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Interfacial Regulation and High-temperature Combustion-gas Thermal-cycling
Performance of High-entropy Rare-earth Silicate Environmental Barrier Coat-
ings

ZHANG Yujia, WU Keke, GUO Lingxiang, OU Hongkang, ZHANG Shuo, SUN Jia

(State Key Laboratory of Ultra High Temperature Composite Materials, Shaanxi Key Laboratory of Fiber Reinforced Light
Composite Materials, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: Environmental barrier coatings (EBCs) for C/C-based hot-section components must retain phase stability
and interfacial integrity under severe thermal cycling. However, thermal-expansion mismatch and interfacial oxidation
can lead to premature spallation of high-entropy rare-earth silicate coatings. Here, (Tmo2Ybo2Ero.2Luo.2H00.2)2Si0s, de-
noted as (5RE02)2Si0s, powder was synthesized, and (5REo.2)2SiOs and (5REo.2)2SiOs-SiC coating systems were fabri-
cated by combining pack cementation with supersonic atmospheric plasma spraying. The synthesized powder formed a
stable monoclinic (5REo.2)2Si0s-type solid solution with a homogeneous distribution of the five rare-earth elements. The

approximately (230 + 5) um-thick sprayed coating was partially amorphized and contained 5.88%(in mass) (5RE.2)2SiOs
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owing to rapid melting and solidification. Without the SiC bond coat, the coating spalled extensively after only six

burner-rig thermal cycles at 1400 °C, accompanied by an increase in the (5RE0.2)203 content to 12.01%. Through-thick-

ness cracks accelerated the transport of oxygen and steam to the interface, promoting the oxidation of C, Si and SiC and

weakening interfacial bonding. By contrast, the SiC-bonded coating remained macroscopically intact after 100 cycles.

The rough SiC surface provided mechanical interlocking, while oxidation-derived SiO: reacted in situ with (5RE0.2)2S10s

to form a (5REo0.2)2Si207 transition phase. The resulting compositionally graded reaction zone improved thermal-expan-

sion compatibility near the SiC interface and suppressed crack penetration and interfacial oxidation, thereby markedly

extending the thermal-cycling lifetime.

Key words: high-entropy rare-earth silicate; environmental barrier coating; thermal spraying; combustion-gas thermal

cycling; C/C composites
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Table 1 Preparation parameters of SAPS coatings

Parameter Value

Spraying power/kW 45-55
Powder feeding disc speed/
o 1.5-3.0
(remin™)

Ar flow rate/slpm 60-80
Ha flow rate/slpm 1.5-3.0
Spraying distance/mm 80-120
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&l 1 (5RE02)2Si0s #34 i TEM 437
Fig. 1 TEM analyses of (5RE.2)2Si0Os powder

(a) High-angle annular dark-field image and corresponding EDS elemental
mappings; (b) High-resolution TEM micrograph; (c) Selected area electron dif-

fraction (SAED) pattern
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Fig. 2 Analysis of surface morphology, elemental distribution, and phase composition of the (5SRE0.2)2SiOs coating

(a) Microscopic morphology and elemental mappings of the coating surface; (b) High-magnification microscopic morphology of region B in (a); (c) EDS surface

energy spectrum scanning results of (b); (d) XRD analysis of the coating surface
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Fig. 3 Cross-sectional BSE images and phase analyses of the C/C-
SiC sample with (5RE02)2S10s coating

(a) Microscopic morphology of the cross-section; (b) High-magnification im-
age of region B in (a); (c) High-magnification image of region C in (b); (d)
Elemental mappings of (b); (¢) EDS point scan result of point 1 in (c); (f) EDS

point scan result of point 2 in (c)
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Fig. 4 Cross-sectional BSE images and phase analyses of the C/C-
SiC sample with (5RE0.2)2S105-SiC coating

(a) Microscopic morphology of the cross-section; (b) High-magnification im-
age of region B in (a); (c) High-magnification image of region C in (b); (d) EDS
surface scan result of (b); (¢) EDS point scan result of point 1 in (c); (f) EDS

point scan result of point 2 in (c)
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Fig. 5 Phase and morphological analysis of (5RE0.2)2Si0s coating
after thermal cycling

(a) Surface XRD pattern; (b) Low-magnification BSE of surface; (c) High-mag-
nification BSE of surface; (d) Low-magnification BSE of cross-section; (e)

High-magnification BSE of cross-section
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Fig. 6 Phase and morphology characterization of the (5RE0.2)2Si0s-SiC double-layer coating after 100 thermal cycles

(a) Surface XRD pattern; (b) Low-magnification BSE of surface; (c) High-magnification BSE of surface; (d) Low-magnification BSE of cross-section; (e) High-

magnification BSE of cross-section
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Table 2 EDS point-analysis results for the locations marked in Fig. 6(e)/%(in atom)
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Point 4 - - - - - 46.46 10.78 42.76
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Fig. S1 Schematic diagram of the thermal cycling test device
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Fig. S2 XRD analysis of high-entropy rare earth monosilicate powders
(a) XRD pattern of (5RE,),SiOs powder with standard diffraction peaks of constituent monosilicate phases; (b) Rietveld refined XRD pattern of (5RE,»),SiOs; (c)

Ideal crystal structure of (SRE,),SiOs
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Fig. S3 Temperature-dependent coefficients of thermal expansion of high-entropy rare-earth monosilicate and disilicate ceramics

The shaded region represents the reported CTE range of SiC
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Fig. S4 Three-dimensional morphologies of the C/C-SiC sample with (5RE0.2)2S10s coating before and after 6 thermal cycles

(a) Before assessment; (b) After 6 thermal cycles
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Fig. S5 Three-dimensional morphology of the C/C-SiC sample with (5RE0.2)2Si0s-SiC layer coating before and after 100 thermal cycles

(a) Before assessment; (b) After 100 thermal cycles
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Fig. S6 Cross-sectional BSE micrographs of the substrate regions of two high-entropy rare-earth silicate-coated C/C-SiC specimens after

burner-rig thermal cycling at 1400 C
(a, b) (5RE(),Si0s-C/C-SiC specimen after 6 cycles; (c, d) (SRE2),SiOs-SiC-C/C-SiC specimen after 100 cycles
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Table S1 Comparison of crystallographic parameters between (SRE.2)2SiOs and the standard reference patterns of con-

stituent rare-earth monosilicates

Compound Structure Space group alA b/A c/A BI°) Reference
(5RE0.2)2S10s Monoclinic 12/a 12.41 6.677 10.33 102.6
Tm2SiOs Monoclinic 12/a 12.42 6.685 10.33 102.6 PDF#40-0385
Yb2SiOs Monoclinic 12/a 12.38 6.666 10.29 102.54 PDF#40-0386
Er2SiOs Monoclinic 12/¢c 10.33 6.689 12.37 102.9 PDF#40-0384
LuzSiOs Monoclinic 12/a 12.36 6.644 10.25 102.4 PDF#41-0239
Ho2Si0s Monoclinic 12/a 10.35 6.720 12.35 102.5 PDF#36-0143

% S2 FHMIRE C/C-SiC IMAETE 1400 "CIRASABIRRIREHRETL
Table S2 Mass changes of two coated C/C-SiC specimens before and after burner-rig thermal cycling at 1400 °C

Sample Thermal cycling times mass/g Relative mass change/%
(SREo,z)zsfos-C/C-SfC 0 10.973 $.001%
(5RE.2)28i05-C/C-SiC 6 10.095

(5RE).2)28105-SiC-C/C-SiC 0 11.046 0.561%

(5RE0.2)2S105-SiC-C/C-SiC 100 10.984




