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Table 1 Effective ionic radius of cations (Re coordination

number is 8, Zr coordination number is 6) r/A
Y Gd** Er** Yb** Lu* Z*
1.019 1.053 1.004 0.985 0.977 0.720

r is elemental ion radius.
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R, is unweighted residual factor; Ry, is weighted residual factor; 2 is goodness of fit

1
Fig. 1

P TR TR SR MR 1) XRD i LA K Rietveld K 1E1E
XRD patterns and Rietveld fit of RE,Zr,0,
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Table 2 Configurational entropy, cation radius ratios, cell
parameters and optical basicity of RE,Zr,0,

Samples Seont rA/Ts al/A A
H1 0 1.415 5.201 0.920
H2 0.693R 1.439 5.232 0.958
H3 1.099R 1.424 5.217 0.936
H4 1.386R 1.410 5.206 0.920
H5 1.609R 1.399 5.194 0.910

A is optical basicity; Sconr is configurational entropy; ra is mean ionic radius

of rare-earth elements; I is ionic radius of Zr*'"; ay is cell parameter.
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Fig. 2 SEM images and corresponding elemental mappings of
RE,Zr,0; after thermal corrosion
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Fig. 3 Cross-sectional SEM micrographs of RE,Zr,0O; pellets infiltrated with molten CMAS (1300 “C, 5h) and corresponding EDS
elemental Si and Zr maps
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Fig. 4 High magnification cross-sectional SEM micrographs of RE,Zr,0; pellets infiltrated with molten CMAS (1300 C, 5h)
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Table 3 EDS compositions of RE,Zr,0- pellets infiltrated with molten CMAS (1300 ‘C, 5h) X/%
Position Zr Y Gd Er Yb Lu Si Ca
Z1 51.66 28.49 19.85
72 10.74 13.08 40.81 35.37
z3 12.47 14.89 13.42 30.17 29.04
Z4 9.97 11.59 10.20 9.49 31.05 27.70
z5 7.27 10.00 7.61 7.50 7.10 32.36 28.16
Z6 80.77 19.23
z1 82.05 8.26 9.69
z8 80.63 6.02 4.28 9.07
79 78.13 5.77 2.36 6.52 7.23
Z10 76.69 4.15 1.71 5.27 6.20 5.98
X is mole fraction; Z1-Z10 are the points in Fig. 4.
H e RE,Zr,0,
n Fluorite
« Apatite

Intensity

a Gehlenite

20

50
20/()

KIS 5 Bl L5 BR 3R M A CMAS 7£ 1300 'C. Sh KM JEHT XRD i
Fig. 5 XRD patterns of RE,Zr,0; and CMAS mixture reacted at 1300 C for 5h
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Fig. 6 Schematic diagram showing for the mechanism of rare earth zirconate ceramics resistance to CMAS erosion

HHE 2 FTAL, S MG LB IR E R ra/re (H
KBNS A H2. H3. H1. H4. H5, [{] CMAS
TRPRIR T — 5, LI 4 REW: CMAS 2R
J5 B8 AH 7~ X B AR RN TR N o B B ER ER
M &Pt CMAS =it v, N =4 RE-apatite [
22— BT LARIE Y (CazyRE))RE(Si04)60n, N
{E 2 FHBH B AL S g 1), y (R REP R4 %,
HeR T Ca™ 421,18 A), y [ w2+,
Rk, B RETF4AMBIE Ca® 12, AW
RE-apatite i 75 2= 11 50 V¢ 1 Bl B e Ak DGR 15 5 22
M e R, X SLRE B . {2 Drexler 2524
ST Y,Zr07 F1 Yb,oZr,O; I$T CMAS 1241 A
R RE YO 2420 TF Y, 7E 1200 CHEE 4 h
A2 26 15 K, YbyZr,0 112 b I FE (40pm) A2
Y,Zr,07 12 IR B Q0 pm) 1 2 f%; X A&AHT
RE-apatite /£ CMAS J}& 4 Hb ) 45 i i il RE 21242
NI, Yb,oZr, O 7E CMAS 12 st A8 Hh JE i
Yb-apatite FCRAKT YoZr07, %A RES PR T AL
IR, A TBORMR IR EE . 286 Bk,
B LSRR EL S HT CMAS 21 PR RE 11 25 R fE B
PLZH 73 P35 B 1 A2 KN s PRI 2R 068 ke 2
—EMIER

