554 % %5 8 1 /B S D - - Vol.54  No.8
2026 48 H  #1—18 7 Journal of Materials Engineering Aug. 2026 pp.1—18

Sl XU T, A G, B I, 5 U R SR — A /i 5 BRI AP I R R S kR [T ] BB TR, 2026,54(8) 1 1-18.
LIU Chiyu, ZHOU Lei, YIN Xuemin, et al. Research progress and challenges on thermal protection of coating-matrix inte-
grated modified C/C composites[J].Journal of Materials Engineering, 2026,54(8) : 1-18.

R B -BE— R iR/ E A R P
7 Ekvid Y & e

XNBF, R EBEFR L FRE
(VAL Tl B R A5 S AR LA 300 % 722 710072)

WE /B (C/C)E B MBHMEMEAIRSEE 5 LLaR B il 1 R e SRR GE R BB — s A AT a3
B4 2R 50 A 5 2 SIS A S ity T 000 A O AR MR M L — o SRTT, C/C A R BHE 400 “CRL F AT 4858 5 4
£k.2000 “CLA BgLhsimA I, HALGE B — R 2 /B Pk 7 2B 9 R0 R A R, 77 2 il 249 A A0 o B35 o A ) A3 ]
PE, FET U2 - — AL A oo e B, T 52 B R AR AR C/C HL0R P -5 2 10 Al 1 I o A, g s A - 2 T B 4 — AR 1k
SEH BRI R AL G — B R AR MR RB I, AR SCRELER T C/C EARBEY T 4R LA K 1 2 - ik — i Ak
PEC/CEAMBHY T4 T2 B3 PERE ZALEL, 7387 T 24 BB ZOMR S5 Ak Jr 1], Sl i il Fr e 52 52 6 ¢ kgt
5N PR AR

SR < Wi/ B A ADRE U2 A — A A s ke il s B4R K

doi: 10.11868/j.issn.1001-4381.2026.000269  CSTR: 32421.14.j.issn.1001-4381.2026.000269

FESHES: TB332  XEkRIREL: A XEHS: 1001-4381(2026)08-0001-18

Research progress and challenges on thermal protection of
coating-matrix integrated modified C/C composites
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Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: C/C composites, with low density, high specific strength, stable high-temperature mechanical
properties and excellent thermal shock resistance, are one of the candidate materials for core components
under extreme conditions such as hypersonic vehicle thermal protection systems and solid rocket motor
nozzles. However, C/C composites are prone to oxidation above 400 “C and suffer from poor ablation
resistance over 2000 °C. Conventional single coating or matrix modification methods have limited protective
effects, seriously restricting their long-term service reliability in extreme environments. Based on the
“coating-matrix integration” modification idea, ceramic phases can be synergistically distributed inside and
on the surface of C/C matrix to form an integrated matrix-surface protection structure, breaking through
the performance bottleneck of traditional single modification technologies. This paper systematically
reviews current thermal protection technologies for C/C composites, summarizes the preparation process,
thermal protection performance and mechanism of coating-matrix integrated modified C/C composites,
analyses existing research bottlenecks and future directions, and provides ideas for the design and
application of ultra-high temperature and long-life carbon-based composites.
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Fig.1 Extreme service environments, superior mechanical properties and thermal protection technologies of C/C composites

(a)extreme service environments of C/C composites™; (b)excellent high-temperature mechanical properties'®';

(¢)coating protection technology''®’; (d)matrix modification technology™'™; (e)integrated modification technology*’
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Table 1 Summary of oxidation resistance of coating-matrix integrated modified C/C composites
Material composition Fabrication OXidfn,ion Service life (mass change) Mechanical property Ref.
process condition
SiC@C/C-ZrB,-SiC PIP+PC 1500°C SO 100h (7.75 g+cm ™ %) [53]
SiC@C/C-ZrC-SiC PIP+CVD 1500 °C TC 12 cycles (—3.02%) CA:4.0N [71]
CNTs-SiC@C/C-ZrC-SiC PIP+CVD 1500 °C TC 15 cycles (—1.98%) CEM:407.43 GPa [72]
SiC@C/C-ZrC-ZrB,-SiC PIP+CVD 1600 °C WT 21 h broken (73]
SiC-Si@C/C-SiC-Si VI+GSI 1300°C SO 502h (—0.15%) FS:196 MPa [74]
1500°C SO 502 h (0.37%)
1700°C SO 149h (—1.06%)
SiC@C/C-SiC SI+CVR 1500 °C SO 300 h (8.07 mg/cm?®, —2.2%) [75]
Si-HIC-HfSi,SiC@C/C-HIC-SiC RMI-+GSI 1500 °C SO 200 min (more than 40%) [51]
SiC-HIB,-MoSi,@C/C-SiC-HIB, VI+GSI 1700°C SO 78 h (1.67%,GSI); FS: =60 MPa (GSI); [76]
LSI 34h (3.19%,LSD) ~282 MPa (LSI)
SiC-HIB,/SiC-HIB,-MoSi,/PyC@C/C-SiC-HIB, CVI+SI+GSI 1700 °C TC 20 cycles (0.45%) FS:(86.33 + 2.15) MPa [77]

