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Design and performances of fiber-reinforced phenolic composite integrated structure for thermal protec-
tion and absorption waves
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(1. Xi'an Modern Control Technology Research Institute, Xi'an 710065, China; 2. National Key Laboratory of Land and Air Based Information
Perception and Control, Xi'an 710065, China; 3. Shandong Institute of Non-metallic Materials, Jinan 250031, China)

Abstract : When hypersonic aircraft are flying at speeds above 5 Mach in the near-space region, they need to simultaneously
withstand extreme thermal environments and complex electromagnetic environments. Conventional segregated designs, due to the
separation of thermal protection and electromagnetic functions, results in increased system weight, higher structural complexity, and
compromised aerodynamic stability. To overcome this limitation, an integrated structure design method for thermal protection and
absorbing wave was proposed based on the constraints of thermal protection thickness space. Leveraging Jaumann absorber theory,
the alternating stacking structure of radar-transparent and radar-absorbing layers of fiber-reinforced phenolic composite was
constructed. The electromagnetic simulation optimization, sample fabrication, and multi-scale performances validation were carried
out systematically. High-energy X-ray imager testing results confirm that the sample has uniform and dense internal structure with
defect-free interfaces between absorbing layer and transparent layer. Electromagnetic testing results demonstrate that the reflectivity
of the structure is consistently below —10 dB within 5.5—12 GHz, achieving an effective absorption bandwidth of 6.5 GHz that fully
covers X-band radar frequencies. The reflectivity at the key frequency points of 3, 5.5, 9.5 GHz reach —6.4, —10.0, —17.6 dB respec-
tively. Thermal analysis shows that at a high temperature of 1 000 °C, the thermal conductivity of this structure is only 0.045 W/(m*
K), which is comparable to that of traditional thermal protection materials. Through the synergistic mechanism of transmission-
absorption-dispersion, this structure maintains exceptional thermal protection while delivering broadband radar absorbing, which
provides a lightweight, high-reliability thermoelectrically integrated solution for hypersonic vehicles.

Keywords : Jaumann absorber ; fiber-reinforced phenolic ; integrated thermal protection and absorbing structure ; absorbing

performance ; optimal design

BIEMEE  XUBEIE, 11, S RN, WP 7 108 A Ta b B BT SR B s e T BRIk R S AL PR R T4
WeFs B HA: 2026-03-08
S| XIWEE, g% a%, I, 55 2T 4R 52 5 AR AP WG — R AL ES AT S PR RE (] TREMIRLIT H L 2026, 54(5): 118-125.
LIU Xiaofei, LUO Sheng, ZHANG Yakun, et al. Design and performances of fiber-reinforced phenolic composite integrated structure for

thermal protection and absorption waves[J]. Engineering Plastics Application,2026,54(5): 118-125.



XUGEHE , 55  EPAEBR I S AR BIP  — (R LS5 BT S5 1R e 119

e P L R TR AR 2 (R DA 5 Shifi LA 13
JE KT QAT RS, 2 Y B A e e A o 2
F D) RE— IR B 2 B B AR A &5 T Rk
— AL A FE A LR TRENT 4, 2K AT aR e 2 B
Yk A T BE b, W A B 47 5 R T A 1 DI [ 4
PRUECEEIT T S, R 25 A PR RE A AL 5 oK nk 75 38
of — R A B TS IR F R T RE I R A L S R G
PEFETHE, SR, AL Ge it B 0 5 F RE DD RE
Ko 07 i E RS S IE AT B, 5
S BRI U Tk S A ), S B R G T B I S A
A EIE IF T Re i R e, Bl A
P B T A RN 2 SR B AR g st kAR, B — D)
F14) 7 47 SR s 2 TG 36 e 7 A T A AR - LR
A IREE T RZE A HERE R , IR & AR 5 H
RERE— IR S5 M B TR AR .

