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Abstract: Environmental barrier coating materials are widely applied on the surface of ceramic matrix composites in aero
engines and hypersonic vehicles, primarily serving to isolate high-temperature water vapor and air. To ensure a sufficiently
long service life, environmental barrier coating materials must possess characteristics such as high toughness, high hardness,
and relatively low Young’s modulus. In this study, dense RETa;Oy( RE=La, Nd, Sm, Gd, Ho) tantalate ceramics were
prepared by spark plasma sintering technology, and their nanomechanical properties were systematically investigated. The
nanoindentation technique was employed to comprehensively

characterize key mechanical properties of RETa,0,
WRAR. 2025-01-21  fEEAH. 2025-02-19 Y prop A

EEWB: a8 EAFHH (20230246050010) 5 2 # B1HT toughness, wear resistance and stiffness, while analyzing
B (202305AS350018) 5 B WIHL TR~ b1 B B2 the main factors influencing these mechanical properties.
5 TR FRe s R A I i 2Rt R i | The research results demonstrate that the Young’s modulus
(CLXYCLCC201) (166.72~196.70 GPa) and hardness (9.52~11.69 GPa)

S ikE. R 4. 2002 4k, Fi-BISE of RETa,;0, ceramics are mainly influenced by rare earth
‘%iﬂﬂf%‘. b PH?’ %’ 1991 @E’ W i S ion radius and density. The fracture toughness (1.44 ~
1H HIAN s s B %, A ’
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ceramics, including hardness, Young’s modulus, fracture

1. 82 MPa -m"?) shows a strong correlation with grain size,
and the RETa,; 0, ceramics prepared by spark plasma sinte-
DOI: 10.7502/j. issn. 1674-3962. 202501019 ring process exhibit finer grain size, which significantly en-
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hances fracture toughness. The stiffness (186 064~285 730 N +m™') and wear resistance (0.60~0.65) are primarily af-
fected by the material’s hardness and Young’s modulus, with stiffness showing a positive correlation with hardness, while

demonstrating overall excellent wear resistance. This study comprehensively evaluated the integrated mechanical properties

of RETa,;0, ceramics through nanoindentation testing system, exploring their potential as environmental barrier coating mate-

rials. The results indicate that SmTa, O, exhibits outstanding comprehensive mechanical properties, making it a highly prom-

ising candidate material for environmental barrier coatings.
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Fig. 2 SEM images of microstructure (a~e) and EDS elemental distributions (f~h) of RETa;0, samples
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Fig. 3  Load-displacement curves of nanoindentation of RETa;0, samples

%+ 1 RETa,0, RENRER GIKEEMBT R
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Fig. 4 Variation curves of nano-hardness and Young’s modulus of RETa;04 samples with load and depth

3.3 ETEME

1 FIE 6a R T 5 4 RETa,0, iR HE 11 A
(166.72~196.70 GPa) . A & (9.52~11.69 GPa) FlM;
ZEIME(1. 44~ 1.82 MPa -m'?) . Wi 245 ¥ I ok R AE
AR IR RSy R RE J1, S B B BRI A R ) —
ASE WA BRI 2480 M AT R T R ORLEE 32 24 AR
JFH BSF B 4 e RSO o HBORE ek, DA T 3l O % DR
Hff + RETa,0, MW 2440144 1. 44~ 1. 82 MPa -m"?,
T 8YSZ(4.43 MPa -m"?) " FIEKFEYE (1) YTa0,(2. 4~
3.8 MPa -m'"?) " | FEAL G AR B bR A2 ) 2L
IR AL 2 LY R 4%, 78 RETa0, "4k 3 s i 77
MR ALY R B AR h E % MR, ey
Jre i R A B A ALk 2%, S A T I8 1Yk 5 G 1 ) HL
1 A S i A TR 4G il 45 Y RETa, 0, PR H
8 JC TR 11 AR 25 58 405 1 45 19 RETa, 0, A 3 5 1Y 2449
P, BB ONHCR S B T HE4E I RETa, 0, P T2 kL
REFHN, ARLANAG AR TR 5 B A ARG B T —
FEEEMHE S . 7EMNARY 5 AMREE, GdTa, 0, AR
PEfcEr, K8 T 1.82 MPa -m"”, Li A% i ICHE |
JEFBALITE, %0 SmTa, 0, BIANK 124 PEfE R tE:

