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calcium-magnesium-alumina-silicate (CaO-MgO-AlO 5-Si0,, CMAS) has garnered increasing attention. Rare earth
constituents play an essential role in forming corrosion products and subsequent melt penetration when
conventional TBCs and EBCs are attacked by CMAS deposits. This study focused on preparation of a series of
gadolinium-ytterbium oxides ((Gd,Yb,_,),0;, x=0, 0.05, 0.10, 0.20, 0.30, 0.50 and 1.00), with particular emphasis
on the roles of ytterbium and gadolinium. Their reaction with CMAS deposits was systematically investigated at
1300 C to explore the synergistic mechanism associated with these two rare earth elements. The results indicate
that gadolinium cations can efficiently induce the crystallization of products with apatite structure which have a low
melt consumption. Conversely, ytterbium cations can induce the formation of products with garnet and
silicocarnotite structure which have sluggish kinetics. Furthermore, partitioning of gadolinium and ytterbium ions
within corrosion products, along with variation of residual CMAS melt composition, was further analyzed. It is
proposed that these two rare earth ions exhibit a synergistic effect within a certain composition range (5%—20% (in
mole) of gadolinium content). The optimized ratio of gadolinium and ytterbium within coatings is anticipated to
promote apatite crystallization, prevent melt penetration, and modify the sluggish crystallization kinetics of garnet
and silicocarnotite, thereby significantly improving the melt consumption. This investigation on synergistic effect
of gadolinium and ytterbium cations provides a theoretical support for the anti-CMAS-corrosion composition
modification of TBCs/EBCs.

K ey wor ds: gadolinium-ytterbium oxide; CMAS corrosion; reactive crystallization product; synergistic effect
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Colorful figures are available on website
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Colorful figures are available on website



ERR

HKITHT, S G TR YO R CMAS il 4 AT D I 5 R B 4 L 33

100 [ RE: CMAS=1:10

%[ B Apatite

I Garnet

Volume fraction / %

0
00.050.10 0.20 0.30 0.50 1.00
x

100 - RE: CMAS=1: 5 B Apatite

90 - I Silicocarnotite
80 + I Garnet

70 +
60 |
50 +
40 +
30 +
20 +
10 +

Volume fraction / %

00.050.10 0.20 0.30 0.50 1.00
x

5 Gd,Yb_,-CMAS(x=0. 0.05. 0.10. 0.20. 0.30. 0.50 A1 1.00)F &t Sz B 7 4 i A4 FR 23 %
Fig. 5 Volume fractions of products in Gd,Yb;_,-CMAS (x=0, 0.05, 0.10, 0.20, 0.30, 0.50 and 1.00) samples

Colorful figures are available on website

£, WA ECHN 30%~33%. %T RE:CMAS=1:5
FIRE S, ALEER P BURT 30%0, [B™=4 LAAT A
AR N E, AR HCN 49%~60%, 1Tk K
AL 5%~20%. ELEE IR EORT 30%I, K
£ R FEEE T, AR BN 43%~52% - 47 L FITIR,
FHECT ABE A o 2 R b= I RE i, LA A
HEE RS 9 3 FO A ot o B ™= ) S AR R g n
7 10%~30%.

2.3 F|WYWHPIE CMAS B R

BRI 7R W, (GdYby-)205 H Gd ST RGN 4
SEUR YA . B E] CMAS JE i F29 K
W § B RS S S B 1l R, N
JE G Bl 1 E R, F R T AEMANL
ELHAARR) CMAS FEihsEEs . Hepdoph el i il £ BA 2L
CMAS J& kil 2% 7 25 O 78 7y SR 70 b 3B P>, vE4m
N2 WAN TR EL .

