SiO5
Wide range of sprayable materials, high deposition efficien- Si/Mullite/Lu, SiOs
¢y, controllable thickness, dense microstructure, high — Si/Mullite/Yb,Si, 0,
Plasma spray . . o [37-50]
bonding strength Si/Yb,Si0s/LaMgAl,; 0,9
Coating has defects such as microcracks and pores Si/Yb,SiOs/Hfy ¢4 Yo 1601 o
Si/Yb,Si,0,/Yb,Si05
Si/Lu, Si, 05/ Lu,Si0s
Coatings have different microstructures, such as layered,
Pl av-phvsical columnar, and mixed columnar, enabling non line of sight
asma spray p 'ysm spraying in shaded areas Si/Mullite/Yh, SiO5 [51-54]
vapor deposition . . . .
High cost, structure and composition of different coatings
are difficult to control
Simple fabrication equipment, low cost, able to prepare
Shurry complex sl.laped com.pone.nts . o GdS?O4+Mull.ite (55, 56]
Poor bonding, multiple impregnations and sintering, cau- Y,Si05+Y,Si,0;
sing damage to the fibers of the substrate
Low reaction temperature, suitable for preparing coatings on
Sol-gel complex component surfaces Mullite layer of Si/Mullite/Yb,Si,0, [57]

Wet gel is easy to crack during drying

—LEH A Y EBCs % T2 WAE AW &, G4
IRV DTRE Y | ISR E0E ™ 4, A RHRE R 2 M
EBCs il # )72 PS BOR W NSMIFFEHI BN 2 JT )& 1
K0 PS HA % EBCs 19 TAF, Richards % R F K<
BT WEU4 (atmospheric plasma spray, APS) ARG 45T
Si/Mullite/ Yb,SiO; FREEREIR ZAA R, FH0FE T AR IR )2
B AR EE R RAE . DFFE KRB, Yb,SiO; 112 T AA e A AR
FIP it R/ Yh, 04 Al 28 1300 CIBKALEES , ¥R
el ARG, TS, Li SR APS il & T

Si/Yb,Si0,/LaMgAl,, O, IRZR R, %K RLE 1300 €K
SRR T RBL T RAF MW bk AL Guo %1 R A
APS il 45 1 Si/Yh,Si0,/Hf, o, Y, 60, 4 WIZTE 1300 C %5
SIRBEEA RAFRRaE . 1 HBL S R APS il 4%
T RINM L RERRER EBCs, JF RGN T AFIRIZTE & i
TR b A AL 1 R R O A 2R PR RE RO R, BFSE
KRB, iR AL PR R R G A L R, FEA
FEARLI RN B 5 LG URJZAORERE | S PEAR i A
PSR B B R TR B Y T TR O, ARG T A IR
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WERR BT E TR, Bakan % 43 5% i APS,
AT (high-velocity oxygen fuel spray, HVOF) |
BIFAE B T R (suspension plasma spray, SPS) A& &
(H=25) B F 4 (low-pressure plasma spray, LPPS) %57
R T YD,Si,0, IR)ZE, KB LPPS HOAR G £ 10 = 24
A RLAF | SRR BLECA B L, AR AT L LA
58 T AESE APS Fil LPPS HOAR £ 19 # 1 fERRER (Yb,SiO;
Y,Si0;, . Er,SiO;. Lu,SiO;. Yb,Si,0, il Lu,Si,0, %) )2
HIZERAIVERE, AL LPPS FOR A SCIUIR LA (<4%) | i
ZEATIRIE (>20 MPa) | {RARAAI & (<10% ) B T AERR
ERURZMH A, Bl A AR LR ER EBCs R T R A
AR E RN L DO LPPS B 65 5 B M5
URIREE, 7 A AR 8 B2 A i B v kL 1 R AT IR
AR BRI, s T IRZ BRI S

5 KEBMITAHSNERRTER
7 e AR B 72 A 1 K A SR TR AR T8 T 1

TG AT, KA kR R R EBCs IR 75 A 1 5
WEzZ—, Hitk, HEEBCs (U L kBRI AR B A
Mo At e A AU v e . O T BB L RE R ER AL R
B RK SAUE AT SHLEE, b EBCs MY BEH 5142
HEBRIR S, PR E TR T 2 HE.
5.1 I rEEREM B K SIS MR

i+ HGERR L (RE,SIO, ) B X1, X2 BRI Fh 1A
25k (K 5), W T EERERRER (RE,Si,0,) W HA 7 i 2
G5k, 3B AL B(a). C(B). D(y). E(8). F, G
(L 6) P02 R [l W s A ke B R b b Tt /K 408 oty b
REfFE R 2257,