&l 6b Sy RETa, 0, Bl 5 il 4 [ A5 4 14 42 fb e 35

SRR E SRR EARRIEMECR, Hii
SmTa, 0, Fl HoTa, 0, 1H 43 5| 2 A f e A e AR 10 B E
DA B 10 e e FH R AR ) A QAR i, A ERE it 32 2247 3
A2 2 5 o BE Y RS T, A2 B O RE G i R Ak 2
/N3 RS A A [R5 3G K, 7E RETa, 0, i H
i, LRI RE TR AKREUNES R La® >Nd™ >
Sm™ >Gd** >Ho™", HH LaTa,0, MEUEE I T 99%,
X fig & LaTa,0, M4 [CHE & T HoTa, 0, Y JF A,
RO FE AR RO 45 DR 3R 0 2 52 R Y R R, B0
JEE G v A R K, TR R R A Ak R 8 A R v A
Pl 6¢ il 6d 2 RETa, 0, (W7 2450 1 bl A% QAR & R B 2
AR At 2, T LAE B 2400 1 5 4 IR i S R B 2
[ LR R,
3.4 NIEFm B

[ —# M2 T 5 4 RETa,0, ke 19 i KB AR E &
AR, XA TN RA RFEMRNE, SmTa,0, EA
W/, WIEERA (285 730 N -m™') ; HoTa,0, HIJEA
R, WIEEf/N(186 064 N -m™") | HAKLE R ANE 7a
FIE7R o W EEAEAE 2 5 U0 W URE (19 ) 27 1 18 a0 A B2 A [
M A5 7 T AAAE 2200, — M 0 B B2 RN 2 5 T A
KRFR, X5 FRMGAZE LAY 5



240

AR

44 %

338238

Young’s Modulus/GPa

Young’s Modulus/GPa

Young's Modulus/GPa

Young’s Modulus/GPa

s a2
2
223 % 3 >

Young's Modulus/GPa
o

& 5

YK EIR 3D BT RETa, 0,4 0KE J124 R

175.8
169.4
162.9
156.5
150.0
143.6
137.2
130.7
124.3
117.8
111.4

175.0
160.7
146.3
132.0
117.6
103.3
88.90
74.55
60.20
45.85
31.50

Hardness/GPa

Hardness/GPa

Hardness/GPa

Hardness/GPa

L
o N

o ©®

Hardness/GPa

IS

(a)GdTa;0,, (b)LaTay04, (c¢)SmTa;0,, (d)HoTa;0,, (e)NdTaz0,

Fig. 5 Mechanical properties of RETa; 04 samples in 3D mode of nanoindentation: (a)GdTa;0y, (b)LaTa;04, (c)SmTa;04, (d)HoTa;0,),

(e)NdTa;0,



%3

J& B4, RETa,0, FHERLE P RIAK 124 RERF 5T

14 R
12 B <, 35
BlE |5,
5_010 o
o 25S
[72]
173
3 202
T 6 S
© 15 3
I O
4 [
10@

0 .
GdTa,0, LaTa,0, SmTa,0, HoTa,0, NdTa,O,

9

— = GdTa,0, [c]
e * LaTa,0,
g 3l 4 SmTa0,
= v HoTazO4
2 + NdTa,0,
2 - +
o
gt 1
[
Rl
©
o
w
950 160 170 180 190 200 210
Young’s Modulus/GPa

280

240

N
o
o

241
E " Gcarano, [b]
¢ LaTa,0O4
g 4+ SmTa,0,
% ©12F v HoTaOq }
é & + NdTa;O,
g 8
s 5 ﬁ
© B
L
QSO 160 170 180 190 200 210
Young’s Modulus/GPa
‘r— GdTa;0, [d]
e LaTazO4
3L 4 SmTaz0,
v HoTa;O4
¢ NdTa;0,
2"

R

—

-
T

Fracture Toughness/(MPa-m'?)

