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Abstract: The ceramic matrix composite (CMC) material with low density ( 1/3~1/4 of superalloy) , high operation tem-
perature (200~240 °C >superalloy) and good mechanical strength (twice as high as superalloy) , has become a preferred
material in future for high thrust-weight ratio aero-engine. During the service operation of the engine, the hot end components

are completely exposed to the air atmosphere, and the service environment is harsh. The CMC parts represented by SiC/SiC

are directly faced with serious operation conditions such as

iFm B 2018-07-09 corrosion, ablation, erosion, etc. Therefore, it is urgent to
E4TH. ERELSHREEITRIE (2017YFB0306100) ;  develop a high performance protective coating for CMC
I 4 B % Bt W H (2018GDASCX - 0402,  component (i. e., environment barrier coatings, EBCs). In this
2017GDASCX - 0202, 2017GDASCX-0111); J~ %4  paper, three-layer-structured EBCs ( Si/mullite/Yh,SiO;) were
& ® O m H ( 2017B090916002, prepared by atmospheric plasma spraying on the surface of SiC/
2017A070701027); " /R4 A% R %3 4 m @  SiC CMC substrate. In order to improve the service performance
(2016A030312015, 2017A030310315); J I Fl4:  of EBCs, the Al-plated surface of the coating samples was modi-
5 H (201605131008557, 201707010385) fied by magnetron sputtering on the surface of the coating, and
FE—1EE. kM, B, 1986 44, TR then vacuum heat treated. Under high temperature and low vacu-
WIEE. JEson, B, 1941 4F4, PETREEL, M+4  um, the Al film on the surface of the coating melts and
5, Email: kszhou2004@ 163. com penetrates into the porous coating under the action of capillary
DOl 10.7502/j. issn. 1674-3962. 2018. 12. 04 force and reacts in situ with Yb,SiO; to form a dense layer of a-
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Al, O, on the surface of the coating. The typical simulated service environment performance comparison experiments of as-

sprayed and Al-modified coatings show that the Al-modified EBCs have good resistance to high temperature water-oxygen and

CMAS corrosion resistance. Besides, Al-modification for EBCs did not significantly affect the thermal cycle performance com-

pared with the as-sprayed EBCs.

Key words: EBCs; atmospheric plasma spray; Al-modification; water-oxygen corrosion; CMAS corrosion; thermal cycle
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KHETE L (>10) s &SR AFMES Tk & e
P, PR LAY i J A S RIS A A
PR MERE S MR (~3.3 g/em’) HTHE R
ERA S (~9 g/em’) B 173~ 1/4, IRABEIRE (~ 1400 C)
A4 (~ 1150 C) & ~250 °C, LIakikiESR &6k
(SiC,/SiC) A HLIR AR e () B B2 2 5 4 8 ( ceramic matrix
composite, CMC) Fi T HA RAFH9 & il 122 PERe, oK
e T LTS & SIATL I B 8 2 S A b R (9 B A O
WL EwEA L NIRRT A Y s & B
HLIRAE IR B AT 21, A4 AN ] W7 00 5 6 e V% 7 ok 114
PAFIR | iz SRR R K EUB Il . BRIk K
BT R B phoR L AR SR /IR TR RORE B S SR CMAS
(Ca0-Mg0-Al, 0,-Si0, ) J& 4+ L sic/sic At
F9 CMC T B 42 fT R e 23 & Bh L 22 4 it
Ah, XSRS KGRI CMC PR REDL AL XE LTS B
(R 2 7 O i — 2 i PR BE CMC 3B 37 3% )2 19 BF 5%
HIFREEF 4 )2 ( environmental barrier coatings, EBCs )
fgge ",

