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Abstract: The investigation of novel materials exhibiting exceptional resistance to calcium-magnesium-aluminum-
silicate (CMAS) corrosion at temperatures of 1300 ‘C and above has emerged as a pivotal objective in the

advancement of environmental barrier coatings for aircraft engines in recent years. In this study, atmospheric
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plasma spraying (APS) technology was employed to fabricate YAG(Y;Al;0;,)/Al,0; coatings with eutectic
composition, which was acknowledged as a promising material possessing outstanding CMAS corrosion resistance,
thereby rendering it suitable for application in environmental barrier coatings. The as-deposited coatings were
annealed at 1100, 1300, and 1500 ‘C to obtain different microstructures, and the corrosion resistance as well as
mechanism of YAG/ALO; coatings against CMAS were investigated by comparing the corrosion results after
exposure to CMAS at 1300 C. The reaction products between YAG/AI,O; coatings and CMAS were found to be
garnet-structure solid solution, CaAl,Si,05, and Ca,MgSi,O;. The nearly continuous distribution of the
garnet-structure solid solution layer at the reaction interface between YAG/AL,O; coating annealed at 1100 C and
CMAS effectively impedes the diffusion of CMAS corrosion elements. For YAG/AL,Os coating annealed at 1500 C,
the increase in grain size and decrease in grain boundaries reduce the dissolution rate of the coating. Both of the
above can affect the competitive precipitation of various products by influencing the ion transport rate in the
corrosion process, and then improve the CMAS corrosion resistance of the coating. Moreover, heat-treatment
temperature can tailor grain size, which influences both dissolution-precipitation rate and competitive precipitation
of reaction products during CMAS corrosion. These findings provide guidance for selecting appropriate
heat-treatment temperature and offer a novel approach to optimize CMAS corrosion resistance of YAG/ALO;
coatings through microstructure optimization.

Key words. YAG(Y;Als0,,)/Al,O5; atmospheric plasma spraying; environmental barrier coating; CMAS corrosion
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Fig. 1 XRD patterns of the surfaces of YAG/AL,O; coatings after CMAS corrosion at 1300 ‘C for (a) 1, (b) 4, and (c) 25 h

Colorful patterns are available on website
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Fig. 2 Surface morphologies of YAG/AI,O; coatings after CMAS corrosion
Coatings annealed at 1100, 1300, and 1500 ‘C after CMAS corrosion for (a-c) 1, (d-f) 4, and (g-i) 25 h
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Table2 SEM-EDS analytical results of the phases on the surface of YAG/AI,O; coating annealed at 1100 ‘C
after CMAScorrosion for 1 h (%, in atom)
Region (0] Mg Al Si Ca Y Phase
A 50.41+1.59 — 17.47+0.70 22.27+0.71 10.16+0.45 — CaAl,Si,04
B 54.10+3.25 — 16.47+0.78 19.42+0.95 10.00+1.84 — CaAl,Si,04
C 58.95+0.44 5.60+0.29 3.79+0.49 16.57+0.32 15.09+0.20 — Ca,MgSi,0;
D 39.07+1.11 3.70+0.34 17.29+0.53 17.48+0.52 12.41£0.50  10.06+0.62  YAG
E 49.54+1.04 3.23+0.40 4.73+0.18 23.34+0.41 13.81£1.60 5.34+0.71 CMAS

K 3

#an

1100 CHALFE YAG/ALO; IR%JZ4 CMAS &l 1 h J5 ] TEM 73 #fr
Fig. 3 TEM analyses of YAG/AL,O; coating annealed at 1100 C after CMAS corrosion for 1 h

(a) Selected area for TEM sample preparation via FIB; (b) Bright-field TEM image from the region indicated by black dashed box in (a); (¢) SAED

pattern of area marked with black circle in (b)
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4 YAG/ALO; iRJZ4 CMAS J& iR 5 J5 i i 30
Fig. 4 Cross-sectional morphologies of YAG/AL,O; coatings after CMAS corrosion
Coatings annealed at 1100, 1300, and 1500 C after CMAS corrosion for (a-c) 1, (d-f) 4, and (g-i) 25 h
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Table3 SEM-EDSanalytical resultsof phasesin the cross-section of YAG/AI,O3 coating annealed at 1300 C
after CMAScorrosion for 4h (%, in atom)