%.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 125
Hardness/GPa

K6 RETay 0, ilFE1 A | 29K B2 AT RV 45 0 AT LI R

Fig. 6 Young’s modulus, nano-hardness and fracture toughness results and relationships of RETa; 04

WEA, 38 a2 K T I AR 480 0 0 ot £ A R P
TR . AR TR B RIS S A JE S RSB A A2 T8 2
Sl (6) ~ 3 (8) ™ HEA T

W= [P (k) dh (6)
W, = [ Ph)dh (1)
WP=W: -W. (8)

Hob, woRBIERIRD, PR ET, b, 2ECKA
¥y W, R Y], P REIEREAT, b RRAEA

T RSPEARTE D2 A, e I T RN st AR T 3y mT 433
T2 pH 28 0 S % i 4 5 A A il 9T LS 1 T REUKG BT AR B
SAVEAR TG D)3 o A 25 (R AR B, Rk I T s 3
VAT D) IR D i & L EA AR B, TR A
SRR IR

& 7b j& RETa, 0, A ¥ AR TE U1 5 8RR D Y Lt
B, MEHTLUE BIREE i £ on R AR 2e 1k, K
HARALB/N, 2979 0.60~0. 65, RETa,0, 1 W /W, {H 5
T YSZ(0.58) Fl YTa0,(0.49) " | W] RETa,0, Fj%&

WIE, W, I, APRFOILE gy ORI YSZAIVTO,.
300000 E °8 (5]
250000

~ 506
E 200000 S
z 3

‘@ 150000 5 04
o L
£ &
£ 100000 «

0.2
50000 =

0
" LaTa,0, NdTa,0, SmTa,0, GdTa,0, HoTa,O,

0.0
LaTa,0, NdTa,0, SmTa,O, GdTa,O, HoTa,O,

§ 7 RETa;04 RAEMRIEE (a) BT EEHE: (D)
Fig. 7 Stiffness (a) and wear resistance (b) of RETa;0,



242

Hh L b A

5 44 %

4 &

ARMFFER I L A5 B T he 4l T2 & T 3% 1Y RE-
Ta,0,(RE=La, Nd, Sm, Gd, Ho)F§%, il id 4K IEIE
SCHOKT AR | A OB W2t | T I N A
AT FPEBEVEAT TR, 9T T RETa,0, M%) 2% 1
REM AL RZ R 2, 25 R, RETa,0, M H
A B A B OB (166. 72~ 196.70 GPa) | 2 Y B 52
(9.52~11.69 GPa) Filffit 54 (0. 60~ 0. 65) , 1H 2 Wi ZdH)
PE(1.44~1.82 MPa -m'?) 5041k, A7 FRAR i A 2 2232
R - B T2 AR RN BE G S0 A A e i S S T
T2 AR B35 SRR S T /NE) RETa, 0, P, A F
THE SR T, 25658 DR Re, 15
TEWFFE R RETa, 0, & SmTa, 0, BA SAER &4 112
PERE, WIAE N BB IR 2 1 AR

S%EHE  References

(1] A, =, ST0ERY, &5 AWURIAR[T], 2022, 14(3):
1-12.

BAIB T, ZHANG D M, JI X J, et al. Thermal Spray Technology
[J], 2022, 14(3): 1-12.

[2] NID, CHENG Y, ZHANG J, et al. Journal of Advanced Ceramics
[J7, 2022, 11(1): 1-56.

[3] CAO X, VASSEN R, STOEVER D. Journal of the European Ceramic
Society[ J], 2004, 24(1) : 1-10.

[4] SZWEDA A, BUTNER S, RUFFONI J, et al. Development and Eval-
uation of Hybrid Oxide/Oxide Ceramic Matrix Composite Combustor
Liners [ C ]//Proceedings of the ASME Turbo Expo Current. New
York: Amer Soc Mechanical Engineers Three Park Avenue, 2003, 1.
315-321.

[5] WANG P, LIU F, WANG H, et al. Journal of Materials Science &
Technology[ J], 2019, 35(12) . 2743-2750.

(6] BREME, M, e, % BRERWEE[T], 2017, 38(5):
311-390.

CHEN Y F, HONG C Q, HU C L, et al. Advanced Ceramics[] ],
2017, 38(5) : 311-390.

[7] GERENDAS M, CADORET Y, WILHELMI C, et al. Improvement of
Oxide/Oxide CMC and Development of Combustor and Turbine Compo-
nents in the HiPOC Program[ C]//Proceedings of the Asme Turbo Ex-
po. New York: Amer Soc Mechanical Engineers Three Park Avenue,
2011, 1: 477-490.