% [E NASA Fil GE J28 = EBCs W58 I HLAE
WTPEIE Tl K% | b st zs MR gE Be . B RHE R 2% |
U RUBE T R 2A 25 AN AR TF B T EBCs #F585*", 3f
BUAS TR LML, EBCs IEM BT H 2 247 iR
RAERE, RETHNUABE ", (1) 1R, %
Hef1 5 EA R E EALEE (mullite/YSZ) IR FR; (2) 5
£, BUEE Al FERRER ( BSAS, Ba,  Sr AL Si,0,, 0<x<1)
W&, (3) B, W EEER LR R (rave-earth (RE)
silicates, RE; #itICE) K F&; (4) FPUR, P/HEERE
WIEERR (T/EBCs) . SRS, WZH& T A M2 &
J&, FEBASELLR LR LS 0 R (sP) | IR
JBE-BEIETE (Sol-Gel) . RAWHALFG 1 (PDC) | K5
B FATE (APS) FIHL TR -P B A A DU (EB-PVD) |
HE TR B S AUTAL (PS-PVD) 55, APS R #
PEfRTEA . W% m . BAMIK, SEBE R EBCs Hil s AR
DA, (AT A SFfE iSO, sk
RPN TT R RAEIERIE | UABR, X T80 APS MELLAR
EEUERZ, b, ik, BRI A,
AR UUR AR rp N ) R AR B, T — 2
B RENSEE

£ EBCs il & B rh APS AR H SR, mBU%

PIE: EBCs B—ANEZARAR, ‘B HEESE W CMC 1) /= R
BeFitw, BUMWRIZ 2802 MoK &, CMAS J# ihuE
B, FHECEBCs #h, WMFEIL CMC =il 2= ERg .
ETHAEHEARGENANL, AT RE EBCs # 5 F1H
HEATHE AL RO, S IR AR ST AL AL, B
B 50 2 R R A VIR SO DA T 4 1o 0 J2 1 B0 1
P EBCs WRZ LA HERE

2 EMBIREWHE

2.1 ®EHE

SR L R A 5719 T 4R ALY SiC/SiC & &+
BEAEA, SR APS HORTESERR I AT, BiRS
Bk 1 R, WOR AT OO AN . R 2EAT R TS T VR
(TEMTRPRLAL) | VTR 5 MR TE S A R ThT ) 4 Si L 52
KA (3A1,0,-2Si0,) . Yh,SiO, ZJ245H ) EBCs W2,
HSi(E La) FZRA (K 1b) AT EBIRBIR, Yb,SiO;

R 1 APS BEE Si ERAF Yh,Si0s REMBSEH

Table 1 APS parameters for Si, mullite and Yb, SiO; coating

Materials Current/ A Ar/slpm H,/slpm . Spray
distance/mm
St 600 40 3 130
Mullite 630 30 12 130
Yh,SiOs 650 30 12 130

B —§‘ v o& . o a;a um

| N P = ! - S 23 TS

B 1 WERKIR SEM B A . (a) Si#AR, (b) SAAHBHA,
(¢) YhySiOs A EMA, (d) Yh,SiOs HIEKA

Fig. 1 SEM images of the powder; (a) Si powder, (b) agglomerated
mullite powder, (¢) Yb,SiO; original powder, (d) agglom-
erated Yb,SiO5 powder
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WS A AR Sy S 5 2 S SR P R 32 B i — WOk (8] 1)
SR I TSR R It 25 3t b T2 il 4 nl AT 2R B0k (181 1d) . 7E
EBCs )2, Si ¥ 2y A 32 4t 5 1R 40 A 10 B 3,
Yb,SiO U 20 AR R ALK S B 4P, 2ok A AR )Z
SR Z N U 2, S A R ORICRCPE . EBCs
Tl U J5 SR FH R4 WU S0 5 R A e 2 A it 2 1 ) 5 8
~5 wmi) AL, RS X E AL R S R AT S $Ab
(700 °C/2 h+800 °C/1 h+980 °C/1 h, JE}j<107 Pa),
2.2 HEERME