Bl 6 JBoR 7 A AL A A AL R Bk ) R A
1300 C R4 CMAS & 1. 20. 50, 100 A1 200 h
JE R T TS R R R IR R . KPER S3 AN
#* S4 it EDS 4521, JEZFE K 3 BIARIR T 200 ROV
FEVIHAT T FREE o EAGELEUAR B il = A B KA,
H A CMAS & 7k H 1) 45 Al ik 41 5 1 52 4 7 #E
(Kl 6(b~e)). FHALERPLARTLE 1 F1 20 h 1) CMAS J&§ 1
R, AU B A (B 6(f, g)); 50 F1 100 h )
CMAS JEmE, A A (& 6(h, 1); 200 h ]
CMAS G, JERBrERRES, CMAS AR JLT5¢
EHRER(E 6(). HURAMIIN CMAS JE =15
REMARMEE R 2, WAL FLRETSR T K ik 2K
F, MEEEFIRIRESEEK A AR AR
Ghib. MEAh, Zgh RALIER T IRA K K SLI a8 T
S T I LS e R R B AR AP R

7E 1300 C. %¥E N 30 mg/em’ ) CMAS Ji§
P R, REIS ] Y (<20 h)SEALEL AR AR I IR

[es]
(=]
T

(o)
(=]
T

Recession depth / pm
) N
S )

S

1 20 50 100 200
Corrosion time at 1300 'C /h

Bl 6 Yb,05 1 GdyO3 HAKTE 1300 CF CMAS J& 1A [F] B
[F1) /¥ (a) £ R B2 LA K (b~j) BSE Bl
Fig. 6 (a) Recession depth and (b-j) BSE images of cross
sections for Yb,0; and Gd,Oj; pellets after CMAS corrosion at
1300 C for different time
Yb,05: (b) 1 h; (c) 20 h; (d) 50 h; (e) 100 h
Gd,0s: (f) 1 h; (g) 20 h; (h) 50 h; (i) 100 k; (j) 200 h

REZR IR, ME 100 hj5, FILERERIE
FEAUCNEAAL =5y 2 — o XTI A 45 5 mT A
PRI FERCER, % CMAS JEi. SR, A1
AR RERRAS (0 45 it AR v 218, FEJLHHEE
FHE/ANNZAEY.
24 ERELEFHERA CMASE M

FH AR B AL AT 50, B — R FIEL G BT CMAS
JE AR SR BR P LB T B8 A AT 5 I8 U K 25
FIF=8, ABAZ = W) B AR T FERCR UG R0
A DA 5 % B A2 V8 FE 2803 380 o () A R A R e PR
LS5 =), AR 2 B 1R, s IR AT oA R
BRI E . AT E SRR T
[F 42 T ke v T AT 1

FRYE I 3 Hh 5 ol s o2 7= 2 PR AH 2 B AT DA H
FEAL-AESEAL S CMAS N, HELEER Hh
5%+ 10%F1 20%I, ELA14R 5518 9L H B 2 10 B )
VER, 123 7 A 8RB RE R4S 145 & . 24
RE : CMAS=1: 10 B}, #B5FF & A 1 5 W52 2



34 T WL M K R EWAE
FREAGRL, 2 RE : CMAS=1: 5, FEdPaiA BERERE A E, AR Mg+Al) : Si fl Ca : Si#k

R AR B A S R AR G 0, R . LR T
P FEIE A s 52br CMAS & A A a
FBETE R4S P2 W 45 f AR 28 RN 3 ) 24 2218 1) 1)

HER S2 B A B Ay, IR L AL-
BANY L =MIE Y el R B LT RN
ELl(RR Gd : RE), W 1 = LA n R 1)
Bl 45 AE o N 7(a) s, HE T AL A (B @
R iR, Bika=mhal e R St S5
(B LAY A AL T 205 HE)10%~30%, 1T 76 A7 K8 A7
P EL TGRS R T 2% H 30%~50%, kRS
PR RELCER SRR S . RE Gd 1 Yb
B AR JE e AR R SR A s L (B
F A TEAN S M P R AP 2 . X PR 2
S5 R ) 4 b SR LA PR RS R
RAMARARETES —RIIHETFEEHE T
) R LA, 22 TR AR, JH P 38 2 (B R 58 T AT 25 40 14 P
BTR. GdBE MRS Yo B K 6%~8%Y,
Rt Gd B T o 4 i A A g5 /b 9 B s % T
RIS T, T Yb B 25 5 8 WA 45
() 8 oA 2 T AR gt P, RFZERE T Gd M
Yb BT AR R G R R R, AT I Tl AR
R T Gd B TR .

