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1.1 RESIE

EGETYZ ¥ Al ik [ AH S Bl 26 15 21, $% 08
b2 B FERR ALl 99.9% [ B ALK K (EuOs
Gdy03+ EnOs. TmyOs. YbyOs # ZrOy). BlJE, LA
ToK CBERA T, AT B EREEHLH BA 400 r/min 1]
FEIRBRER 12 h, KRREUM RISIREG . BIREE
P R TG, 5T T 1600 TR Sh,
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RILE B T334 245, PRAXAIR 1264 %k 28 Al
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Table 1 APS spraying parameters

Primary gas of Secondary gas of

Powder feeder

Torch traverse Standoff

Sample No. Current/A Ar/psi He/psi Voltage/V speed/(r/min) speed/(mm-s ') Thickness/um distance/mm
D8 850 60 100 40 4 250 500 80
D10 850 60 100 40 4 250 500 100
Di12 850 60 100 40 4 250 500 120

1.2 CMAS Eiditig

¥ CaO. MgO. ALO; Fl SiO; ¥ K#% 33Ca0-
9MgO-13A10 5455102 (C33MoA 13S4s) 1 BE /R L 1200
RE, BIRAIIN AL 1300 CHBIEE 2 h, RS
IERLR . GKEE, RIFBIE CMAS 154, Hl
WA J5 3R 1 CMAS K. BJE, K% CMAS
MASET OB, LL 20 mg/em? () FE R 534
BALRZERT . &5, HiRE CMAS MR IR ER
i BT R AT A B
1.3 #HmFE

KH X B AT 5 (XRD, Rigaku SmartLab SE,
Japan) #1145 () EGETYZ ¥ K Al CMAS M= 4)
() AH 41 1 o SR FH IOG 36 5 £ 2 i i (OLS40-CB,
OLYMPUS, Japan)ill SR 2R KSR . RHFHGH

T 5 4B5(SEM, Sigma 360, ZEISS, Germany)FlIE 2 (4
IO 1% 4% (EDS, Oxford, England) % 1iE & T 5
EGETYZ Wt 23R AR M O b SOt B e

2 ERE5iW®

2.1 EGETYZ 1B SMEREFFE

Kl 1 5 EGETYZ #poRKFE M H XRD 5. 1
AL, HRZH O B R R I AT ST IE R REP AR
I /N (Bu® = Yb*) 17 0] 582 i A B2 7 1) i 7%, H
EGETYZ ¥y K (1) 3= BT SFFUEAL T 520 79 A B R 5
(AT 5 & 75 B N . EGETYZ HIBH & Tk 12 Ik
[MRE*)/r(Zr*))NT 1.46, FKH SRS 1 2 E
AR, A, XRD i H AT S0 e &, T 48 il —
UESE EGETYZ EAGRAE A 4514
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Fig. 1 XRD patterns for EGETYZ powder
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(a) Surface roughness of D8
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(g) Cross-sectional porosity of D8

(h) Cross-sectional porosity of D10

(i) Cross-sectional porosity of D12
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Fig. 2 Coating surface roughness, cross-sectional morphology and porosity
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(b) EDS spectrum of Ca, Si and Zr in Fig.3a

(d) EDS spectra of Ca, Siand Zr in Fig.3¢c

KBl 3 7 1300 C%&ME T CMAS &4 1 h 5 1GERETES

Fig. 3 Cross-sectional morphologies of coatings after corrosion at 1300 ‘Cfor 1 h

&2 [E3 HHric= EDS TR
Table 2 EDS analysis results of the marked points in Fig. 3
Points 2% Phase
RE Zr Ca Mg Al Si (6]
A 1.42 0.38 13.39 3.48 6.89 17.84 56.60 C
B 8.81 30.29 1.26 0.16 59.49 F
C 8.48 1.55 10.14 1.95 2.71 17.51 57.66 A
D 17.43 18.50 1.51 0.15 0.60 61.80 H
Point 4 is apatite; C is CMAS; F is Fluorite, H is EGETYZ; x is mole fraction.
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R, EHRBE KA AETE CMAS Ja k) 4R
Ko BEBF, JEHOK R BEK A A S A A S A
I3, TCRIRE ZE R B .Ca fl Si LR — L,
Zr TEREIRIREE. 5 M Lo RE N X AR
JE AR K R XA . 42t 52
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(a) Surface morphology at 10 h (b) Cross-section morphology (c) Magnification of boxed
at10h area in Fig.4b
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(e) Surface morphology at 20 h (f) Cross-section morphology (g) Magnification of boxed
at20 h area in Fig.4f

....... ' (SE].)S sp'ea oFig'.g'
B4 {£ 1300 CHAF T H CMAS 21k 10h A1 20 h J& () ERJZ#TE T 3
Fig. 4 Cross-sectional morphologies of coatings after corrosion at 1300 °C for 10h and 20 h

#*3 [E49Hric= EDS TES
Table 3 EDS analysis results of the marked points in Fig. 4