XU AR BB AL T UM VR S i A T 7K 4L k]
W, MR . 1300 CHRER, 28 SOR/K 28 S0 4 5
700 FI1'S mL/min XU J2 A A AT 2K AR S0
MRS . 1300 °CARR 10 min, 2585 T /K& %) 5 min,
KR, FEEEAE, U ESRN—RIIER, ik
JERERLHEAT CMAS JEih 525 CMAS B9 BAR B3 (5. 6%
Ca0, 2.7%MgO . 10.9%A1,0, . 30.2%Si0,( Fim /%0 ,
HAfL 5 Fe, Na, K, Ti, Cr, Cu, W 20 Z WA K
VRTF IR E WS-xx AR 2RI 0T, L5658
WIF . K5 CMAS By oK SRS TSI AL 2 me/ml B9V, IR
EREM AR PR 5 s, ST, FELAL1300 C
RO, SR & S -E T 5608 (FE-SEM, Nava-
Nano-430, FEI) X7 2 4% & il a5 ) 285 04 3 A8 F 1 7 I 2%
30T XTWEER A K PE AL 3R ek MR J2 JE AT XRD A AT

(D8-Advance, Bruker, 0. 02°/step, Cu-Ka, 10°~90°) , ff
FEVIARAS AL

3 HRSWEWE

3.1 EBCs #&EHl&RIE Al REHE

KRR FWEALL Siy 3A1,0,-2Si0, . Yh, SiO,
FIFEMK IR AE SiC/SiC FE 4 3% Wi il 4 = 2 4549 EBCs ¥&
2, JEESNN ~50 wm, WA 2a iR, oA HGE
Ve e/ W AT 25 6 B, (AR )2 N AR AEAS A RUEE I £L
BRFNZLL, BRI APS WR)ZIE S, SR FH G I 5 2 AR
fF EBCs IR ZFE MR M8, Al 2058, 95 ALREH
TS #) I & 2a s, o AL BEE S ~ 5 um,
& 2b~2dB/RTE Yh,SiO MR JZRMUURA —ZEE 5]
HESE AL, Al LS IRE R mAs & %%, B ALY EBCs
FE S B2 BT IR SR AN 26 ~ 2h Fi7R . %FECIRL 2 F 2D
FRTE AL TR0, WK A PR S B2 R
Al BB AR Z R RE, HRAE Yb,Si0 % 2N A
MAREM Al JTE, Bl 2g F1 2h 7] UL BLAE T2
Yh,Si0 082 W EAE R I Al TEE, X2 T Al JE7EH
AP AR R L S, AL R A IERL, TR B
ENER T REZLIRZNTREE, TR Al WL A
25(107~107 Pa) T, HHME M 300~500 C

2 PIELALBEIG (a~d) FEE Al BCPES (e~h) EBCs #1f SEM MEH K Al TCE R0 6. (a) 45 Al

BEE) =R EEAR)E, (b) Bl 2a Al 43

i, (e)E 2a ORI, (d) 1B 2¢ o ALAM; (o) BUPERZJZE5MIRIZ, (0 B 2e AL, (g) & 2e BOKIE, (h) 18 2g H Al 53
Fig.2  Cross-sectional SEM images and Al distribution of the EBCs deposited with Al film (a~d) and modified by Al (e~h): (a) tri-layer EBCs,

(b) Al mapping in Fig. 2a, (c) magnified image of Fig. 2a, (d) Al mapping in Fig. 2c; (e) Al-modified tri-layer EBCs, (f) Al mapping in

Fig. 2e, (g) magnified image of Fig. 2e, (h) Al mapping in Fig. 2g

AWFFE Pl AE APS RERR TR B R Al, — )7
SR Al R s, EESHIE T ELSILGIZNTY
B, SRR R PR FLIR RIS, BARRE LB SR,

M8/ EBCs 1 )2 il IR L R ok 4, 5l CMAS 3
BommE ", Ay L ALY, Si0, RS, il
JETTE TR Z3RTE M AL FBE RIR)Z NI AL Y, SiO;
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TEVRAE L, ST 2E TSR, BT R R AR s A
TR KA R A R, S AL % ik 5 X B B
a-ALO K™ SE e Al RmidchEE AR, BRI 7E EBCs
WEFEN R MBS E «-ALO,, 8 3 & EBCs 2%
I XRD 3%, FTLLE iR 2 EBCs 530 Yb,SiO 4,
XA, % Al FH M E EBCs BIATHFIERR T Yb,Sio,
SN, WIFE a-AL O M, EH a-AL O, B R E M1k
PERE BRI B A B A #obr R, DRtk n T 42 = EBCs
NRA% M BE

AYb SO, Ywa -ALO,

e Al-modified

“ .
W b* ¢

Intensity/a. u.