TR A M AR AR SE ALY CMAS J& 1 5256 45 31
BIFR, WK A AT H R A R R ek TR A 4 DA
PR . RN (L) AT AR, B A T R
S RERAA T ) CaO M Si0, B4y, Horb SiO, Y
FEERZN CaO 1 1.5~3.0 fi5. [, B A4S mE,
JERF MgO. AlO, 5 F1 CaO FIARNT & B3N . [
X2, HERMW, AMALESHFEAS MgO
AlO; s 47, TIBFRERRES N K ZHFE CaO pisr. JH
it (Mg+Al) : Si BLE Ca : Si &M 715K 1)
Ak, SR 7(b, ). FEELBEIR 73 HUN 5%

BONGRNS, L E AR A /N . FEALEE R
ECN S0%MIRE S, B A 4 ST, 5k
I (Mg+Al) : Si fl Ca : Si BHRIE 0. XF ELAS A
Hi(Mg+Al) : Si Fl Ca : Si ARfLEA T, MRS
AR R RE E HeE S NE PR A e I BB R 2, L,
MgO Fl AlO, s & AR5 5 A A 25 &, 1 CaO 7
Bk E T BERERRES K . 3X 5 Poerschke 2411
A1 Zheng 2PN HIF 7t 45 51— 5

JE3 b = ) 1A 485 R AT O R R B DA R R R Ay
HEE . ETH, TeAE Gd M Yb BF1E
CMAS 5 e F vp = A2 1) B [V R LB i 261
T, WE CMAS AWra iR Z e, 1Sk H i Gd
B SHIE I B U S, 5 S K A AR
B, KEHEFE SiO,, JHINE CMAS Ak MgO.
AlO; 5 Fl CaO AN & &AM Yb BT E TR KR
N, sy alsd Mg, Al B K Ca &+, FAamam
RS MK, SEM Gd &7 (R 5H
5%~20%) 1L K A 45 i FE v LT s A W FE, P
FEMEE, W 8@F~. KEM Gd BT (BE/R
3> 30%) 2 IR A B R RS 45, BN
ek isk AR K A RE AT H, BELAS B [R 4 R A
W 8(b) AT « KAE W FIE A & da Bl 5 Gd
A Yb B FLERE A R A b R T i B v 2 )
A, BRI, SEELP RIE A S BETE T W 1k 9 e
Ton Rl A5 A 3 T AN F R s R,
TE N S = ) 45 & Bl 7 2 FR I R, B8 A i
THFEACR, PRIIRZ M HAE .

i bR, AT EEEAFRL-EAKD S
CMAS JUARPII #2558, AR T AL FIAR 55 118
CMAS J& = 4h AT N it FAE FPLEE, JF4R
W T EE R R . TR R, AW T
B ik — 2 I R B A B, TR AL -4 B R £ BR

10%- 20%F1 30%HIRE f, RS R T —8 & AR BRREMEIT CMAS JEiHkgE, P
I A P2, B2 e S R B~ LA RS A FI/B. JF R BT B CMAS R EM A R .

< 3

S [Apatitea1:10 v 1:5 (@).-" 0.7 (b) Apatite crystallization 5) 1.2 (c) HRE:CMAS=1:5 =

§ 50 'glia::loi;nﬁuééol :Vsl :5 /.e- E = 0.6 mRE:CMAS=1:5 " g L1r Apatite crystallization

B30t . fosbo .| S1o}

800 | < v s i f I Initial (Al+Mg) : si| S =

g < B3 4] - ratio 209}

B - Bd v ~0 4]

210} P 20 a 2 08

e g7 A ;g 03F __=u g0 . o

g 5t X v 2702l [ Garmet and silicocamori ! | -% o7b T B Initial Ca : Si ratio

e = c— t and/or silicocarnotite crystallization
E.Lj. s VI I I I I ~ = o I I I I I 5 06 | : I I i Il
= 5 10 20 30 50 "0 510 20 30 50 & 0510 20 30 50

Gd : RE ratio in gadolinium-
ytterbium oxides / % (in mole)

Gd : RE ratio in gadolinium-
ytterbium oxides / % (in mole)

Gd : RE ratio in gadolinium-
ytterbium oxides / % (in mole)

K7 (a)RMN7P=Hd Gd : RE BLK CMAS 44 m1(b) (Mg+Al) : Si Fl(c) Ca : Si BEHI MG 4L-48 EAL Y R I AE 4k
Fig. 7 Variations of (a) Gd : RE ratio in reactive crystallization products as well as (b) (Mg+Al) : Si and
(c) Ca : Siratios in residual CMAS melt with the initial composition of gadolinium-ytterbium oxides