E ] AMIFGE O TT R T AS TR s - ok R ek A b1 et i
it 7K 48 S8 ol Mk BE B 9E . Klemm'®™ 42 18 T £ Fh b1 KH7E
1450 C /KRR P i SR 1w phodoR  aniEl 7 o,
TTUEH, M LR iAo Y, Yb,Sio,. Y,Si0,
Yh,Si,0, #RFEABAL IR K, 3 H RE,Si0; iR
HOR B ELT RE,Si,0,,

X1-RE,SiO,

X2-RE,SIO,

€5 RE,SiO5 M ibiAgsH

Fig. 5 Crystal structure of RE,SiOy
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Fig. 6 Crystal structures of REZSi207[62]
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KSR T 52 0 4% PRV 7 Nasi %57 B T 55 %
041 * AT, - 4 Fh X2 B 4 AR R $h B {& X2-RE,SiO,(RE=Y, Er,
P sc,s"" Nl Yh Al Lu) 238 EA H X1-Gd,Si0, F ARG IERE, 1
3 - o TR, Gd,Si0, SERFEAN Gd, 81,0, 1EKFETHR
- o Somion SEVERE % 1 X2-RE,Si0, W F % K 4. 2RE,SIO, (s) +
Jeome. s, Hae 0 3H,0(g) = RE,Si,0,(s) +2RE(OH),(g) M5 FE/K %
0,0001 . : e el . SHREE S0 h fFERJLEEA R, B TAEE A

CTEgr. 14s0°c / 10° k™"

K7 W EATRIAE 1450 C/KZE S FREE Y26 R L3
Fig. 7 Recession rates of some ceramic materials under water vapor at

1450 ¢ '%

M A/ RE,SLO, M, B, AKEUESHMBLEIA fRik
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62 =37
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Table 3 Rare-earth silicate bulk materials prepared by different methods and high-temperature water vapor corrosion conditions

in current reaserch

Materials Preparation methods Corrosion conditions References
1500 °C, 50% H,0-50% O,, 4.4 cm/s, 0.1 MPa,
RE,SiOs(RE=Y, Er, Sc, Yb, Lu) Hot pressing sintering 100 h v o [18]
1350 °C, 90% H,0-10% O, , 40 mL/min, 0.1 MPa,
RE,SiOs(RE=Y, Gd, Er, Yb, Lu) Solid-state sintering 166 b o o [64]
RE,Si,0,(RE=Sc, Nd, Er, Yb, Lu) Spark plasma sintering 1400 °C,125 h, highest airflow: 235 m/s [65]
o . 1300/ 1400/1500 °C ,30% H,0-70% air, 175 mlL/min,
RE,Si,0,(RE=Yb, Lu) Hot pressing sintering [66-68 |
100 h;50 m/s,100~500 h
(Y, Yb, Lu),Si,0; Solid-state sintering 1500 C,30% H,0-70% air,290 L/h,310 h [69]
Scandium silicate with different ng, o / 1400 °C ,50% H,0-50% air,
. N Powders prepared by sol-gel 70
nio, ratios (1:2, 3:4, 2:2, 5:4, 1:3) v prep v R 0.1 MPa,8.5x10™* m/s, 300 h [70]
Lutetium silicate with different n,  /
o o 1400 °C ,50% H,0-50% 0,,100 h
nso, satios( 151, 1:2, 1:2.26) Powders prepared by sol-gel ,50% H, o O, , [71]
RE,SiOs( RE = Th, Dy, Ho, Er, Tm, L .
Hot pressing sintering 1400 C ,9.2% H,0-90. 8% air,5 h [72]

Yb, Lu, Y)

Ridley 45 XA [ Ak BREh e AbD R T 1400 °C
UK ZE (235 mv/s) STk, PSR B, T RARRERRER R
T3 it A T e SR A W 8 )2 L e R ) I ol L
s 1 P2 A 2 o il A ek 1 R T /K R ol R R B
mi, H RE,Si,0,(RE=Yb, Lu)HA [ Se,Si,0, FIFH
i 7K U Tk PR R

Ueno Z58858 T Lu,Si,0, 1 Yb,Si0, ZF7efE4 " Fm
S KA A AT S P, Lu,Si,0, 7E 1300 °C
FRAK AR T, KRB il S R T L L, Si0s AH A
FAb Si0, A FE, A L0, #; RE,Si,0, 165 HK &
FEEH, 1300 CHEZM# A B RE,Si0,; 1500 °C i} RE,SiO;
KB T RE,SL0, A AR RE(OH) ,, FEM
eI IE <kt 8