As-sprayed

10 20 30 40 50 60 70 80 90

3 WERASAGE AL K AP SRR R XRD B3
Fig. 3 XRD patterns of as-sprayed and Al-modified EBCs

3.2 KEEHITLL

Az SRR, =P S A BRI &
P B AR BE = A B K 28 A W il T S SRR Y
SiC MEHAALY) SiO, R AE B2 RN, SER SR
PERECURIRRAR, PRI B 47 2k 2 ) 7K S ok R BE e — A

BEAGHEAR ™ XIWERSFIEE Al R kP EBCs BE L TE
1300 CHFF7 /KB ST a2 AN & 4a~4h JiT
Ro Bl da~dd HWEER A EBCs 7K 48N 1 AT e 25 1 B 3548
b, B 4a F14b SAWERARZKAE T e s, B
da "I RV S FE A7 TEKE Rl R 4 14 o TR T, AF AR I
SRR R F o SR T, B BRI APS B 1) 4
Y P 4b o da BORTHORE, AT HgR)2 £
FEERRRIMEE, X R M T Yh,Sio, Mg ik 1 K,
JA R R AR TP S R A, N R S B
&l 4 F 4d K A G 2 REDIE S, X HmE R
(Fl da) BB, SIS TRZRINASOER B 23m, h
Bl 4d W] L& B2 6 i 2R T RURS L B T BRIR Y
YT,

P de~4h M8 Al FeTH UM U2 K AU Bl 5 £ Y
SRS, (B de F AL NBE AL T CYE 2 Dl 2 TR
i, W EBSRASTE S (K] 4a F4b) KB, Fi SR %
JEFEA BRSSO T AL ETE &R S 4
Wb RE R, ARSI E R B MRS AN R T
B, HINRZREMALIR, AL, 8 Al R
WOV 2 I R TAEAE R 1 AL TA K ks, X BB 4 K
FREE R ACE S R Al BEZE & . B S, K 4
I 4h A AL MR 2 S SR TR S, X EE T R
JZRETESL(E 4e Fl 4f) , KIEK Ak &t 1300 C
ARG PR B AR K, X HE Al SRt vk 2 S
TS TES (& 4g F14h) FImETR A B (K] 4c A1 4d)
e IRAE AL R TTSCHE VR 2 /K U TS JC A B 280 B M
JEGUE R, B B PUK EEhEE S .

K4 BERA(a~d) BHE AL RTEE(e~h) EBCs 1300 CKEIF AT SEM M (a, e) WIREME, (b, 1) WRRMMAMA,

(¢, g) KEEMFRIAE, (d, h) KEFHG RO R

Fig. 4 SEM images of as-sprayed (a~d) and Al-modified (e~h) EBCs before and after water-oxygen corrosion at 1300 C; (a, e) coating

surface, (b, ) magnified coating surface, (c, g) coating surface after corrosion, (d, h) magnified coating surface after corrosion
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3.3 KEMIEIRFTLE

WiZs B HUIR B R TP 75 S DA e B, iR 2
P AT A 1 BB HE L B2 5 i) A i 35 448 B 4P U 2 1 4 )
B ARSI A R AL 3 1A M RE S TE 1300 °C i
TTRPIIEIR LS, 255N 5 BioR, K Sa A7k EERTHE
mn R, ATLAE HBORSHE S S F AR, P8 Al R
PERE S BT, B Sb ol 50 YOKEAEI G R & IR A,
XL R RS IR ZE A C N A E 6, 8] Al
DCHERR S R R B R BB AR B (A, PR R 38
BHHEERZERE, BRSHERRESONFZRAT
WEILBRRER, K BEHEA TR iR 2 3R 0 A 2% T
REREE . BAL, JKPESZES SN 1300 °C HIER A S EKIER P,
SN A)IELRE AR AL 8 Yb, Si0 IR 2 & AR AAE ) B AL 3
TR PERE A B o R, — I TR IR T Al 55 YD, Si0, & Ak
PAb2E RN, O JRFP S Al 454, F30 YD, Sio, i
WAL, B—T05m, 5 Al Fm iR E e R
AR B AR Sy, X8 Sk X AT LY 7= A T U,
MPE AL RIS S St m R R R IS, B A
Hfa, —J5H Yh,Sio, g A S M AERY BT AR
B, 53— AN Al SoRiTE = il AR 88 I A A T 4k e
KR, BWERAZIHCKRE ALO, MRLE M,
[a] - B