ERR HKIHT, S GAPTRI YBPOF CMAS 8 = W 45 S AT A R K i R R AL 35
(a) Less GdO, 5 5%—20% (in mole) (b) More GdO, 5 >30% (in mole)
(Gd,‘Yb1_,)203 (deYbl—x)ZOB
I Dissoluti .. ..
1Ssolution Gd* . ‘
II Reactive
crystallization
Apatite Sillicocarnotite Apatite
K8 (Gd,Yb;),05 5 CMAS YURBWIAR ELAF F I 2 b AN 7] S 2749 R e EL AR T ) os = 1
Fig. 8 Schematic diagrams of Gd** and Yb*" consumed by different reaction products in
the interaction between (Gd,Yb;_,),0; and CMAS deposits
(a) Less GdO, 5 (5%—-20%, in mole); (b) More GdO 5 (>30%, in mole)
Ay /\ Y 3 :e
3 #Hig FhFE L

ATAERGWI R T (G, Yb),0; 5 CMAS IR
YITE 1300 CHY = PpisEfk, 855 T Gd M1 Yb B
TR =P s, A T I EE AL . &
BERWT.

(1)Gd A1 Yb B§ ¥ B3 520 CMAS J& 1 e v =
ViFh2: Gd B TR IR 2548 IR BL =) 45 &, {3
PN AR T FEROCRIIC, Yb B RS S A 1
FFIBERE RS S5 W P2 T BN B B G, M=)
BRI FER B F . SR, AS[RSON PR 0 5 L Bl
D12 L, B 4 IR, T R A R A
i 5 52 IR i (1) 45 o 30 1 SRR AE

(2)Gd 1 Yb B F I FAFAEME 0L T, Gd 51 F
BB A WHE, M Yb BT HEMH TS 5ERA
WA, fE—E R BN, Gd Ml Yb 87 (ELEE R4
BN 5%~20%)RILHE B RN . RSP EFRET
Gd F1 Yb B -1 76 A [F] JG =20 (TG 2, AT 520
W R IR 5 A, R A AR .

(3) R FE I B oG 2K W [F)AE (19 DR B8 AE T A BRI
THEL-BE A oy, 5 SR CA e gl i, (et 1k
B J2 Y R, TR B IR A AR A R Tl e R 465 18 i 1Y) &4
in Bl 1%, ARG R SIS E . IRIVELAIER
BRI %N TBC/EBC 142 BT AT K& #24t

THIBHES.

A SCAH SR b 78 OB T & K https://doi.org/
10.15541/jim20250073 &% .

S Hk:

[1] WEI Z, MENG G, CHEN L, et al. Progress in ceramic materials
and structure design toward advanced thermal barrier coatings.
Journal of Advanced Ceramics, 2022, 11(7): 985.

[2] TEJERO M D, BENNETT C, HUSSAIN T. A review on
environmental barrier coatings: history, current state of the art and
future developments. Journal of the European Ceramic Society,
2021, 41(3): 1747.

[3] POERSCHKE D L, JACKSON R W, LEVI C G Silicate deposit
degradation of engineered coatings in gas turbines: progress
toward models and materials solutions. Annual Review of
Materials Research, 2017, 47(1): 297.

[4] NIETO A, AGRAWAL R, BRAVO L, et al. Calcia-magnesia-
alumina-silicate (CMAS) attack mechanisms and roadmap towards
Sandphobic thermal and environmental barrier coatings.
International Materials Reviews, 2020, 66(7): 451.

[5] MERCER C, FAULHABER S, EVANS A G, ef al. A delamination
mechanism  for thermal barrier coatings subject to
calcium-magnesium-alumino-silicate (CMAS) infiltration. Acta
Materialia, 2005, 53(4): 1029.

[6] POERSCHKE D L, SHAW J H, VERMA N, et al. Interaction of
yttrium disilicate environmental barrier coatings with calcium-
magnesium-iron alumino-silicate melts. Acta Materialia, 2018,
145: 451.

[7] SUMMERS W D, POERSCHKE D L, TAYLOR A A, et al.
Reactions of molten silicate deposits with yttrium monosilicate.