TSR M B 2l Duffy 2R,
KHAT RIS EN TR 2 . AE IR
ORI T I T MR B ER R SR R ), 2B YN R TR
EANASES N AR R L R A AW DA I = 1) -3
F R KR & J8 A AP e A7 B8 AR B TR L F T I R
o BA AR MPEE TR BT im e, 2K
XA A G E (R 2 0 ) s T4 Ak ik
PN T A B ot S g . AR Sk

[4914RIE, 22 Tl S8 A0 0 2L 1 1) 900 R G R R T B
AW

A= XAXAA+XB><AB+ ch/lc """ (3)
s Xav Xp Xeroe o FoR S AN TR A S T 1
BBl Aas Aps A= RN E AWM I FH8E o

Y RSRR TB TR SR PR B I % A R SR
4 fron o, MR Q) i Bl CMAS
(33Ca0-9MgO-13Al10, s—45Si0,) 1] J 2 B E N
0.626, 5 P 1485 i 2k M S 1R 6 2 B G 26 2 oo
H1~H5 5 CMAS WIS 0E % Ad 5l /2: 0.294,
0.332. 0.310. 0.294. 0.284, %M A4 K/NIFHE
5. H2>H3>H1=H4>H5, X5 CMAS &MixE
Y HEA—S WTUEM: FSEZMET, W8
EHIES CMAS Z RG22 A4 K, PR
PEIE LR, CMAS 2UHIR B, X 54 5 ik
IE IR R G5 eAE—BC N, s, JemeE
XTI REEREM B —E S HEH .

x4 JBEUVLFHE
Table 4 Optical basicity of oxides

Oxides A Ref.
Y,0; 1.00 [52]
Gd,0;5 1.18 [53]
Er,0; 0.929 [54]
Yb,05 0.893 [54]
Lu,0;3 0.886 [54]
710, 0.86 [55]
Ca0 1.00 [49]
MgO 0.78 [49]
ALO; 0.60 [49]
Si0, 0.48 [49]
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Extended Abstract

Introduction Thermal barrier coatings (TBCs) are capable of effectively isolating high-temperature gases, protecting the turbine
blade matrix, reducing blade surface temperatures, and consequently enhancing aero engine thrust. TBCs with a thickness ranging
from 100 to 500 pm in conjunction with internal turbine blade cooling can decrease the surface temperature of the superalloy by
100-300 °C. In recent decades, yttrium-stabilized zirconia (YSZ) containing 7%—8% (by mass) is widely utilized as a material for
thermal barrier coatings (TBCs) due to its superior properties. With the increasing demands for thrust-to-weight ratio, weight
reduction, and stability in aviation turbine engines, the surface temperature of blade is expected to surpass 1300 ‘C. When the
operating temperature exceeds 1200 °C, the YSZ coating undergoes the phase transformation and sintering. For cooling, it transitions
from the tetragonal phase to the monoclinic phase, leading to coating volume expansion. Moreover, calcium-
magnesium-alumino-silicate (CMAS) compounds derived from dust, sand, and volcanic ash can melt on the TBC surface, causing a
severe erosion and ultimately leading to coating failure. The existing CMAS erosion becomes a challenge for TBCs. It is thus
necessary for the evolving requirements of future turbine engine development to develop novel thermal barrier coating materials.
Recent studies focus on new TBCs materials, including rare-earth zirconates, phosphates, and hafniates, which exhibit an enhanced
CMAS erosion resistance, compared to YSZ. In this paper, the CMAS erosion resistance of rare-earth zirconates was investigated.

