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Abstract: Continuous fiber-reinforced silicon carbide ceramic matrix composites utilized in hot-section components

of high thrust-to-weight ratio aero-engines require protection via thermal/environmental barrier coatings (T/EBCs). To
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develop novel rare-earth oxide thermal barrier coating materials with low thermal conductivity, compatible thermal
expansion coefficients, and excellent high-temperature phase stability, introduction of a high-entropy design concept
offers a promising approach and opportunity for composition design and performance optimization. Addressing the
challenges of structural modeling and property prediction for complex high-entropy ceramic systems, this study firstly
introduces a novel high-entropy ceramic modeling strategy based on the special quasi-random structure (SQS) method.
This strategy facilitates rapid prediction of complex ceramic properties while maintaining computational accuracy.
Subsequently, crystal structures, elastic properties and thermophysical characteristics of four high-entropy rare-earth
oxide materials are predicted and compared by integrating first-principles calculations. This research particularly
elucidates regulatory effects and atomic-scale origins of different rare-earth compositions and Hf doping on the
material’s low thermal conductivity performance. The research results provide scientific insights and fundamental data
for theoretical simulation and material selection design of T/EBCs for aero-engine hot-section components.
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Fig. 1 Crystal structures of high-entropy rare-earth oxide materials
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Table 1 Calculated lattice parameters of four high-entropy rare-earth oxide materials

Compound Method alA b/A c/A al(°) BI®) Y pl(g-em™)
(Y/4Hoy/4Er /4Yb4),0; Calc 9.13 9.14 9.15 109.49 109.52 109.46 7.81
(ErysTmyYby4luy4),0; Calc 9.05 9.04 9.04 109.43 109.51 109.46 9.10
(Y3/16H03/16E13/16 Yb3/16Hf1/4)20; Calc 9.01 9.06 9.01 109.34 109.37 109.55 8.43
(Er3/16Tms;16Ybs6Lus16HE14),0;3 Calc 8.92 9.00 8.98 109.53 109.74 109.47 9.46
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Fig. 2 Error analysis diagram of lattice parameters
Colorful figure is available on website
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Table 2 Calculated second-order elastic coefficients of four high-entropy rare-earth oxide materials (GPa)

Compound Cu Ci2 C13 €2 €23 €33 Cay4 Css Ce6
(Y1/4Hoy4Er 4 Yb14),0; 244.79 95.97 9590 24043 101.79  239.03 69.14 62.94 63.10
(Ery4Tmy 4 Yby4Luy4),03 257.22  100.81 99.30  251.14 107.11 250.74 72.87 66.14 66.16
(Y316Ho3/16Er3/16 Yb3/16HE1/4)203 250.73 98.29 98.37  248.15 97.99 24145 70.74 69.71 69.93
(Er316Tms;16Ybs6Lus 1 6HE 4),05 259.08  102.63  100.97  250.68 97.74  251.63 77.04 71.63 75.61

*3 DNMSEHLISLYHRAREES
Table 3 Calculated elastic modulus of four high-entropy rare-earth oxide materials

Compound B/GPa G/GPa E/GPa  E,,/GPa E.;/GPa FE,./Enn G/B v/GPa
(Y1/4Hoy4Er /4 YD14),0; 146 67 175 192 151 1.2753 0.4606 0.3004
(Ery4TmyYby4Lu4),03 153 71 183 201 159 1.2639 0.4624 0.2997
(Y316Ho3/16Er3/16 Yb3/16HE114)203 148 72 185 197 174 1.1323 0.4852 0.2912
(Er3/16Tms ;16 Ybs/16Lus/16HT)14)2,03 151 75 194 209 180 1.1605 0.4975 0.2866
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Fig. 3 3D topography, (001), (010) and (100) projective pictures of Young's modulus
of four high-entropy rare-earth oxides

x4 MHMBHEELELCOHBBORDESE

Table 4 Thermophysical parameters of four high-entropy rare-earth oxide materials

Compound v/(ms™h)  w/(msTt)  ve/(msT)  Op/K y a/(x10° K™ kpin/(W-m ™K
(Y 14Hoy4Er15Y by 4),05 2932 5489 3276 398 1.7749 11.4574 0.7567
(Ery4Tmy 4 Yby4Luy4),05 2785 5207 3111 382 1.7707 11.2533 0.7334
(Y3/16H03/16Er3/16 Y b3 1 6HF14),05 2915 5371 3253 400  1.7194 11.3375 0.7690
(Ers¢TmsYbseLusgHE 4),05 2823 5162 3148 390 1.6928 11.1577 0.7566
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Fig. 4 Theoretical lattice thermal conductivities of four
high-entropy rare-earth oxide materials
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R ZE RN RE . BL C-(Y14Ho14Er4Yby/4),05
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1 O B2 15851 3.15%F1 1.36%, 11 A(y)ly* B2
A 7.19%, XRF ZHHRFREF12.07%)F
ERTARE R BN T [FHE, C-(BrygTm;uYbyuLuyg),0;
5 C-(Er3/16Tms/16Ybs/16Lus/6HE1/4)205 ) 4 3 58 %2
TR (17.70%) 1 3 EE T 4R 8 R 8 7. JLX,
I3 AT AS [ B 43 0 e R b A b R B R
2 R AR IR . L C-(Y14Ho14Er4Yby4),05 Fl
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Bos| S 22 B AR B AR SR R (D A 8 20