1700 °C SO

274 h (—0.83%)

Note: SO-static oxidation; TC-thermal cycling; WT-wind tunnel; VI-vacuum impregnation; CVR-chemical vapor reaction; FS-flexural strength;

CA-coating adhesion ; CEM-coating elastic modulus
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Fig.4 Oxidation resistance of coating-matrix integrated modified C/C composites

(a)surface , cross-sectional morphologies and mass change curves of SiC-Si@C/C-SiC-Si composites during SO tests at 1300-1700 °C74;
(b)surface, cross-sectional morphologies and mass change curves of SiC-HIB,/SiC-HfB,-MoSi,/PyC@C/C-SiC-HfB, composites during
TC tests from R.T.-1700 °C"7"; (¢)surface, cross-sectional morphologies of SiC@C/C-ZrC-ZrB,-SiC composites,

as well as the 1600 °C WT test device and macro-morphology'™
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Table 2 Summary of ablation resistance of coating-matrix integrated modified C/C composites

Fabrication

Linear ablation Mass ablation ~ Mechanical

Material composition Ablation condition B B Ref.
process rate/(pm-s~ ') rate/(mg+s ') property/MPa
SiC/PyC@C/C-HIC-SiC RMI+CVD  Ar-0,-Al,O;PA40s —4.6 —0.38 FS:220 [60]
SiC/PyC@C/C-HIC-SiC RMI+CVD  PWT 0.41 [61]
LA 8.24
SiC@SiCnws-C/C-HfC-SiC CLVI+GSI  OA 1928°C60s 4.83 0.26 FS:104.33 [65]
Si-SiC@SiCnws/PyC-C/C-HIC-SiC FBCVI+GSI OA 1835°C 60 s 1.02 0.25 FS:138.34 [78]
SiC@C/C-ZrB,-SiC VI+CVD OA 1858 C 60 s 2.01 0.96 [79]
SiC@C/C-SiC-ZrC PIP+RMI PA 2300 °C 120 s 3.7 2.6 [54]
SiCnws-ZrC-SiC@C/C-ZrC-SiC PIP+RMI OA 2300 C 60 s 0.67 0.46 [80]
SiCnws-ZrC-SiC@C/C-ZrC-SiC(Zr:Si=5:1)  PIP+CVD OA 2300 C 60 s 0.95 0.47 [55]
SiCnws-ZrC-SiC@C/C-ZrC-SiC PIP+CVD OA 2300 °C 240 s 0.34 [50]
OA 2300 °C 600 s 0.60
SiC/ZrB,-SiC@C/C-ZrC-SiC SI+LSI OA 2100°C 90 s 1.0 —0.11 CA:4.75 [81]
SiCnw/PyC core-shell-ZrB,-ZrC@C/C-ZrB,-  SAPS+PIP  OA 2400 °C 30 s —0.94+05 —0.34+0.6 [82]
ZrC-SiC
ZrC-SiC@C/C-ZrC-SiC CLVI+RMI OA 2525°C3x30s  —0.38 —0.47 [64]
ZrC-SiC@C/C-ZrC-SiC TGCVI+PIP OA 2500°C2X40s  —2.12 [66]
Cf-ZrC-SiC@C/C-ZrC-SiC TGCVI+PIP OA 2500 °C 3X40s  —0.64 —0.22 [52]
OA 2500 C7X40s 2.40 0.31
(Zr-Ti)C-SiC-Si/SiC-Si@C/C-SiC-TiC PIP+SI+GSI  OA 1700 °C 2400 s 0.763 0.143 [83]

ZrC-SiC@C/C-SiC-ZrC PIP+RMI

PA 2300°C 120 s 4.8 4.5 [84]