Region o Mg Al Si Ca Y Phase
A 24.15+0.56 — 24.40+0.29 34.29+0.21 17.16+0.22 — CaAl,Si,04
B 23.06+3.46 5.43+0.30 11.72+0.42 28.70£1.50 31.09+1.49 — CMAS
C 18.45+2.17 3.63+0.42 8.98+0.70 35.71+1.30 20.57+0.38  12.67+0.82  YAG
D 26.70+2.79 2.13+£0.61 29.42+0.78 14.12+1.62 10.47+£0.54  17.18+0.81 YAG
E 31.18+1.51 1.40+0.17 10.56+0.53 31.3+£0.53 21.09+0.73 4.47+0.14  CMAS

. A

B<{111] _ Som’

K5 1300 C#H AL YAG/ALO; iRJZ4 CMAS i 4 h 511 TEM 234t

Fig. 5 TEM analyses of YAG/AL,O; coating annealed at 1300 C after CMAS corrosion for 4 h
(a-c) Bright-field TEM images from regions indicated by dashed box with numbers 1, 2 and 3 in Fig. 4(e), respectively;
(d) SAED pattern of area in (a) marked with letter A; (e-i) SAED patterns of areas in (a) marked with letters C—G, respectively



%6

A B, & KRR E TS YALO/ALO, B &R 2 1 CMAS J& bt 7y 677

Bl 5(a) N 4(e) T 1 FRic X AT X R B
W% TEM [ fr, Horh G768 A R B BMH; Bl 5(b)
RNET 2 FRAC XA 0 BB 3514 TEM 8, Hoep
BFEFBE C FI D AN B S() BT 3 A X 5k
Fixt N EI B4 TEM B, Hh s 5 E. F Al
G =M. Bl 5(a, by EE A A C Frbric X 3806 5
T B 4e)FIRKEAM A M6 C, fHR ] SAED
BIFE MAER 5(d, ) nt, 454 EDS 455, Wi
HHEI 02115 A1l A AHFI[ 111775 [0 B C AH 23 590 45 1
A CaAlLSipOs AHFIA I AT S5/ [E ISR YAG #H .
FBE B D Frbric X ot T B 4(e) 7K (A
B, XM SAED EIFETERE] S(DHn il . SAED K
RATHIER, B M1 D I RFAEM CMAS. Kl 5(c)
B By F AL G AT bRad B9 X3k 25 i ek 1921 1] 4(e)
FE R EA By AEA C MR A G B, HXT R
SAED Bl ER T S5(g~i). 454 EDS 455, o
WhE R A E E A NI CMAS. 78 E AR 1)
WEEHARTERE 4e)br, 46 TEM-EDS 4
(WL S1), arwilHoN Ca,MgSi,0,, 5 E M =4
XRD 4> #7 45 B A 5 . TEM-EDS %% 3 % 0],
Ca,MgSi,07 5 K 4(e) ik K 2 3E & CMAS A B A 2K
IR Ca @ Si, H(Mg+Al) : Ca ¥4 1. 2, HEMW
Ca,MgSi, 07 NIEA CMAS (145 &t o

AR, & 1100 CHAFKERE, £
SN S THT A H I T B ) R A A A A R X
B, YR T AR % A R AR A A R A E,
WK 4(a, d, g BERLFI/R. 5 1100 CHAbE
WEARLE, 1300 C A BRI 2 7E i B 5 T At H B
T ARG E RN E SRR, B%E T RGE L
)25 1500 C b FHUR R AE S B S Ab A A I B
() 16 A B AR A A, LT AR 2 1 2 K B R

CaAlLSi,03 /2, HiX%s CaAl,Si,Og Bl# 2 N 8] 4E
KIIEHA K. Beah, £ 4 B pra i 2 sk
R N ST 54X CMAS A AR [E] R AT DA 82
A KA A AT CaAlLSiLHOg #H, HLFIAHKIESR
51 5 FLTH A AR A B R AH AN CaALL SO AHANA]
Bk, *HF 1100 A1 1300 CHALFRGE, Hik
& CMAS Hr AR A [ oA R B R KT OB
F AL B R AR AR 0T 1500 C b YR
2, JE 1 A4 h, A CMAS H1 /) CaAl,Si,Og #H Y
PR KT RNV FIAL, MEM 25 b, HRMN GG
[ A4t CaAl,Si,Og AR~ B B 18 K,