Maier % B 58 T Lu,Si,0,. Yb,Si,0,Fl Y,Si,0, %
JURNRR L RERRER B /K S ATy, WS R B, EALAR A
WA M4 AI(OH) ,, SBUEILERER B L
i TRk R ER AL W BURG £ A A A, X ok R
f 2 TEAT R JCTAAS B LS R

Hong 257" R TV I -5 J52 725 ) 4 AS ) L A1) (g, -
ngo,=1:2, 3:4, 2:2, 5:4, 1:3) WHUaEMRER, XHEfI7E
1400 °C . 50% H,0-50% O, PREZHAYJE AT R AT HF5T,
RIS, 81,0, WA E VTS . AATIATBA X v e -t
I 5 3 B LB (ny, 0 inge, = 151, 1:2, 1:2.26) R
£ W HAE 1400 °C . 50% H,0-50% O, F A i ok
i, RN, fEKZESMEMT, Lu,Sios 5 ALO, (3
WAL BB AE BGETAE LugALO,,, T Lu,Si,0, FHARZZFIK
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Hh AR
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RAMVERIT R AEAT RN, RIS s R et
Tian % BF 5% T RE,SiO, (RE =Th, Dy, Ho, Er,
Tm, Yb, Lu B{Y)7E 1400 °C /KA FREE ST N 55K
PERIE R, BF9E R W], RE,SiO,(RE =Dy, Ho, Er, Tm
5 Lu) AERHEA KM, B AT K 88 Tl i
BEAh, A —SERIF ST R A — P SR vk
58T Al i Rk B R R A TR P fE 22 5% Wang %517
LT — 1 DS BT SRR 5 4 R R R A R R K
flafidmbim T /K S0 PhAR Ik, 25 R R, MK
SRS BEAT LA IR BN . Yh,Si, 0, >Sc,Si,0, >
Y,Si,0,>Lu,Si,0,, Han %57 RS — kR, %
F Si-0 #EAREVIFE T RE,SIO;(RE=Lu, Yb, Tm,
Er, Ho, Dy, Y 5 Sc) Wit /K 06 oh B, &5 &
Lu,SiO, it phitdn 2, HAb RE,SiO, Mfplti:gEART, {HiX
— LRSI A AR, BRiLRA R KL
R, B RN RERRER AT RE, il A
R - RERRER BB B T b M RE I 5 45 3 T BT
TRz 60, MR IE 45 SR EBCs B 2EH 5%t
AL T IR 0 ERIFIAAAE L R I, D B il &
Bk MRS IR Z RS . HEREAA A B2 5 @ ARH

H,0
2 e 8
[ 1:|._->——-""> ¢
As-sprayed
RE,SiO; coating RE,SiO;
- Pore

Cross section

RE(OH)(g)

RE,O,

WRFERBEEIIA B @) 2 ALO, AT,
ANTR B Rk R R A e A T ol 2 S R R ERT 1o AN B A, PR
I, DARIZPDEE X S 0 o ph Pk se, st PERe i
S0 EBCs HAEERE XL,

YEF AT " W55 T APS #4851 X1-Gd,Si05 Hl X2-
RE,SiO{(RE=Y, Er 5 Yb) )2 07K EE AT b S5HLHE,
R, W)ZRIE N LY, RERRERA S5 KZER
JOWAE R AR RE(OH) , #1Si(OH),, JERL RE,SiO, &
TZE(E 8) o X1-Gd,SiO; ¥k J2 1t 7K 408 b Pk REAS B X2-
RE,SiO; W)z BEER 10 F B ERE0VN, W2 M
PR G, Hod Yh,Si0, Uk 2 HA b i ph ke, 7E
APS PR AR I A0 28 A 2 X i e R AR V2
K AU IAT 1 BRE e, XU, RS AT BACR A APS 4
A4 T8 Yb,0, Fl Yh,Si,0, & “AHMGEREIRZE, &
GET Wy AH AL RN R R R R 2 T K U Dl RE Y R
w7 WA R B, R R I R Yb,Sio, i k2,
BLIRIZ Y Yb,0, 5 Yb,Si,0, H5/KESIIFE %K,
5 Yb,0, tHLE, Yb,Si,0, 57K 2% A9 b s 7 58 R 5
I, TEf & fe b & B SR E T Yh,Si,0, 5 Yb,0,
A i, AR G R RR U 2 T /K U Tk 1k B

{ S B> Gd, ;Si,0,;
S L
= 5 J 4 ¥
Corroded ~

Gd,0; + H,0(g) = Gd (OH); (@)
3Gd,Si04(s) + 2H,0(g) = 1.33Gd (OH)s(g) + Gd, ;Si50+5(s)
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—
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