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St . PICA Hi JH VDb 4T 4 B 28 5 By BE W IR 42 & i
B, A 0.22~0.32 g/em’®, HAE Sy Al 5 JRs 7 B B
e AR, T TR Bk 3500 K(2Y 3227°C) . &
77 100 kPa (1% H SR XU B0 55 UE, JF7E 2006 4 “ B2
AT A (Stardust) 1T 55 H, £ A 3R [ 6 4B 4
MBI T RAFARTEES 1200 W/em i # #5 F2,
FEEfOR 1R [THE AR AT 70°C ., e NIRRT
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PUEIRE A 0.33~2.44 MPa, TEHGREE 3.7 MW/m’,
S 35 MI/kg A B IR 5 A% R v, b4 )2 T et B
I 2000°C, N #B 5 KR I (R FE 40 mm) Y 100°C,
B il B SRR BT A B R 3R 43 I 0.089 mmy/s Fl
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PR T4 DA NI SR A B 27 A R3] | 1y AR
RSB N IR Al 451 RFC—45 7 1500°C K Jf
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Space Administration, NASA) fz - FF & T {4 TE B )
RV BB i b BH C—PICA ), Hioke JH 22 1 3% S /M
BELT YR Ry R A, T I BRI R AR, TRV BE A
W 3.8 MW/m’, BE 25k J) 22.4 kPa, 551 J1 175 Pa
TR, APRRR TR AR E 7E 2700°C £45,30 s
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IRUE b R 2B L — A 5T v A5 R A Bl 3P Rk, %
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Transition
interface

Nanoparticles
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Roh AR S PR RE TR B PR b i Tk
Z G e RS SO, Bk 13 58 B e BE A E LA,
ot KA R B AT 2 R, Xt TPS Y
APEEPE BT T EOR

RS, B R b A sk il R A AR
JeIE AR T 5 A o 3 1 o s 2T 4 9 21
PR ) £ AR R BT A FRAERT UK, HoX
M T2 TSR U, =8
RORAR, AR & o HUURPERE— B0k Al S il
PRIMfE . et B o I 52 2R W B R Ak, TR 2E S
e T W s34 22 5 W 7 b o8 P B PP RE Y 1 23 1
He e R WA BT S R I RE AN o TSR
R AR T2, MELLET X 7 85 | B AT 55 A AR 58 52
BUPERE Y PREE P SO0, BRI A7 Ml S ) DRk
WEA S HlE R AR

2 PitkR#HR

W B A B2 ST A 5 S 7 PR b R, R P BE
AR TR A" 15 R R R R 2 Y
RIVEHT . —J7 0, B A58 | SR A0 25 Fg Re 27 4 A8 LAY
AL A AR O IRE T RS Pk A, AR
HAAERR IR, 4= 5 A ROK - oK FLBR REAS A R
XA S MBME T 5 —T7TH, Z2ALE Ak
B 14 i A AR YR IR AR AR T B AR B T i - e el
AE 14 [ ARF, 0 v 368 ok A — P4 L ] A e il /> A
[6] E SRN B ) A 328, DT S B R 5 Bl AR SR D B

WP B P BL A Dl B B2 A0 AL R4S TPS BYAZ Ly
Lo/ E S 5 S NS I R X (S A [ NI | R A DO PN
R AL SEVE AT oK, R IVECIR R &) T —
AVIEETYE 0] A1 SEET Y TNRERR R 2T 4E . AL ER 2T 4E4S

www.kjdb.org

ZIRRB G ENRT Y . HER B0 T5 2
Al MHR R . TS e R A5 6
SR RE SR RSB AL VT B, LA AL K2 5 A2 il
21 AEFHRBHRE

ATYELT YRR FUAE 2R 1 AR BRIV EL A R,
fLR#% TPS MR b8 T 3Lah . Hig Rt
Lockheed 24 7] 1972 =7 & 1Y LI-900 F 31, iZ FR 5K
FHE 4l B TCE o A S A 2, il 25 A PRS2 T 0.14
glem’ BHAIREE BE S Ry T i — 2P A B A
TRBRIERE, &R T e RS L1-2200, 51 A 2%~3% K
SiC 1E R LT AMEE B, 25 B4 T 28 0.35 g/em’, i L
ik 1260°C, $T 138 B $2 75 & 0.53 MPa., NASA i —
AT AIM BRIVEL, SR FHRES I M Bh 45711, il 45 )8
WL LT &40 03 B A am K, %A 0.11~
0.45 g/em’, A LIZE#E T 1100°C HYIRE KA.
[ NI T, B Rk 2= 7 o B A B e i e 45
T AR A AT SR 5 E A R, AT T — i AR
M) N7 1 5 A B 3 2T 24 1 I B B,k 7R e B AR
150°C, % & 0.44 g/em’, AR50 % ik 1.58 MPa, %
FIMFEEL 0.055 W/(m'K), 7E 1300°C T #4600 s J5
TR, FIHREAY 216°C,

WREFR AR £F 4 1 5| A bR 5 50 2 A BR B R i it
A, RREFYEM B A 4T K 2 A FRFAEL (fibrous refrac-
tory composite insulation tiles, FRCI), H 78% fY f1 5%
LFYERN 22% FOBIRE R A0 41 Ak 4 hPY W7k i 4P 41 4
FE T B BO,, S5 AR ER MR Si0, K,
JE A7 A B RE R ER B IS AH o XA T T £F 2 [B] B
sRAk T RS G, G T O A AR AT, SER
“AREEET AL . B NASA T 1978 4E A il
1981 AR R T “ RIS 7K RAL, B8N T
W AT BRIV . BF & BT BAFE FRCT HImA
T 2%~3% 19 SiC VE A, R Bk 519
S | S LA S S AT i TR R, TR R Y
0.2 g/em’, {2}y LI-2200 %5 FE 1Y 55%, 53 5 BUAE 42
KT A7 IR B R T B 1315°CP, SRT, B RERRSE LT
HE 5] AL SE FRCT A9 K 2R 500 K, BRI T H:
PN LAt AL R O AE IS
22 FHRALERAR