Journal of the American Ceramic Society, 2020, 103(4): 2919.



36

WL MR

i %415

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

MOTOC A M, VALSAN S, SLOBOZEANU A E, et al. Design,
fabrication, and characterization of new materials based on
zirconia doped with mixed rare earth oxides: review and first
experimental results. Metals, 2020, 10(6): 746.

ZHANG Z, PENG F, HUANGYY, et al. CMAS corrosion resistance
of rare-earth cerates at higher temperature. Ceramics International,
2025, 51(6): 7906.

MOURET T, MAILLE L, DANET J, et al. Thermochemical
interaction of pure rare earth silicates (Y and Yb) with CMAS: role
and stability of the corrosion products. Corrosion Science,
2025, 250: 112864.

TIAN Z, ZHANG J, ZHENG L, et al. General trend on the phase
stability and corrosion resistance of rare earth monosilicates to
molten calcium-magnesium-aluminosilicate at 1300 “C. Corrosion
Science, 2019, 148: 281.

POERSCHKE D L, LEVI C G. Effects of cation substitution and
temperature on the interaction between thermal barrier oxides and
molten CMAS. Journal of the European Ceramic Society,
2015, 35(2): 681.

KRAMER S, YANG I, LEVI C G. Infiltration-Inhibiting reaction
of gadolinium zirconate thermal barrier coatings with CMAS melts.
Journal of the American Ceramic Society, 2008, 91(2): 576.
ZHONG X, WANG Y, NIU Y, et al. Corrosion behaviors and
mechanisms of ytterbium silicate environmental barrier coatings
by molten calcium-magnesium-alumino-silicate melts. Corrosion
Science, 2021, 191: 109718.

POERSCHKE D L, BARTH T L, LEVI C G Equilibrium
relationships between thermal barrier oxides and silicate melts.
Acta Materialia, 2016, 120: 302.

KIM S H, NAGASHIMA N, MATSUSHITAY, et al. Interaction of
Gd,Si,0; with CMAS melts for environmental barrier coatings.
Journal of the European Ceramic Society, 2023, 43(2): 593.

WU N, WANG Y, TONG Y, et al. Interaction of ytterbium
monosilicate environmental barrier coating material with molten
calcium-magnesium-aluminosilicate (CMAS). Corrosion Science,
2023, 211: 110864.

LIU P, ZHONG X, NIU Y, et al. Reaction behaviors and
of tri-layer Yb,SiOs/Yb,Si,O-/Si
barrier coatings with molten calcium-magnesium-alumino-silicate.
Corrosion Science, 2022, 197: 110069.

TURCER L R, PADTURE N P. Towards multifunctional thermal
environmental barrier coatings (TEBCs) based on rare-earth

mechanisms environmental

pyrosilicate solid-solution ceramics. Scripta Materialia, 2018,
154: 111.

STEINBERG L, MIKULLA C, NARAPARAIJU R, et al. Erosion
behavior of CMAS/VA infiltrated EB-PVD Gd,Zr,O; TBCs:
special emphasis on the effect of mechanical properties of the
reaction products. Wear, 2022, 506/507: 204450.

QIAN B, WANG Y, ZU J, et al. A review on multicomponent rare
earth silicate environmental barrier coatings. Journal of Materials
Research and Technology, 2024, 29: 1231.

VAKILIFARD H, SHAHBAZI H, LIBERATI A C, et al. High
entropy oxides as promising materials for thermal barrier topcoats:

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

a review. Journal of Thermal Spray Technology, 2024,
33(2/3): 447.

DENG S, HE G, YANG Z, et al. Calcium-magnesium-alumina-silicate
(CMAS) resistant high entropy ceramic (Y,Gdy2Ery2Ybo2Lug,)Zr,07
for thermal barrier coatings. Journal of Materials Science &
Technology, 2022, 107: 259.

LUO Z, JIANG J, DONG S, et al. (Gdg>Hog:Er,Ybg,Lug,),Si,07
(Sco2Hog2Ero2Ybo2Lug2),81,07
disilicates as promising materials for environmental barrier
coatings. Ceramics International, 2024, 50(13): 23342.