sprayed MAl-modified

B5 1300 CKE 50 AR AT EBCs HEM B . (a) K
i, (b) KEE

Fig. 5 Photos of EBCs samples before and after 50 water-quenching

thermal cycles at 1300 C: (a) before and (b) after

water-quenching

KPS R RE i 9 2T BT T ZH S U 35 40 ] 6a ~ 6d
Bk, HrfIEl 6a Fi6b S35 mETRAS | B Al R vk TR
JERER YR TIEA, XF FEK P HiRE i R TS (] 4a F1
de), KL 50 YK PELRAE B G W TR A i 2 11 L
RS, BE AL RN 2 i 3% TR 2 7 A
TG, Bl 6c Ml 6d SRHINITRAS | B AL R IR ETR)Z
FESAIWTIRIE S, X FC K PR TR SRR bl BT T 55 (P 2a

Ml 2e), KBKEIG Yh,Si0 42 FE i Wi 8L T 55
40, WHRASHESR THE AL B 2P R RSO A TRZ NS,
MHE AL BCPERES, SHEMETE /N FIRES, HREUL
PR F Yb,Sio/%E ok A4 W2 R m, T 0 Yb,SiO;
(6.8x10°~7.3x 107 C) M BEH A (6.5x10° ~ 7.0 x
107 °C) MBIk REUFEE—E 25, FUZE K B AEA
B TR 2 & AEMCORICEL, 5346, Yb,Sio, R Z1EN
EBCs 1f7)2, Ho I3 i 76 006 BR A b vl [ ol RN
AR JZ T 200 th T2 B ZOR AR Z N I EH, R )
KB IAFET ERE, B Yb,Sio k)2 ERET
R Z I AR SO B e g™ X FHE Al &
TR E A TR EAFE SR a-ALO, )2 (7. 0x107° ~
7.3x107° °C), H5 Yb,Si0 2K REAAY, EMIE
Wk def, Al Yb,Sio W) FAREIR AR, PR A]
FE—EFREE I sy R PR Al etk
TRZ R A AR R RE

[ [a]

"Yb,SiO5 coating

P16 1300 CKVE 50 IR MVEFFE RS FIGE AL B EBCs 21 I
T SEM JA: (a, o) WERAS EBCs, (b, d) # Al Btk EBCs
Fig. 6 Surface and cross-sectional morphology of as-sprayed and Al-mod-
ified EBCs after water-quenching 50 thermal cycles at 1300 °C .
(a, c¢) as-sprayed EBCs, (b, d) Al-modified EBCs

3.4 CMAS Eihxtt

VE BRI 2R E BN EZ —, CMAS JE 3=
FORRT KA. W4, CHLBMITE B E %5 Bl Kbl
&R CMAS ZFfiE #E R E WA RS, Zad RS L
K AoRIga 2 w2 W A 725 S s il A T2 B A SR 45 B 0 22 3R 1T
IHRIZEARAE R, SEm )2 B,