(8] Mk, ErthH. IURBARMIELI], 2018, 39(5) : 295-320.

TIAN Z L, WANG J Y. Advanced Ceramics[J], 2018, 39(5): 295-
320.

[9] POERSCHKE D L, JACKSON R W, LEVI C G. Annual Review of
Materials Research[J], 2017, 47. 297-330.

[10] ZEBUH, Bha, BV, 45 JOHLMPRSAR(J/0L], 2024, (2024-11-

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[28]

07) [ 225 - 03 - 06 ].
31. 1363. TQ. 20241122. 1624. 002.
LIANG R H, ZHONG X, HONG D, et al. Journal of Inorganic Mate-
rials[ J/OL], 2024. (2024-11-07) [2025-03-06]. https: //
link. enki. net/urlid/31. 1363. TQ. 20241122. 1624. 002.

Ebf BRI, MG, S ORRECE R A AR (1], 2019,
41(6) : 69-87.

WANG J K, CHEN L, WU P, et al. Journal of Xiangtan University
(Natural Science Edition)[J], 2019, 41(6) : 69-87.

MENG H, WEI P, TANG Z, et al. Journal of Materials Chemistry
[J], 2024, 10(3) : 738-747.

70U B, ZHANG Y, WANG Y, et al. Journal of Advanced Ceramics
[J], 2024, 13(10): 1523-1534.

WANG X, MENG M, XU F, et al. Journal of Advanced Ceramics[J],
2024, 13(5) : 549-560.

DU Y, TIAN Z, ZHENG L, et al. Ceramics International[J], 2024,
50(18) : 32187-32197.

TIAN Z, ZHENG L, L1 Z, et al. Joumal of the European Ceramic So-
ciety[J], 2016, 36(11) ; 2813-2823.

TURCER L R, SENGUPTA A, PADTURE N P. Scripta Materialia
[J], 2021, 191 40-45.

FWSC T AR IR SR A T S ALHI S [ D .
Jeat: HEREEBERE, 2020.

WANG Y W. High Temperature Corrosion Behaviors and Mechanism of

https: //link. enki. net/urlid/

Rare Earth Silicate Environmental Barrier Coatings[ D]. Beijing: Uni-
versity of Chinese Academy of Sciences, 2020.

KOTELNIKOV A R, SUK N I, KORZHINSKAYA V S, et al. Dokla-
dy Earth Sciences[J], 2019, 484(2) . 185-188.

JOSE F C A, ESCUDERO A, SUCHOMEL M R, et al. Journal of the
European Ceramic Society[J], 2012, 32(10) ; 2477-2486.

Witk it BUCHEORMIRE[)], 2019, 40(6) : 367-397.

CHEN L, FENG J. Advanced Ceramics[J], 2019, 40(6) : 367-397.
EFik, BT, 25, S REREEAARI], 2023, 51(12) ; 3133-
3143.

WANG R D, ZHAO S X, LI L, et al. Journal of the Chinese Ceramic
Society[ J ], 2023, 51(12) : 3133-3143.

CHEN L, HU M, GUO J, et al. Journal of Materials Science & Tech-
nology[J], 2020, 52. 20-28.

CHEN L, LI B, FENG J. Progress in Materials Science[J], 2024,
144. 101265.

CHEN L, JIANG Y, CHONG X, et al. Journal of the American Ce-
ramic Society[ J], 2018, 101(3) . 1266-1278.

CHEN L, LI B, GUO J, et al. Journal of Advanced Ceramics[J],
2022, 11(4): 556-569.

U, FRIE, 2. UM 1], 2022, 43(3) : 197-205.
ZHANG H H, GAO J G, LI Y. Advanced Ceramics[J], 2022, 43
(3): 197-205.

CHEN L, LUO J C, YANG W Q, et al. Journal of Advanced Ceramics
[J], 2024, 13(3) : 388-401.



%3 Jil R4E: RETa,0, FRRER K R R AK T2 PEREWT T 243

[29] DONG L, YANG W Q, CHEN L, et al. Journal of Advanced Ceramics

[J1, 2024, 13(7) : 976-986.