SUN L, LUO Y, TIAN Z, et al. High temperature corrosion of
(Ero25Tmg 25Ybo25Lu0.25)2S1,07
material subjected to water vapor and molten calcium-magnesium-
aluminosilicate (CMAS). Corrosion Science, 2020, 175: 108881.
WANG X, MENG M, XU F, ez al. (Luy7Yb,;Sci7Er7Y 17H017Dy17)S1,07
high entropy rare-earth disilicate with low thermal conductivity

and high-entropy  rare-earth

environmental barrier coating

and excellent resistance to CMAS corrosion. Journal of Advanced
Ceramics, 2024, 13(5): 549.

POERSCHKE D L. Developments in thermodynamic models of
deposit-induced corrosion of high-temperature coatings. The Journal
of the Minerals, Metals & Materials Society, 2021, 74(1): 260.
POERSCHKE D L, BARTH T L, FABRICHNAYA O, et al. Phase
equilibria and crystal chemistry in the calcia-silica-yttria system.
Journal of the European Ceramic Society, 2016, 36(7): 1743.
YAMANE H, NAGASAWA T, SHIMADA M, et al. Ca;Y5(SiOs)s.
Acta Crystallographica Section C: Crystal Structure Communications,
1997, 53: 1367.

GODBOLE E, VON DER HANDT A, POERSCHKE D. Apatite
and garnet stability in the Al-Ca-Mg-Si-(Gd/Y/YDb)-O systems and
implications for T/EBC: CMAS reactions. Journal of the American
Ceramic Society, 2021, 105(2): 1596.

PICCINELLI F, LAUSI A, SPEGHINI A, et al. Crystal structure
study of new lanthanide silicates with silico-carnotite structure.
Journal of Solid State Chemistry, 2012, 194: 233.

ZHANG G, ZHANG J, WANG J. Synthesis and characterization of
ytterbium oxide: a novel CMAS-resistant environmental barrier
coating material. Journal of the American Ceramic Society,
2022, 106(1): 621.

GODBOLE E, KARTHIKEYAN N, POERSCHKE D. Garnet
stability in the Al-Ca-Mg-Si-Y-O system with implications for
reactions between TBCs, EBCs, and silicate deposits. Journal of
the American Ceramic Society, 2020, 103(9): 5270.

SHANNON R D. Revised effective ionic radii and systematic
studies of interatomie distances. Acta Crystallographica Section A:
Foundations of Crystallography, 1976, 25: 751.

ZHANG G, SHI J, ZHANG J, et al. Investigation on crystallization
behavior between (Sc,Yb,_,)O;s and CMAS: a new insight in the
effect of Sc substitution. Journal of Advanced Ceramics,
2024, 13(6): 789.

ZHENG X, ZHANG L, LI Q, et al. Corrosion behavior and
mechanism of aluminum-rich CMAS on rare-earth silicate
environmental barrier coatings. Journal of Inorganic Materials,
2023, 38(5): 544.



%1

HKITHT, S G TR YO R CMAS il 4 AT D I 5 R B 4 L

FhFE#E AL

Gd*#1 Yb** X CMAS B =4 RITHE
220 X thE1E AR

kg omaem ! waES ok E, Tam!

(1. FEAERE 2BALH, JMm 110016; 2. FEAFHRKF MHA$S 425K, kM 110016; 3. Zix

¥ MEA S TAZR, kM 110819)

S1 FERMEE

R ST T SER R T ) LAR A AL
FHEE . Bl AR Lk R AL B B, B

STEIITE 99.99%LL E; il CMAS i KB K
FAES . AR FALER A AR R A B
A HN 98.5%) . 4l FE R AR ARIIE 1 5 56 45
R M.

FxS1 LHMELMERER
Table S1 Information of several oxide raw materials

FTTE S af i
A M4AL(GdO, 5) 99.99%
A ALEE(YDO, 5) 99.99%
A4 (Ca0) T4l AR
AL EE(MEO) el AR
HALLER(ALO, 5) S HTal AR
A ALRE(SIO,) S HTal AR

% [
5E MK R A PR ) ANE Pl
5E MK R A PR ) ANE Pl
254 B A R A BR A # it
254 L A R A PR A ) it
254 L A R A BR A w it
254 B A R A BR A w) it