XM A AGE Al FR AR 2 i ET CMAS JE il
S, U TR Z WY SR A T N A Ta~ 7 TR
&l 7a AW CMAS BEihE Wi iE s, & 7b S CMAS
JEMAY S Yb,SiO R E R R R, B EoR T &
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AAEYE, XEH T EIRT Yb,Si0 2 B Wi i T4
CMAS & A b 2 S 2 G ol 7= ) B Ay 43 e (1
2. 3 X)) WA 7e i, EP BRI 1 &F Ca, Mg,
Al, Si, Yb, OJTE, XEHTEIET Yb,SiO; & ¥kt
THEAL CMAS H P2, 2 CMAS A 2146 A0k 5% 7 i
KA Ca,Yb,(Si0,) 0,7, WniE 7b o X 2 KA
ARARL, AL, B Rl st ] R 38 i, Rl CMAS i 43
FE Yb,Si0, )2 R M4k Ze B 1 K A #H Ca, YDAL(SIO,) O,,
W 7 X 3 B, B 7d F Te HE AL TS R
2 CMAS JE b Wrm I 50, 85 ™= 1 o3 A an /&1 7€ e
TN TR S S WA IRJZ W (] 7a) FIEE AL
UCPEVRJZWTE (B 7d) , A IUEE AL eI CPE TR 2 RE R ik

MEAE X R ERE, WE Te Bin, Xk 1 HiEMA
Yb,SiOs i) CMAS X 3, X 3% 2 5 & i 7 ¥ Ca,Yb,-
(Si0,) 0, KR ARL, XF b & BB AL SOPE TR 2 8 ik =
PR R B LR AR 2D, Rt T AL R
UM SRR Z R ER AL AL T — )2 a-AL O, BU% )2, B
T Yb JCE MR ZIERL CMAS §7HL, 5 I IR 80 )2 ok
Z2 T JERL CMAS [MIRIZNHEY #, S5k, B TAERE AL %
Tk P4 2 R AR B a-ALOK, HAE CMAS 5% 2R
T35 A M K A A Ca, YAL(SIO,) 0,, &A1 it
JEHAE AT CaAl,Si, 04, WK 7e X3 3 frn, X FmE
AR, ZAHMIE BUAT 42 = B AL 2 0 IR )2 B T
hEgE

Ca Mg Al Si Yb o Ii]
(wt%)  (wt%)  (wt%) (wt%)  (wt%) (wt%)
11.48 3.06 3.87 14.03 35.82 31.75
325 836  69.09  19.30
19.30 4.60 23.42 9.8 42.88

Lf]

Ca Mg Al Si Yb o

(Wt%)  (wt%)  (wt%) (wt%)  (wt%) (wt%)
21.37 0.81 1.97 20.12 16.76 38.96
3.23 8.67 68.98 19.11
11.87 16.98 21.50 49.65

1300 °C CMAS &l 24 h JE RS FIHE Al BUEIRIZWTDESR A . () BURSRIZE, (b) EMXAEHCRE, (o) B 7bh hA

WIS AR (d) B AL REEAERIZ, (o) X FEHORE, (1) & Te PR KB

Cross-sectional morphology and compositions in as-sprayed and Al-

modified EBCs after CMAS corrosion for 24 h at 1300 C: (a) as-

sprayed, (b) magnified corrosion area in Fig. 7a, (c¢) compositions of different area in Fig. 7b; (d) Al-modified, (e) magnified corro-

sion area in Fig. 7d, (f) compositions of different area in Fig. 7e

FKARSEE TROIRBE AL SiC/SiC & A #Rk R
Hil# T =2 AR R IR )2 (EBCs ) ——Hk/ Bk A1/ fE 1R
i (Si/3A1,0,-Si0,/Yh,Si0,) . 4 2 & EBCs AR 1% 1L fiE
S HAEATHE AL X H T B K S Tk S
LIS CMAS JE PR fE, #R0F T 4 AL R S XT EBCs
PERERZ AL, 4580 .

(D) AERSREFEE BRI ZRESATHE AL ot
AR )2 R IIE T o-AL0,)Z, X2 Al AR H 2544
A FET R P AR ZNTBE IS Yb,Si0, & A R RV S
W,

()P Al R ZHERE TREZETEREAE
a-ALOBUR 2, R FUWEUR 25 U2 B i 0T 4 19 7K 4

JEMPERE . J3Ah, IREBURE A W IR 2 0 A
PEIR R

(3) %8 Al AR ZTE CMAS JEM T, hF2m
HASUE a-ALO,JZ, HATHIHIARL CMAS TR )2 MY
B, AANE ALOMIATEHE CMAS B H TR G ot ) K A A
T 2 0 2 1 T 8 ol P e
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