KB HAIM B ATER, 5§ YHoErYd ML,
ErTmYbLu AFEFAE 5 1 4 5 FA X BUR AR A J
£ T 18 I 2 8K, 5 YHoErYbHf HiH,
ErTmYbLuHf #4 KM i AL fi i 2 3 R PR T
PNIRSOIES e

£S5 NWHSHEBLEXLDHBN ol EEUXERERIRIE
Table 5 Quantitative relationship of k~a7"' and origin of differences in four
high-entropy rare-earth oxide materials

Parameter 1-YHoErYb 2-ErTmYbLu 3-YHoErYbHf 4-ErTmYbLuHf Diff,3/% Diff,.4/% Diff1,/% Diff5.4/%
kT 898.98 892.94 1006.36 1050.75 12.07 17.70 -0.68 4.32
Mo/m¥?  1.44x107%  1.62x107"2 1.49x107" 1.62x107" 3.15 -0.01 11.90 8.48
Op’ 6.31x107 5.58x107 6.40x10" 5.95%x10’ 1.36 6.69 ~11.69 -7.05
A 9.85x10° 9.90x10° 1.06x107 1.09x10’ 7.19 10.33 0.52 3.47
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Table S1 Number of sites on sublattice and composition Table S3 Average bond length of polyhedral of four
for C-(RE I 114RE H,/4REml/4REN1/4)203 high-entropy rare-earth oxide materials
B Site RE1 RE2 Compound Unit Average bond
No.1 Ne 4 12 length/A
X Xgp I =Xgg 11 ZXREHI: Xgp I =Xe il :XREHI= (Y14Ho1/4Er/4Yby4),03 YOq 2.2868
X' =1/4 Xpe'V=1/4 HoOq 2.2794
ErO¢ 2.2700
% S2 C-(RE';RE";(RE™, (REY(Hf,),05 B YbOg 2.2518
P & 48 L s BN B 53 42 S REO, 2.2720
Table S2 Number of sites on sublattice and composition (ErysTmy 5 YbysLuyy4),0; ErOq 2.2631
for C-(RE : 316RE I 3/16REm3/16REN3/16Hf1/4)203 TmOg 2.2535
Site RE1 RE2 YbOs 2.2446
No.1 Ng 4 12 LuOg¢ 2.2356
XREIIIiO M_y V_ XREIII iXHiHl_M _ REOq 2.2492
Xs §i§:;ZRE “Xre = i(/%E ~Xre Xre = (Y3/16H03/16E13/16 Yb3/16HT1/4)203 YOs 2.2991
No.2 Ne 4 12 HoOg 2.2880
m_ I v _ ErO¢ 2.2794
Xs §§E ! =())(REHI=XREN= §§E ! =§§§I Il:/;‘(REIvz YbOs 2.2451
Xur=1/4 1/6 REOq 2.2779
No.3 Ns 4 12 HfO, 2.1893
XREIF:O I v XREI?=XH1=HU4 v XOg* 2.2558
Xs Xre =Xgre =Xre = Xre =Xre =Xre =
Xyy=1/4 /6 (Er3/16Tms 16 Ybs/i6Lus/i6HT1/4)205  ErOg 2.2684
No.4 Ne 4 12 TmOg 2.2541
Xpg"'=0 Xpe =Xy =1/4 YbOg 2.2437
Xs XRE ! =XrE . :XREm: XRE ! =XRrEe . :XREm: LuOs 2.2399
Xur=1/4 1/6 REO, 22515
No5 Ny 4 12 HfO, 2.1936
XHf:lo, M_~, TM_ XHf:ll,B _~ IM_ XOs* 2.2370
s iii“’jﬁf e §EEIV;§%E we *X denotes all cations.
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Table S4 Elastic compliance constants of four high-entropy rare-earth oxide materials

Material 1-YHoErYb 2-ErTmYbLu 3-YHoErYbHf 4-ErTmYbLuHf
S 0.005239 0.004968 0.005147 0.005011
S12 —0.001469 —0.001396 —0.001445 —0.001504
S13 —0.001491 —0.001365 —0.001516 —0.001426
S14 —0.000049 —-0.000006 —0.000043 —-0.000120
S1s —0.000082 —0.000019 0.000079 0.000086
S16 0.000013 0.000002 0.000050 —-0.000122
S22 0.005544 0.005321 0.005213 0.005182
523 -0.00179%4 -0.001739 —0.001541 -0.001420
S24 —0.000058 0.000003 0.000073 —-0.000020
S25 0.000077 —0.000031 —0.000081 —0.000353
S26 0.000974 0.000913 0.000381 0.000603
533 0.005584 0.005303 0.005388 0.005103
S34 0.000051 —0.000014 0.000040 0.000062
835 0.000000 0.000049 0.000058 0.000069
S36 —0.000990 —0.000888 —0.000400 —-0.000397
S44 0.014726 0.013938 0.014169 0.012992
S45 —0.002028 —0.001789 —0.000457 —0.000304
Sa6 0.000017 —0.000002 —0.000460 0.000002
Ss5 0.016174 0.015356 0.014366 0.014004
Ss6 —0.000060 0.000077 —0.000237 —0.000343
S66 0.016120 0.015338 0.014369 0.013311
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