S2 SR CMAS EMsEIS ik

K T e 421 £ T R AL N AL R LA
W EKRES 5 (A LR AL B R RENE AN 50 mm
A SBEE, SRE NS, LA 10 °C/min 3%
FHE A 1650 °C, 7£ 30 MPa J& /) FA£I& 2 h, [ )5 LA
10 °C/min 3 FFIEZE 1200 C, HJaHEHAE,

EFE AT B fE, SR R BN Tk
RN 10 mmx10 mmx3 mm FEE. % CMAS 15
RO BAETC K CBEH, IR AEPUARRE f 3R T, 80 °C
T, KR AMERSRENTRELRE BES
FERRT CMAS & &IAF] 30 mg/em®. iRk
CMAS JURRPIIFE SN S 3547, BL S “C/min 1%
FHE A 1300 °C, 2 AR 14 41 20, 50, 100 1200

h, FfiJE BL 5 C/min R PR A 700 °C, RIEHENA
o I LR RS BORE S VDT, SRR SRR ST
PESE )G, AT S AR R LR AL o

S3 REIFHIRSY

ik SEM-EDS Jll & T 4L-8 A5 CMAS B
KRAE 1300 C FHALFE 1 h J5 K945 5778 LS F 4
CMAS JEREI RSy, AR I SAER S2 . ik
FED RS B A3 M R e B RIAE FH B e e fit 1 B
(IR 2 4%

F S3 FIFK S4 N T AL AL E AL EE B ik
7E 1300 ‘C N CMAS J& 1 1. 20+ 50, 100 EL & 200 h
J& SRR D A R . BRARAARE CMAS J& = 4)
ER AR — 3.