Methods  Y,Zr,0; (H1), (Y0.5Gdo5)2Z1,07 (H2), (Y033Gdo33Er033)2Z1,07 (H3), (Y0.25Gdo2sEro25Ybo2s5)2Zr 07 (H4), (Yo2GdooErys
Ybg,Lug2),Zr,0; (H5) were synthesized by a solid-state synthesis method at 1650 ‘C for 10 h. The glass phase was prepared
according to the classical composition of 33Ca0-9MgO-13A1,0;-45Si0,. In the CMAS erosion resistance test, CMAS powder was
uniformly applied to ceramic discs at a density of 20 mg/cm?. The discs were then placed in a crucible and maintained in an air
atmosphere at 1300 ‘C for 5h to conduct the erosion experiment. Subsequently, the samples were sectioned along the centerline, and
the cross-sections were ground and polished to achieve a surface roughness of 1 um, facilitating the observation of the morphology
and thickness of the eroded layer. To analyze the reaction products of different zirconate ceramics during CMAS erosion, CMAS powder
was mixed with five types of zirconate ceramic powders at a mass ratio of 1:1 and heated in an air atmosphere at 1300 ‘C for 5 h.

Results and discussion All the five rare-earth zirconate ceramics exhibit a single, defective fluorite structure. After five rare-earth
zirconate ceramics are eroded at 1300 ‘C for 5h, the CMAS erosion depths are ranked as H2 > H3 > H1 > H4 > H5. Despite the fact
that the CMAS corrosion resistance of rare-earth zirconate ceramics does not improve with increasing entropy, the CMAS corrosion
resistance of high-entropy rare-earth zirconate ceramics is superior to that of low- and medium-entropy ceramics. After heating at
1300 ‘C for 5h, the erosion depth of H5 is only 22 pm. The mechanism of resistance to CMAS erosion in rare-earth ceramics can be
elucidated through the "dissolution-reprecipitation”" mechanism. Upon interaction between rare-earth zirconate ceramics and CMAS,
RE?*" and Zr** dissolve from the ceramic matrix into the CMAS melt. RE?*" ions with larger ionic radii (such as Gd** and Y?*) react
with Ca?" and Si*" in the CMAS to form RE-apatite. Conversely, RE*" ions with smaller ionic radii (such as Er**, Yb**, and Lu*")
preferentially incorporate into ZrO: lattice, forming a fluorite-structured RE-ZrO. When the precipitation rates of RE-apatite and
RE-ZrO: exceed the erosion rate of CMAS, a dense protective layer forms, effectively preventing further CMAS erosion. The average
rare-earth ion radius and optical basicity both affect the corrosion resistance of five rare-earth zirconate ceramics to CMAS.

Conclusions  Y,Z1,07, (Y05Gdys5)2Zr;07, (Y033Gd033Er033)2Z1207, (Y0.25Gd0.25Er025YD0.25)2Z1,07, and (Y2Gdg2Erg2Ybo,Lug 2),Zr,07
were synthesized by a high-temperature solid-state reaction method. These five rare-earth zirconate ceramics exhibited a defective
fluorite crystal structure. The analysis of the mechanism of resistance to CMAS erosion in these ceramics revealed that the erosion
layer consisted of two distinct layers, i.e., an infiltration layer and a reprecipitation layer. The reprecipitated layer primarily comprised
near-spherical fluorite-structured RE-ZrO, and RE-apatite crystalline pillars, forming a dense barrier that prevented further CMAS
penetration into the substrate. The impact of configurational entropy on the CMAS corrosion resistance of these five rare-earth
zirconate ceramics was investigated. The CMAS corrosion depths were found to be H2 > H3 > H1 > H4 > HS, and H5 exhibited the
optimum CMAS corrosion resistance, showing a corrosion depth of only 22 um after heating at 1300 C for 5 h. The findings
indicated that while the resistance to CMAS erosion in rare-earth zirconate ceramics did not strictly increase with increasing
configurational entropy, high-entropy rare-earth zirconate ceramics demonstrated a superior resistance. compared to low- and
medium-entropy counterparts. In addition, the CMAS corrosion resistance of rare-earth zirconate ceramics was influenced by both
configurational entropy and the radius of rare earth ions. A concept of optical basicity was introduced to evaluate the corrosion
resistance of five rare-earth zirconate ceramics against CMAS. Under identical conditions, a larger optical basicity difference (A4)
between the rare earth zirconate ceramics and CMAS resulted in a higher reaction rate and deeper erosion by CMAS. The optical
basicity could serve as a valuable reference for selecting new thermal barrier coating materials.
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