Xt R B 5 LR D RE A P ) 5 R e ik A
B 4 ek AL v B AR R ] S AT R s P T
1) AR LR AR 5 A RS AR T o R
PE ARIT RN A 124 PR, U B R 58
IR CMBEER R, SR AL G AT e It 2 G A RHE
A0 LR BRI, B IR U R SR A B i LA A R
INEZ L2578 W P ONEER A RS X R A (O TRl
GERY I RE— IR AR, 70 2 4 Wy R 4P A 2R Pk
AW TIRE)Z , v A R 45 40 JR 5 2 ) S B —
MEZ M7, IR E e . A AR i ) be
TR R R 5] ARUZ A REEEH , §il 28 T By
W% Z e — R E G AR, B0 UE T DI RESE L AT
Tk 5 DR ZE 200 D Z2 BE R 4 KA AR, 88T
Hil e T Z 2S5 RV R S E A MR w2 BT
% ot B P55 T R W I8 ) PR RD R SIOXUIR 25 A2 e %
AR EAG B 10 T TR W P R

FEL R PR TR T 5 Tl A VR0 B 20K, HL B 2
WAL RS IR AL ME L SE B e B 5 . 22
WA Ae A JEE P 1) BT AR S AR TR R, B
i 45 Salisbury W Y& {4 | BH T UT B AY 0% Ui {4 A0
Jaumann W ISR EE = Fir

Salisbury WS AR EE T A/4 4R IR (A S FLRE I
W), AR T KA L EA0 )2 (AN R ol e
BEA T, AR A B H ROR 1.02~1.1) A0 1 A BH A 21
BN TR o R BRSO 1,7
T A ST R S A 0L R G
B 28 )2 R B d=A/A B AT S /N R B . AR

Resistive sheet

I Dielectric layer

Metal back-panel

1 Salisbury WU iR 2 &

Fig. 1 Schematic diagram of Salisbury absorber

IR S BRSO B 385 TR o A A 14 T
BHACVC e B W SO iy 22 )22 A [) )52 i A 1 2
A A 1, G BTV T 2 | W W 2 RN 46 S I
SPENS M 2 FR o R R AR B
23 (8] 0 BH BT AR I — A A 3 23 SO I3 — b BT
Z=1, A BEBTIL I 20— BBt R Z, f Z,, J
SHZME—ALBET A Z=0, H T /R R B AL T i i
VAL TR < 308 2ok Bt = E 0 8 2 A0 i N S Tl
B A L REIBIR AR 5 64 i AUt e, —
e — D4R TR s AR RO . B VC E )2 4%
P AR AT L THT S S5, DN JR W Wity 5 (ELJZ K

R oy RS AR R

A7 /

Impedance matching
layer

Absorbing layer

Reflecting layer
P2 BHATIE BT M4 R B
Fig.2 Schematic diagram of Impedance matching type absorber

AL Z T, Jaumann W SO i w40 AR )2 5 R R
AFEJZ S HE B M B, AT #1224 Salisbury B 4%
K, HAT DS (8 S R 7, AR 7 T P A i
BUJ7 SR AR M AN IR 3 7R o AEA0URE 2 IR ik
D) FRAF n] AT e A S R A

d=(2n+1)%(n=1,2,3"') (1)

A A R IR IFEE P K
AT Q).

P @)
Jew
A A G B P s e Bl M AERRE)Z
(AR A H BRI %
Bz (AT (3).
d=(n+ 1)t 3)
4. /en

TERBIF RGERE LR T ALARSFEZR SR



120 AR

2026 4E, 45 54 455 5 1)

Reflectivity, dB

Frequency, GHz
(b) Typical reflectivity curve

3 Jaumann WA 25 ] B LR 7 i o3 i 2807

Fig. 3 Schematic diagram and typical reflectivity curve of Jaumann

absorber
(e M AE) REA RAMEE TR , B A BR 25 0] P4 1
RO o PeA T E b He B AT 2 sk ; 4 i
W ST s ARG i JEE B

Y F Jaumann TSI E S0 58 A50HY W I8 14 B -
Ak T PR ARBIFSY B 3R F Jaumann W1
AR 455 B 3 RS 290, 3 1 T 27 4
Ty 1 52 G B A ST 7 A e — A A 285 ) (T PR 2F 4
gy B A BT 4 W S5 A BE T i . 5 DA R K
TR 2 e 2 AR ) — R T AN AR5 1 BB
ZAAET BT Jaumann WU BT B, A 20R
LT YW I AR R R G R A 18], S 2 S )
RS 5 A5 — R BB, A Rk e LR 2
AR B HE T R, e PR IAE = T
e, FELRIE A v e S A L, 0 R 5 R W I 1
RE T2 BUEE ) T e — ARk 5 58 Lk, ATk S 77 i
W2 SRR R I 2 ORI WU 2y B, LA B 1 1
TE RGP s fe e, 8 2 W J2 B T nT ke i)
BN T 80 M e — B 22 IR, 25 b AR BE
SIS T SR S R EE IR R T
LY A AR R LSS A BT T R m
P AT g Bt R T R S I A A R
YT,