NERE LRk, IEEL 1100 F1 1500 C#hAb B
1) YAG/ALOs 32347 6 L2 #r . B ST 28 1100 °C
HAEH YAG/ALO; BRJZ48 1300 'C CMAS JE il 1.
4 F125 h JEFE RS ) S AR, v UK
LS S THD RV 0 A A A T A )2 B e 2 B0
JERE S 4.93. 6.62 F1 15.91 pm, WHiZZEEE
I 5 i ook S S I TR) ZE K T 3 - 1] S2 4 1500 C #4
W YAG/ALO; 24 1300 'C CMAS J&ith 1. 4
F1 25 h JEFESREITES A A AR R, o) W
I YAG/ALO; TR = 1 I ST FF 1A AL i B30
A f A AR, T3 24 B CaALSi,Os 12, H
FEIAL CaAl,SiOs AH R B J il i 1) & K 177 3 K .

25K H SEM-EDS [HiFH#fi# R4 17 1100 Al
1500 CH#ALFE YAG/ALO; RZ4: CMAS J& 5 i)
FERARTT. & 6 4 1100 CHALFE YAG/ALO; i3 )2
22 CMAS J&%0 1 h () EDS H#H45 3. n I Ca f1
Si LR EE ) MLEFR A CMAS A 8 b s AR BT
A EEAR AR AT CaALSi,Og FHH . Mg JuR 3%
I ARTETR & CMAS M ACA R A B R A b . (E15—
ML, Mg JGERTE SN S T Hi s I A 1 A [ v 4

6 1100 CHALFE YAG/ALO; )24 CMAS & 1 h J5#1H 1) EDS 4445 1
Fig. 6 EDS mappings of the cross-section of YAG/AI,0O; coating annealed at 1100 ‘C after CMAS corrosion for 1 h



678 AL M OB IR

39 %

IR BB, G 6(a, b)ITR. YEIt, A A [
TEPRAR T H IR AT IAL  mT DLdE IS Mg J0 3R 2 A R
SE(TEE 6(a, b)H 73 il FH BB (B 20 1 B B R 3R 0R) o
Al TCE EE ) ATE CaALSirOg . B A AL I A
R [ AR A DA R AR B YAG/ALO; 3EF . Y
TG L EAAAE T A 1 R A T A R AR R SR £
YAG/ALO; iR )/=H . HR4EE 6(a, b, d, e)&5 R, Hrihi
AR EERE TR YAG/ALO; RZEHEA K
M| CaFl Siuzk, RHLLAZ YAG/ALO; I ES
CMAS J& iU B RV &, TR B H150 B 1% 1
F EEARAR AT M CMAS JCE R E T

1500 ‘CHUEFE YAG/ALO; 24 CMAS Ji& ik
1 h JGRE#LTE i) SEM-EDS [A##4E LK 7 fr
Ne B, Cay Mg, Siv ALY 2550 R &M 1)
SATENLE 1100 CHAGERMRZ 45 R . X ATE
T B 7 P HEEIT YAG/ALOS IR EAL B N CaAlLSi,O
H, TRATEREL AR AEE R . BHWE 7(b)
Rl PUE B, CaAlLSiHOg )2 N fA1E Mg 0 &, Xt
BZ 2 TE G il 2 R Mg Jo R 9 BOH R4 %
55, CMAS "] DLy B2 1% )2 LA R & . thah, mr Ll
I Mg G 3R B4 SR A e ik OB Y RTVR AL B, 0
7(a, b)) 2 R 2R A B 2R AR I .