Point W% Phase
RE Zr Ca Si Al Mg O
A 14.24 1.08 5.87 15.42 1.37 2.69 59.33 A
B 4.40 0.99 11.01 15.55 4.73 577 57.55 C
C 8.17 28.73 1.33 0.39 61.37 F
D 11.80 3.29 8.20 15.55 1.52 59.64 A
E 6.23 23.14 0.68 0.20 69.76 F
F 4.14 2.49 8.46 11.18 5.23 4.24 64.25 C
G 0.90 1.60 14.17 13.45 6.65 4.28 58.95 C
H 15.96 1.88 7.00 15.89 0.53 0.19 58.54 A
1 9.11 27.62 0.88 0.20 62.19 F

Phase A is apatite; Phase C is calcium—magnesium—aluminum-silicate; Phase F is Fluorite; x is mole fraction.
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(j) Magnification of boxed area in Fig.5g

(k) Magnification of boxed area in Fig.5h

(1) Magnification of boxed area in Fig.51

KI5 EGETYZ ¥RJZAE 1300 CHfF T CMAS {20l 1~50 h ¥ = 8 5
Fig. 5 Cross-sectional morphologies of EGETYZ coating during CMAS corrosion at 1300 C for 1-50h
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Table 4 EDS analysis results of the marked points in Fig. 5
x/%
Point Phase
RE Zr Ca Si Al Mg (0]
A 11.67 27.41 1.30 0.25 0.38 59.01 F
B 10.25 2.13 6.26 10.24 9.61 4.45 57.07 Ap
C 17.75 9.37 4.73 11.13 57.02 A
D 2.33 2.55 0.41 0.64 26.59 13.00 54.46 S
E 5.25 1.75 1.40 2.01 21.22 11.16 57.20
F 11.93 4.14 4.83 9.12 7.78 4.69 57.52 Ap
G 11.64 25.82 1.51 0.60 0.24 60.19 F
H 20.39 3.12 5.20 14.53 56.77

S is spinel; Ap is amorphous phase.
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i IR A S5 S NG 7 ) T il ) B S N R T B 44
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CMAS TR, RN ZEEEREARE, R\HLEA
Rt AR SEFRsZM.

120}
100} /
80+ /

60

40 i

Infiltration depth/pum

20+ ¥

0OF
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Time/h

Infiltration depth of CAMS was determined based on boundary delineated
by distribution of Si and Ca elements in EDS maps.

Kl 6 EGETYZ iRJZTE 1300 'C &I a2 i 1A YA L,
Fig. 6 Infiltration depth with corrosion time in EGETYZ
coating at 1300 'C
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(b) EDS spectrum (d) Magnification of area in Figs.7a—7d
of Siin Fig.7a

(c) EDS spectrum (e) Magnification of area in Figs.7a-7e
of Ca in Fig.7a

(g) EDS spectrum (i) Magnification of area in Figs.7f~7i
of Siin Fig. 7f

(f) Cross-section morphology at 20 h (h) EDS spectrum (j) Magnification of area in Figs.7f-7j
of Ca in Fig.7f

7 EGETYZ {R/Z1E 1400 CJi 1k 5h A1 20 h J5 AL T3
Fig. 7 Cross-sectional morphologies of EGETYZ coatings after corrosion at 1400 °C for 5h and 20 h
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Table S EDS analysis results of the marked points in Fig. 7
Point ikl Phase
RE Zr Ca Si Al Mg (0]

A 8.48 21.15 0.67 0.13 69.57 F
B 17.38 1.40 6.92 16.36 1.60 56.35 A
C 11.94 29.24 0.92 0.20 57.69 F
D 11.22 2.28 8.59 13.04 7.42 4.78 52.68 C
E 13.89 2.05 4.37 7.93 12.88 3.59 55.29 G
F 21.86 22.15 0.06 55.94 H
G 13.94 3.50 4.77 7.85 11.42 3.65 54.88 G
H 14.67 2541 0.80 0.17 58.96 F
1 20.41 3.11 5.33 14.86 56.28 A
J 14.89 20.08 2.04 2.21 0.29 60.49 F
K 16.05 3.29 1.99 4.75 16.25 334 54.34 G
L 16.68 0.43 2.87 5.91 18.05 3.28 52.78 G
M 17.77 24.01 0.45 57.77 HF
N 19.75 25.32 0.53 54.41 HF
o 18.15 24.70 0.47 0.11 56.57 HF

G is gehlenite; H is (Eug2Gdo2Ero2Tmg2Ybg2)2Zr,07; HF is (Eug2Gdg2Erg 2 Tmg 2 Ybg2)2Zr,07 transfer to fluorite.
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Table 6 EDS analysis results of the marked points in Fig. 8
Point ikl Phase
RE Zr Ca Si Al Mg (0]
A 14.67 25.89 0.79 0.23 58.41 HF
B 18.25 2.86 5.59 14.93 0.54 57.84 A
C 14.47 24.94 1.09 0 59.50 HF
D 14.84 23.92 0.97 0.07 60.18 HF
E 18.15 10.81 3.58 9.37 0.01 58.09 A
F 13.94 4.80 3.10 6.80 10.69 431 56.35 G
G 17.05 22.81 0.50 0.24 59.40 HF
H 16.33 1.41 6.07 17.04 5.01 54.14 G
1 18.53 24.08 0.40 0.11 56.88 HF
J 13.85 2.26 3.82 7.87 11.05 5.16 55.98 G
K 22.14 0.84 5.10 15.87 56.06 A
L 16.13 24.57 0.93 0.01 0.41 57.95 HF
M 14.91 6.19 3.50 7.22 8.84 3.73 55.61 G
N 19.90 5.63 16.44 0.24 57.79 A
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Extended Abstract