1 SRIEES
1.1 =& RM4t
i FEEAR I - BZ-1306, L4 3 SR B AR A BR

»
Iy

I AT HE  F12, NS TR 30 0B R A R

»
I

APLFYER AR Tl P o8 5B 5

W R (B 3R ) « LLARTE 42 Jm A R HIF S T o
1.2 EEMNEREEL

HEFE FY101-4, ¥ RN R T 15 % 4 A IR
NCIF

BB AL A5 R (RTM) R G« 11 4R K 4 Jd
BHIF5E T ;

A X SR 54 . DS, H - B A A A
FR/AH](COMET);

Z Y Re P TR Y - DRE-II, £8 -k %%
HALGERINARA T

SICR T IR R R S (AR 4 @ Ak
WHFE AT

FIHE L 55 (SEM) : GEMINI300 , 5 7 /R
23 /N
1.3 H4H44&

2T 2 Py TS AP R S AR R A TR AR AT S
W LF YA B SR A I SE G AR R B R R R TR R
FH Z ) S B o T 200 L R e R A 5 B e 2T
A b, ZRAT WU AR R AA 5 B S 3E s e DR T
JBE [ Ak A T2 A BT A W — IR S5
HAR T Z & 4 i .

Quartz fiber felt

\—J—l

‘ Needle-punching forming ‘
:

Pressure impregnation and
resin injection
|
Curing and drying
:

Integrated thermal protection
and absorbing structure

4 SUEBEEIART A A R

Fig. 4 Schematic of fabrication process for integrated thermal protec-

Radar absorbing film

tion and absorbing structure based on fiber-reinforced phenolic
ZT 2 B T FABIT 5P IR A A4 R RTM T2l
AT < 4 222 T (AR e TR A AR 5 2 W AR .
L BT 80 CCHER A RE B AN IR THIR 2 80 °CJa ik
AMREEL (G 17 0.3 MPa) |, £5 B I 7 1tk 78 1 i 452



XUGEHE , 55  EPAEBR I S AR BIP  — (R LS5 BT S5 1R e 121

1R (B S S R T L2k 62 4) s WA THE
%120 °C[#1k 2 h, FE T+ 2 180 °CI# 1k 4 h, F 25k
15 RTM T2 i By A R 5L 52 A A ko
1.4 Haemlax
14.1  RAH &M

A GIB 2038A-2011, 2% FH 5 JE ik 3t 22 48 %
FEMGIEAT RS 2RI, Wi S s . REEH S IEAE .
FEM SR R R R 2R R 4 3 BT A
ML

‘ Scanning F‘ Modulator }—*
signal

Directional
coupler

Receiving
antenna

Template
holder

(b) Photograph
K5 SIBEMK R GRS R LA
Fig. 5 Schematic diagram and photograph of arch method measure-

ment system
142 #FF0R

A5 GB/T 10295-2008, {ifi FH Z Ty fig thek #4-F:
RMEAALRAE L A PR IT 3, AR 5 IR
k6 s o
143 WSS

K FH T e X5 2 AR AR AT PN BB 5k B 4 BT o
B E R E T MRYE R E 5 9% Tk 3~7 MeV
HLF AR RE i £ 0.5 mm Cu JEJ% -, i PR K BE(E 75 7
PRI LA DX [] , S22 A A2 P S e o 1 T 3
WHPERE , BASAE R il 7 7 .
2 HERRITE
2.1 HFLEmrERI By AP ROk 5 M Oy ikt
2.1.1 #itF#E

CST i T./F % (CST Microwave Studio) ) 47
SR At A 2 TR BRAR A3 R AR (FIT) , 38 2ok 72 431 48

Ko ZIIRETRE P AU A

Fig. 6 Photograph of multifunctional rapid thermal conductivity tester

E7 e X G R
Fig. 7 Photograph of high-energy X-ray imager

N R 22 o =6 O R AL, R O L G o R
S5 e W RE M o B T B M U 4
Fisett, POHREIE o F 38 I 470 ARG i 58 i
AN EIEY (O I T & i Wl B R
R L AR | A i R 2 . PRI B, A0
VL IR T I OR A 25 R INE ) 20 K R B T
BCRACT @, B 32T T 45 S EU b can J LA+
R S RAPTIC L2 15 ) AR B 5 T S, S S s i
W ARSI 0wty T 0 25 A P A O By B S o
212 HEBERGTFRKEEMT ZHA

i 1 Jaumann WS T, AT Hh 7F £ 4t
3 P R 77 4 R %) 8 2 2 T A I TR B 1) )
By, Al [ml ik B D S 0 W S BB B PR RE L T
AR B M TE A WO A 2 YR — Rk
Ko