DL b2 BEiE b 3 B, SR FAH A 201 2% 1)
YAG/ALOs &2, 43 1100, 1300 A1 1500 C#Hukb
5, HPt CMAS JE A7 Ryt A B R A BB AR AL
R TIRICZZWEE, 5387 T YAG/ALOs IRJZ2 5
CMAS Z [0 FIk 2 N o AR 5 RT3 s 3 2B i) ) 2%
HELE AT 51, YAG/ALO; 12 51Efl CMAS 13 %2
NIEFEN YAG 5 ALO; I fR1E CMAS 1, [ij5 5
CMAS %4 % CaAl,Si,Og. Ca,MgSirO7 F1 7 Ca.

Mg. Si Buor A fA EEARAE . RS YAG M
ALO; #f#, UL CMAS J&fkH Ca. Mg, Siv Al
MY SR STEMBN, A8 AR
CaAlSi,Os T HAFIETEF R R H AT RIS Y
X B2 g0 W T 0.19[Y;Als +0.81[ Al ]+
2.11(y +2)Cag 33Mgy g9 Al 138ig 45 = 0.19((Y;,,Ca, Mg,)
(Al,_Mg_)Aly_,_,__Si .. )[H(=0.19x+0.70y+0.70z)
[CaAl,Si, +(0.19x+0.19y) Y(1.62+0.57x — 0.94y — 0.75z) Al
(0.19x - 0.64y - 0.642)Si - L1, [(Y;_, Ca Mg))
(Al Mg )(Aly_,, ,Si . )] ZR T A A
AR, (0.19x40.19y)Y(1.62+0.57x — 0.94y — 0.752) Al
(0.19x — 0.64y — 0.64z)Si AR % | ML J5 15k h oo 3 &
BAX T U4 CMAS B TR S ENEN. x. y
Az 43R Ca* M Mg® % YT, BLK Mg™ 4 AT
FIBAR LB, Hl 2 x+y+2<3,x=0, y=0,z=0.
T IR B AT A, x (B, A AT
AR A s A T Ca? B YO 9 B ok,
CaAl,Si,Og #7 i/, [FI CMAS #kH Y. Al G
FOEME, XN T REMYIIEAT Ca JHRE
ZH GG AN, X TEE YAG/ALO; REMA
HEA VA A AR, 3 x (R (AR B 4(e)hi B
C HIRERE 25 Bt o8 x=1.67), [FIRERT U225 H A
BT CaALSi,Og 57, HJEH CMAS fafkH Y.
Al RSB, UK A BMIES CMAS M. b
% CMAS MBI RIZEK:, st A B 5ein Y Lt
W R BRI, CMAS A H Ca TR EMD,
N B AR AR R x B, TS SO
H ) CaALSLOs AHH M. Fil4n, fEixKE 4(e)fiE D,
H x B4 1.05, W8 ZALE R B H CaAlSi,Og £H
Rl RE PRGN, RITEE 4(e)H v] LAE B4 A [

Kl 7 1500 CH#HUALHE YAG/ALO; )24 CMAS JE 1l 1 h J5 A1 19 EDS i 434 45
Fig. 7 EDS mappings of the cross-section of YAG/A1,0; coating annealed at 1500 C after CMAS corrosion for 1 h
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Fig. S1 High-magnification cross-section observations of YAG/AI,O3 coatings annealed at 1300 ‘C after
CMAS corrosion for (a) 1, (b) 4, and (c) 25 h
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Fig. S2 High-magnification cross-section observations of YAG/AI,O3 coatings annealed at 1500 ‘C after
CMAS corrosion for (a) 1, (b) 4, and (¢) 25 h
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Fig. S3  Cross-section observations of (a) as-deposited YAG/AI,O; coating and coatings annealed at (b) 1100,
(c) 1300, and (d) 1500 C
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TableS1 TEM-EDSresults of theregions marked with lettersE, F, and G in Fig. 5(c)(%, in atom)

Region (6] Mg Al Si Ca Y Phase
E 43.12+4.00 6.84+0.22 3.49+0.30 21.96+1.32 24.59+2.26 Ca,MgSi,0;
F 50.79+0.93 5.61+£0.19 6.51+0.27 17.50+0.82 11.34+0.49 8.25+0.42 YAG

G 59.3342.03 0.54+0.14 4.95+0.26 19.53+0.73 13.38+0.89 2.27+0.14 CMAS