T Bl A R R %41 %
£ S2 (GdyYby,)O15-CMAS B Gt & B == 1 B B
Table S2 Compositions of reaction products and residual CMAS melt in (Gd,Yb;,)O0;5-CMAS samples
Chemical composition/% (in mole)
System Phase -
CaO MgO AlO; 5 SiO, GdO, 5 YbO, 5
Yb:CMAS=1:10 Apatite 15.5+04 — — 37.2+0.2 — 473+0.2
Melt 31.7+0.2 87+03 122+05 42.0+0.5 — 55+04
Yb:CMAS=1:5 Apatite 15.9+0.7 — — 38.0£0.6 — 46.1 £0.8
Garnet 154+£0.7 155+14 164+1.7 304+20 — 224423
Silicocarnotite  35.1 £0.1 — — 39.4+£0.2 — 255+0.2
Melt 43.6+0.2 2.6+0.2 39+0.1 46.0+0.3 — 39+0.2
GdoosYbgos: CMAS=1:10  Apatite 15.6+0.2 — — 39.4+0.8 27+£02 422+04
Garnet 248+1.6 13.1+£12 124+12 373406 0.5+0.1 11.9+1.5
Gehlenite 41.1+£0.5 13.9+0.2 73+03 37.7+0.5 — —
Melt 28.4+0.6 51+£1.0 155+02 456+1.1 0.2+0.1 52+0.6
GdoosYbgos: CMAS=1:5 Apatite 13.9+0.3 — — 38.9+0.5 31+05 44.1+03
Garnet 192+14 141+£05 138+13 33.0+0.8 0.5+0.1 193+1.2
Silicocarnotite  36.4 + 0.2 — — 37.7+0.2 1.3£02 245+04
Melt 44.1+1.6 23+04 41+1.6 462+0.5 0.2+0.1 32+0.5
Gdo.10Ybogo : CMAS =1:10  Apatite 153+0.2 — — 40.5+0.1 54+0.2 389+04
Garnet 224+£0.6 147006 105+0.6 37.2+0.6 0.9+0.1 14.2+0.9
Gehlenite 422+02 132+03 84+0.1 36.1+0.5 — —
Melt 279+ 1.4 52+£02 169+13 44605 03£0.1 5.1£0.5
Gdo.10Ybggo: CMAS=1:5 Apatite 16.8 £ 0.6 — — 40.5+0.9 52+0.1 374+04
Garnet 170+ 1.5 14.1+0.1 15512 31.0+04 1.0+£0.2 21.3+0.9
Silicocarnotite ~ 35.9 + 0.2 — — 383+0.2 25402 233402
Melt 359+0.9 22+04 13.6+0.5 455+03 0.5+0.1 23+0.2
GdooYbogo: CMAS=1:10 Apatite 14.0+0.4 — — 39.8+0.8 11.9+0.6 343=+1.2
Gehlenite 41.1+£02 13.0+0.2 83+02 37.5+0.6 — —
Melt 27.7+0.5 55+03 169+05 445+03 0.8+0.1 4.6+0.5
GdooYbggo: CMAS=1:5 Apatite 15.4+0.6 — — 41.0+0.7 11.2+0.7 323+09
Garnet 184+0.6 142+03 13.7+1.1 332+1.6 23+03 18.1+1.4
Silicocarnotite  36.7 0.3 — — 37.8+£0.3 46+04 208+0.7
Melt 34.8+0.8 31+12 144+14 446=+09 1.1+0.1 1.9+0.3
Gdo30Ybg70: CMAS=1:10 Apatite 17.0+0.9 — — 39.8+0.5 152+0.8 279=+1.0
Gehlenite 39.8+0.9 11.3+0.3 11.3+£06 37.6+0.7 — —
Melt 31.6 +0.5 94+03 13.1+03 41.6+0.5 1.0+£0.1 34+£0.2
Gdo30Ybg70: CMAS=1:5 Apatite 15.7+0.1 — — 385+04 152+04 30.6+0.8
Garnet 228+0.7 133+£05 13.5+09 37.0+£0.6 29+02 104+04
Melt 33.8+0.2 2.1+0.1 126 +0.5 47.8+0.7 1.2+0.1 2.5+0.1
Gdos0Ybgso: CMAS=1:10 Apatite 18.4+0.2 — — 37.6 £+ 1.3 273+ 1.1 16.7 £ 0.8
Gehlenite 403+04 11.8+0.1 9.5+04 38.4+0.1 — —
Melt 27.0+£0.2 53+£0.1 182+0.1 45.1+0.2 1.5+0.2 2.8+0.2
GdosoYbgso: CMAS=1:5 Apatite 15.1+£0.3 — — 380£0.6 251+£0.7 21.7+0.9
Melt 399+0.6 11.3+0.2 99+02 343+03 2.5+0.6 2.1+04
Gd:CMAS=1:10 Apatite 20.7+1.0 — — 38.6+0.1 40.7+1.0 —
Gehlenite 399+0.9 13.7+0.8 92+04 372+13 — —
Melt 25.7+0.1 54+£05 20.6+0.7 456+0.7 2.7+0.1 —
Gd:CMAS=1:5 Apatite 19.9+0.7 — — 399+0.8 402+1.5 —
Melt 39.7+0.7 12.8+0.4 99+0.6 349+0.7 27+1.6 —
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Table S3 Compositions of reaction productsin Gd,O; pellets
Chemical composition/% (in mole)
System Phase -
CaO MgO AlO 5 SiO, GdO, 5
1300°C, 1h Apatite 14.1+0.5 — — 36.5+0.5 494+ 1.0
1300 °C,20 h Apatite 13.7+0.7 — — 359+0.5 50.3+0.9
1300 °C, 50 h Apatite 13.6 £0.1 — — 354+04 51.0+04
1300 'C,100 h Apatite 14.1+£0.2 — — 358+0.6 50.0+0.7
R S4  Yb,Og BRRHE M i K B2 = #1853
Table S4 Compositions of reaction productsin Yb,O3 pellets
Chemical composition/% (in mole)
System Phase -
CaO MgO AlO 5 SiO, YbO, 5

1300 C, 1 h Apatite 13.4+04 — — 496 £0.4 37.0+0.5
1300 'C,20 h Apatite 12.7+0.4 — — 49.8+0.4 37.5+04
1300 °C, 50 h Apatite 127+ 0.4 — — 49.0 £ 0.6 38.3+0.5
Garnet 242 +1.0 13.6 0.5 122+ 0.6 374+0.2 125+ 1.0
1300 C, 100 h Apatite 14.1£0.2 — — 35.8+0.6 50.0+0.7
Garnet 248+1.3 125+1.1 128 1.1 36.8+0.4 13.1+£0.2
1300 C, 200 h Apatite 12.7+£0.1 — — 47.8+£0.6 39.6 £0.7
Garnet 18.2+0.2 15.1+04 10.9+0.2 38.6+0.8 17.2+0.9
Silicocarnotite 33.8+04 — — 41.5+£0.5 24.7+£0.5