21 A Py 2 A BT R D8 5 A R FH A 4 T TR A
2B AR B S AR AR | 38 A R e i 5 i
PEE 2 (Y BT VT BCIE G A8 454, A i F G 0 1 22
5 W, 92 P 2~12 GHz $9 BE 1Y e A5 W % 1
AEo i B PE AR Ay v W D0 A o 3 0 R i



122 AR

2026 4E, 45 54 455 5 1)

JE R SCHE R, T PR ] W2 304 e RS H 14 0% e et e Ak
BCARE T D Jm F PR 1, W A2 37 Y
IR ER , Bk AW B S W Thie— 11k 2F
2 Ty 1 A7 47 45 ) Sy v AT A g L TR AR
gty HoR U S RN 8 Fits o iz 4h i 4k
B R (RN 1.5 mm), R HIF LT 4L
A 3 5 W 1 2 A A RE, AR F R B i A o
il LT AT B — R 45%~55% 5 LN 2 R IK
% 1 2 (JEE B M 15.5 mm), >R FH A3 0 21 2 85 1 15 B
BE, EEAE A R AR, AR R B 8 —
10%~20%. | FH T 4 13 1 T 05 4 45 ) 375 i R 1
JELBE 23 0], A AR B )2 N 5 | A% )2, TE R
FETF Jaumann WA T 0 21 4 B 1 24 7 4 W 8 435
¥y, LR R B IERIUNE 9 fr s, Al i o P75 2 )5 b
k2 B K 2 A T S 80 Ak I SE T IR Dk

PERE.

High-density
erosion-resistant layer

Low-density
thermal insulation layer

(a) Schematic diagram

High-density
erosion-resistant layer

Low-density
thermal insulation layer

(b) Photograph
P8 LT AEBRE BT 2 e s B RS 1]
Fig. 8 Schematic diagram and photograph of fiber-reinforced phenolic
thermal protection structure

Incident electromagnetic wave

High-density layer
N |.| Wave-transparent layer

‘ Absorbing layer‘ o M1 Low-density layer
No Wave-transparent layer

Low-density layer

‘ Absorbing layer ‘ -~

| .| Wave-transparent layer
Low-density layer

5
4
‘ Absorbing layer ‘ -~ 3
2

Wave-transparent layer
Low-density layer

(519 214 fp $ i i e e 25 4 7w R

Fig. 9 Schematic diagram of integrated thermal protection and absorb-

b

ing structure based on fiber-reinforced phenolic

v W e R AR 25 R R SCHENE L anE 10
JI7 AR FON BHAUIRE , W BB Jaumann L
PRERIE" 7, AT 1 G R AR FE A L R BE A% 1L A
IR, JF 5 MR ERZ (M ARBFES I W] B J2) 12
JRPU Gy 2 — A DCBC A, (45 S S S e e s
PR S BT AR o Gl a5 PR TR R BT Y

75 BEAE L B 3 % 25 0 J5 B 55 00 vl 4, T P Ak BE T
DCRC , E T R WLl 56 o AR SCET Ak I s Bl 47 i
WL AR B AR R  FELRIUE X % Bt (8~12 GHz)
F ARG T—10 dB Hehlh I, R TS BB (2~
4 GHz) 1 C i B (4~8 GHz) W e PEfig , Ak 51720
hgs U A R W R B A

10 Wik RS ]
Fig. 10 Photograph of radar absorbing film

P18 AT 9 it 7 45 4 v {1 285 i 22 FRL G 228
FA LA 2.2, A FARAE SR TR 0.005, #E HL A
1, BERAE O 1 %5 B2 0 il J2 Ha G S 800 A L B
4.0,/ FLAFE S IE 1 0.008 , BEA T FLH KL 1, REMIRE O,
DL BB R R 5 S BT AR 3R A5