Introduction Thermal barrier coatings (TBCs) are crucial for protecting aero-engine components against high-temperature and
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corrosive environments. Conventional yttria-stabilized zirconia (YSZ) coatings undergo phase transformation and degradation at
high temperatures of > 1250 °C, while accelerating their failure process particularly under Ca—-Mg— Al-Si (CMAS) attack. The
emergence of high-entropy ceramics can give an effective pathway for the development of advanced thermal barrier coating
materials. Some studies demonstrate that the incorporation of multiple rare-earth elements endows high-entropy rare-earth
zirconates with a lower thermal conductivity, a better phase stability, and a superior corrosion resistance, compared to YSZ.
However, the existing research predominantly focuses on rare-earth zirconate materials or process optimization of conventional
YSZ coatings, while studies on the atmospheric plasma spraying (APS) preparation process of high-entropy rare-earth zirconate
coatings as well as their CMAS erosion behavior and dynamic reaction mechanisms remain insufficient. This study was to thus
investigate the CMAS erosion behavior of atmospheric plasma-sprayed high-entropy rare-earth zirconate
(Eu02Gdo.2Er0.2Tmo.2Ybo.2)2Zr207 thermal barrier coatings. In addition, the regulatory mechanism of high-entropy design on the
CMAS erosion resistance of the coatings was also revealed via systematically analyzing the microstructural evolution, phase
transformation, and chemical reaction kinetics under high-temperature CMAS environments.

Methods High-entropy (Eu0.2Gdo2Ero2Tmo2Ybo.2)2Zr207 (EGETYZ) powder was synthesized via solid-state reaction and
subsequent spray granulation to produce spherical particles suitable for APS. Coatings were applied on nickel-based alloy
substrates with varying spraying distances (i.e., 80, 100 mm and 120 mm) to optimize the microstructure. The CMAS corrosion
tests were conducted at different temperatures (i.e., 1300, 1400 ‘C and 1500 C) with a synthetic CMAS composition
(33Ca0-9Mg0O-13Al101.5-45S10z2). The phase composition was analyzed by X-ray diffraction (XRD), the surface roughness was
determined by laser confocal microscopy (LCM), and the microstructure/elemental distribution was characterized by scanning
electron microscopy with energy-dispersive spectroscopy (SEM-EDS).

Results and discussion The results show that the high-entropy zirconate coating exhibits a defect-fluorite structure with a
minimal surface roughness (2.72 um) and a low porosity (10.10%) at an 80 mm spraying distance. At 1300 ‘C, the CMAS
corrosion forms a dense reaction layer of apatite and fluorite, effectively limiting a penetration (i.e., 19.7 um after 5 h). At 1400 C,
a three-layer reaction structure emerges, with an increased penetration (i.e., 95.2 um). At 1500 C, a penetration deepeneds
significantly (i.e., 321.1 um), with sparse apatite and prevalent gehlenite and transitional phases. Higher temperatures reduce the
CMAS viscosity (by up to 77.57%), accelerating infiltration along coating defects. The dense reaction layer at lower temperatures
is a key to corrosion resistance, while a rapid CMAS penetration at higher temperatures hinders its formation.

Conclusions The EGETYZ coating exhibited the superior resistance to the CMAS corrosion. The corrosion temperature directly
affected the viscosity change of CMAS, thereby exerting a significant influence on the corrosion behavior and reaction products. At
1300 C, the reaction layer was mainly composed of fluorite and apatite, forming a dense structure that effectively inhibited the
CMAS infiltration. At 1400 ‘C, the EGETYZ at the bottom of the reaction layer was not completely melted. The elements Al/Mg
enriched in the gaps, in synergy with elements Ca/Si/RE, form a rare-earth gehlenite solid solution, resulting in a three-layer structure
of the reaction layer (i.e., pure fluorite at the top, fluorite and apatite in the middle, and gehlenite-containing phase at the bottom). At
1500 C, only a minimal amount of apatite phase appeared, the degree of EGETYZ melting was relatively low, and it was not
completely transformed into the fluorite phase, with the gehlenite phase distributing more extensively. To enhance the CMAS
corrosion resistance of high-entropy rare-earth zirconate thermal barrier coatings, the key could lie in promoting the reaction with the
CMAS to form a continuous and dense reaction layer. All the formed reaction products could effectively consume the CMAS
components.

Keywords thermal barrier coatings; calcium—magnesium—aluminum-silicate corrosion; high-entropy ceramic; rare-earth zirconates;
plasma spraying