ARAT'Y, AOKI Y, KAGAWA Y. Scripta Materialia[ J], 2017, 139.
58-62.

BOTERO C A, JIMENEZ-PIQUE E, MARTIN R, et al. Surface &
Coatings Technology[ J ], 2014, 239, 49-57.

BOBZIN K, ZHAO L, HEINEMANN H, et al. Surface & Coatings
Technology[ J], 2023, 472. 129965.

FAN X, LUO Z, MAO W, et al. Ceramics International[ J], 2023, 49
(14) . 22654-22666.

GUO S Q, NISHIMURA T, KAGAWA Y, et al. Journal of the Ameri-
can Ceramic Society[ J], 2008, 91(9) : 2848-2855.
MELENDEZ-MARTINEZ J J, DOMINGUEZ-RODRIGUEZ A,
MONTEVERDE F, et al. Journal of the European Ceramic Society
[J7, 2002, 22(14/15) ; 2543-2549.

MIZUGUCHI T, GUO S, KAGAWA Y. Ceramics International [ J],

[44] GUICCIARDI S, MELANDRI C, MONTEVERDE F T. Journal of the

FEuropean Ceramic Society[J], 2010, 30(4) ; 1027-1034.
NAVAMATHAVAN R, MOON Y T, KIM G S, et al. Materials Chem-
istry and Physics[J], 2006, 99(2/3) ; 410-413.

ZHAO M, REN X, YANG J, et al. Ceramics International[J ], 2016,
42(1) ; 501-508.

WEN S, CHEN Z, TIAN Z, et al. Materials Today Physics[J], 2025,
50: 101622,

CHEN L, HU M, WANG J, et al. Acta Materialia [ J], 2024,
270 119857.

CHEN L, WU P, SONG P, et al. Journal of the American Ceramic
Society[J], 2018, 101(10) ; 4503-4508.

22715, KA. hERE, Pt Stk ROCE[T], 2023, 53
(1): 87-%4.

GONG J H, LIU M. SCIENTIA SINICA Physica, Mechanica & Astro-
nomica[ J], 2023, 53(1) ; 87-94.

2010, 36(3) ; 943-946. [51] ZHANG Z, YANG Z, QIAN W, et al. Materials & Design[J], 2022,
[37] CASELLAS D, CARO J, MOLAS S, et al. Acta Materialia[ J ], 2007, 224 111316.
55(13) ; 4277-4286. [52] CHEN L, HU M, ZHENG X, e al. Acta Materialia [ J], 2023,
[38] NIIHARA K, MORENA R, HASSELMAN D P H. Journal of Materials 251 118870.
Science Letters[J], 1982, 1(1); 13-16. [53] VEMR, RS, V00, 5. GERRER#[J], 2022, 50(6) . 1481-
[39] FAHE, BREAL. BUREAREEI], 2022, 43(Z1) . 353-367. 1488.
JIANG D Y, CHEN C Z. Advanced Ceramics[J], 2022, 43(Z1): WANG J, CHONG X Y, FENG ], et al. Journal of the American Ce-
353-367. ramic Society[ J], 2022, 50(6) ; 1481-1488.
[40] GONG J, DENG B, JIANG D. Journal of Non-Crystalline Solids[J], [54] ZHOU F F, XU L P, DENG C M, et al. Applied Surface Science[J],
2020, 544: 120067 2020, 505. ; 144585.
[41] RUFFA A R. Journal of Materials Science[J], 1980, 15(9); 2258 [55] JIANG X, CHEN L, ZHANG D, et al. Journal of the Chinese Ceramic
2067. Society[ J], 2025, 108(2) : 20188.

[42] FLAMANT Q, GURAK M, CLARKE D R. Journal of the European [56] WU P, ZHOU Y, WU F, et al. Journal of the American Ceramic Soci-
Ceramic Society[J], 2018, 38(11) : 3925-3931. ety[J], 2019, 102(12) . 7656-7664.

[43] NOGUEIRA G, GERVAIS T, PERES V, e al. Powder Metallurgy ~ [57] QU C, CHEN L, SUT, et al. Journal of the American Ceramic Socie-
[J7, 2023, 66(3) : 208-215. ty[J], 2023, 106(4) : 2476-2490.

[