R T 3B R A R A PR R R v, AR
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WFsE

YUY T I AR R h, ARRMEA RS NASA B
Y & Ak 48 B 58 ) B A4 8} (alumina-enhanced thermal
barrier, AETB) ., #H# FRCI, AETB% & £ 0.20 g/cm’,
B il IR N 1320°C 42 THE 1597°C, #4535 0.064
W/(m-K)(300°C), HrHs® B 0.837 MPa, PEREHE -
AR AR 2T 24 1 v T AR R T 2 ) 9 e R A
B RIS . ) —1CFRJE NASA T 20 H 42 80—
90 AEAAF I 14 5 i A A4 8} Chigh thermal performan-
ce, HTP), HAZ b BHH BN — ARk 21 4 | AL 5R
Y 5P AR LS5 . HTP H 5| AR BN 76 T T fig
5 Si0, 28 A2 i B—O—Si §, A 8T 2% )7 A1 by
i, T T APRFEAR BT S RE T, Y R
SR T AR K 2 50 4 T R 5 1 o o 4 K g ] A AT
TRTE, ILAh, NASA JFE T LLEALER LT 4 Rl
FRER 2T 4R BRI R4 B EC, HE 35 1540°C, &
T RGHRGEYEIL T FRCL, FHR I HF X-37B 457§
(R s

E NBFFE 7 1, REERZFEET ALO; £F4EF1 Si0,
BhEb ), SR g A 15 Z LB S LT YRR A R, 4
BHEZBE 0.37~0.57 g/em’, FHFREK 0.20~0.27 W/(m'K),
PURTREE 0.56~1.54 MPa®™, W /R Tolb K2 LA 46
JEE R A AT Y A 2T 4 0 s i SR AL R 2 Ay R
Bk, WA B 3 Ay v T R A5 0, E T R AR DA 3 AL
AYH TR R R R A A T, il T A -
AALFR R A mERRAT . MR IR T RKT
0.05 W/(m'K), % JE7E 0.2~0.5 g/em® Z [A] Al %5, JE B
J7 18] FE 45 3 0.2~2.0 MPa, $7H 3% BF 0.1~1.0 MPa.
Z R ARG 45 R R, IR FL T AE 1200°C Z+ 44
TEAMEA 10 WK, ZEAHERERRE,
23 EXRAFLBHRE

A ER LT 2t AR S R T A S R A B Y T I
fE, (H7E 1200°C LA FAC e HTIHTS 2 PR AT s F e 45
S, FREEZ R . SOk A 44k (3AL,0;°2Si0,)
VE R —Fh R M AR 5, DARZR bR dle 73X — ]
FO, HAR e IR R 1400°C, BT 4 AR,
SPRRE MR T, BRI, SR 2 2 B A BT AR
P P v TR R A R R S 8 A A, R
b2 E A VAL ST E T U pvirE £

AR Tl P B i i e A V) S 2 A
A £ 4N 42, BN RN RE A S M 345 7, il ad U

46

FUE K BRI 0 T i 45 T B EE 0.21~0.34 g/em’ Y
FERATLFYERGIAEL, 700°C 1 F A ECH 0.057~0.078
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Research progress and prospects of ultra—lightweight integrated thermal
protection and insulation composites for aerospace vehicles

JIN Xiangyu', ZHANG Rubing’, LIU Ruixiang’, WANG Wei', HUANG Hongyan*, LIU Honghua’, SUN Jiancheng’, WANG Mengmeng®,
ZHANG Wanlin‘, LI Wenjing"", HONG Changgqing"’, ZHANG Xinghong', HAN Jiecai'

1. National Key Laboratory of Science and Technology on Advanced Composites in Special Environments, Harbin Institute of
Technology, Harbin 150001, China

2. School of Physical Sciences and Engineering, Beijing Jiaotong University, Beijing 100044, China

3. Shandong Industrial Ceramics Research & Design Institute Co., Ltd., Zibo 255000, China

4. Aerospace Institute of Advanced Materials & Processing Technology, Beijing 100074, China

Abstract The new generation of high—Mach aerospace vehicles faces severe challenges posed by the "new thermal barrier" under
extreme thermo—mechanical—chemical multi—field coupling, demanding stringent requirements for thermal protection systems (TPS),
including lightweight design, high—efficiency thermal insulation, reusability, and multifunctional integration. Focusing on the core
objective of "integrated thermal protection and insulation", this review systematically outlines the evolutionary logic of material
technologies—from passive load—bearing to active management, and from single—function to synergistic protection. Four key material
systems are critically analyzed: lightweight ablative thermal protection/insulation composites, reusable rigid insulation tiles and their
integrated structures, high—temperature resistant aerogel composites, and flexible thermal protection composites. This paper not only
summarizes recent advances but also highlights an ongoing paradigm shift from "optimizing individual material properties" to "synergistic
material—structure—process co—design". Finally, future research directions are proposed, including multi—scale co—design, deepening
understanding of reusable mechanisms, intelligent multifunctional integration, and cost—effective manufacturing, aiming to provide
theoretical support and a clear technological roadmap for the systematic innovation and leapfrog development of acrospace TPS.

Keywords aerospace vehicles; thermal protection system; integrated thermal protection and insulation; lightweight; multifunctional

composites
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