10 PR TR 2026 4F 8 J1
gk 2
Material composition Fabrication Ablation condition Linear ablarion Mass ablati(in Mechanical Rel.
process rate/(pm-+s~ ') rate/(mg+s ') property/MPa
ZrC-SiC/SiC@C/C-ZrC PIP+ OA 4.2 MW/m? 0.28 0.001 CA:10.65 [56]
SAPS+PC 120 s
SiC/ZrB,-SiC/SiC@C/C-SiC-ZrB, PIP+PC+ PWT 2027 °C 1000 s 0.937 [58]
SI+PC
7rB,-SiC@C/C-SiC PIP+SI+ OA 3200 kW/m? 1 0.6 TS:147 [59]
HT 600 s FS:355
SS:21.9
SiC/ZrB,-SiC@C/C-ZrB,-SiC SI+-PIP OA 2400 °C 300 s 2.58 1.16 [85]
ZrB,-SiC/SiC@C/C-ZrC-SiC PIP+PC+  PWT 2200 °C 1000 s 0.029 —0.019 [57]
VPS mg+s l-em?
Si-HfC-HfSi./SiC@C/C-HIC-SiC RMI-+GSI PA 4.9 MW/m? —0.22 0.12 [51]
240 s
Si-HfC-HISi,/SiC@C/C-HIC-SiC RMI+GSI OA 2440°C40s —3.48 3.76 FS:1414 +24 [86]
HISi,/HIC/SiC@C/HIC-SiC RMI OA 4.186 MW/m? —2.334+0.14 (—0.0640.03) [67]
120's mg-s '-em?
(Hf, Zr)C/(Hf, Zr)Si,/SiC @ C/C-(Hf, Zr) RMI OA 4.186 2.29 [18]
C-SiC MW/m®120 s
(Hf, Zr)C/(Hf, Zr) Si,/SiC @C/C-SiC-HIC- RMI+-SI PWT 2583°C600s —2.3 0.49 [63]
ZxC
HISi,/HfSi,-HfO@C/C-SiC-ZrC RMI OA 238 MW/m? —0.99 +0.07 —0.5 =% 0.05 [87]
120 s
Y-doped ZrC-SiC-ZrSi,/SiC@C/C-SiC-ZrC RMI OA 2.38 MW/m” —1.28 £0.11 —0.88 £ 0.11 [88]
120's
ZrC-SiC-MoSi,@C/C-SiC-ZrC SI OA 60s01.512 2 [89]
L/s; Acel.116 L/s
SiC/HIC-H{Si,-SiC@C/C-HIC-HfSi, RMI OA >2500 °C 3540 s 0.118 0.628 [68]
Y Si,-doped ZrC-SiC-ZrSi,@C/C-SiC-ZrC RMI OA 2.38 MW /m?, —2.50+£0.14  (—1.3040.11) [90]
120 s mg+s ‘-em?
OA 4.18 MW /m?, —4.27+0.25 (—2.5740.18)
30s mg-s '-em?
La-doped ZrC-SiC-ZrSi,@C/C-SiC-ZrC RMI+PC OA 2.38 MW/m? —2.42+0.24 —0.62 4+ 0.15 [62]
120's
(Hf, Zr, Ti)C-(Hf, Zr, Ti) Si,@C/(Hf, Zr, RMI OA 2.38 MW/m’ —2.13 4091 —0.97 £0.01 FS:22545.93 [91]
Ti)C-(Ti, Zr, Hf) ,SiC,-SiC 60's
Zro T 5Co 1B ss@C/ C - Zro s T 5Co 7B s RMI+PC  OA 2500°C 60 s 3.5 0.14 [92]
mg+s 'eem ?
PR@C/C-PR CVI+PIC OA 2.38 MW /m? 1.66 (XY), FS: 269.3(XY); [93]
60 s 1.14 (2) 52.6(2)

Note: OA-oxyacetylene ablation; PA- plasma ablation; PWT : plasma wind tunnel; LA : laser ablation; FS- flexural strength; T'S- tensile strength;

SS- shear strength; CA- coating adhesion ; PIC- precursor impregnation and curing
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Fig.5 Ablation resistance of C/C composites modified by SiC coating and ultra-high temperature carbon/boride coating-matrix integration

(a)schematic diagram of SiC/PyC@C/C-HfC-SiC composite structure and macro-morphology of LA test"®"; (b)schematic diagram of

Si-SiC@SiCnw/PyC-C/C-HfC-SiC composite structure and macro-morphology of OA test®;
SiC/ZrB,-SiC/SiC@C/C-SiC-ZrB, composite structure and macro-morphology of PWT test'*"

; (¢)schematic diagram of

; (d) schematic diagram

of (Zr-Ti)C-SiC-Si/SiC-Si@C/C-SiC-TiC composite structure and macro-morphology of OA test
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Fig.6 Ablation resistance of C/C composites modified by ultra-high temperature silicide coating-matrix integration
(a)schematic diagram of (Hf,Zr)C-(Hf, Zr) Si,-SiC@C/C-SiC-HfC-ZrC composite structure and macro-morphology of PWT test%';
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(b)schematic diagram of Y-doped ZrC-SiC-ZrSi,@C/C-SiC-ZrC composite structure and macro-morphology of OA test!

tLGZ_;

(¢)schematic diagram of La-doped ZrC-SiC-ZrSiy@C/C-SiC-ZrC composite structure and macro-morphology of OA tes
(d)schematic diagram, component contents and macro-morphology of OA test of (Hf,Zr, Ti)C-(Hf, Zr, Ti)Si,@C/
(Hf,Zr, Ti)C-(Ti,Zr,Hf),SiC,-SiC composites ]
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