T 2 1y 1 A7 4 W IR 2 A S Ak AR Lt 2 dn
P11 TR, 43 BT Al AR S50 2 HO0 W sk AR 1 2 il
A : (DFE SR BE LT, SR fin W I8 2 5000 7
Vi JRAVE FHA B s i i1 23 52 BE X 1S4 41 32 52 i ik
L BEE D )Z IR H 1.6 mm BN 2.4 mm, i1k 1
1 Wi By 10.5 GHz 7] 8.5 GHz il 3 J5 [ #8 51
IR 5 Jaumann WA ZE LB — 3

HR A A BROCHLREDT BT, 255 75 1% 8~12 GHz
LS 4~8 GHz HA BTSRRI o, i g 1
AEEESE S YU RZEE A 1.5 mm &
W RIREE 2.2 mm, W2 SURET )2 & B )Z T
FH Ky 50~200 Q/sq. 15 HA5R BRIz W 45 e
6.5~12 GHz S BE N -F- 2 S S 3R T —10 dB, T 2 1=
R AT A L RE D BB LR [ I AT O R A7
kR
2.2 LFEERERIA T AP ROL B M RE AT R
22.1 ST

T 3 1 BB X5 UG ASOX i 5 1) £ A4 1y T A
77 47 5% e 45 ) P AR AP ) FROUR 5 v 5 A T ]
PEIEATRAE . 2T - 1 )7 37 W e S5 A AR RS 4)



XUGEHE , 55  EPAEBR I S AR BIP  — (R LS5 BT S5 1R e 123

—e— Number of absorption layer:3
—a— Number of absorption layer:5
—v— Number of absorption layer:7
Number of absorption layer:9

Reflectivity/dB
|
IS

Il Il I}
2 3 4 5 6 7 8 9 10 11 12
Frequency/GHz
(a) Number of absorbing layer

—e— Layer thickness:1.6 mm

0 - —a— Layer thickness:1.8 mm
—v— Layer thickness:2.0 mm
Layer thickness:2.2 mm

—<— Layer thickness:2.4 mm

Reflectivity/dB
|
IS

I
2 3 4 5 6 7 8 9 10 11 12

_22 I I I I I I I

Frequency/GHz
(b) Wave-transparent layer thickness

P 2R 2B AT I D 2 ) B S R (1 L 2
Fig. 11 Simulated reflectivity curves of fiber-reinforced phenolic inte-

grated thermal protection and absorbing structure
1o B X AR LG R 1 %% 5 )25 SEML U an &) 12 B
R, i SEM B8 H ki s WL SR B SR A 7 1
TE . Kl Zh SRR =% 2 h 5 AT 4 S
PR SR AL, PRk D S O 285 ) e B 4 ) 3
KEISIL AR Z M B E R MER, R
PR ALIRAE T T B 5 R iR B T )
AIATE , TR I S SR S ) T AT W 0 e S v
B D REBEE T AR IR
222 WM AT

i GIB 2038 A-2011 RHEER il &R AR HIET
AP AR 4 I8 S5 RS AOIN TR E 4 300 mmx
300 mmx 17 mm Y SR MECE AR, fE R A
AT KT 2T 24 1 28 A 7 47 I 0 45 g ST Al A T I U8
REMNE , 2 Tz AR A MR A I & 13 R, I 5
M LA R i Ean & 14 R o &
A 45 R

(1) 2T 2 Py F A5 7 A 0 235 40 1) i 338 il it 5
17 L5 S 5 e — B AR Al i IR A A
WAL 7 B OB | i K Am 22 20 3 dB, SR/
UE T A SCHEET Jaumann W IS BRI AR Y A4 50 (E 475

(b) High-energy
X-ray image

w

(a) Photograph

N S T
(c) SEM photo of high-density layer
B2 PRI B SRR S B R BE X R 1R
I 5 HE 2 SEM R
Fig. 12 Photograph, high-energy X-ray image and high-density layer
SEM photo of fiber-reinforced phenolic integrated thermal protection

and absorbing structure sample

13 FET LT YRR AP W 45 F AR Bl iR
Fig. 13 Test status of flat-panel for fiber-reinforced phenolic integrated

thermal protection and absorbing structure

—a— Simulation result
—e— Experimental result

Reflectivity/dB

_22 I I I I I I | |

2 3 4 5 6 7 8 9 1011 12
Frequency/GHz
P14 2T YEBED B 0 D SRR B B S R I ) LA 20 L
Fig. 14 Comparison of reflectivity testing and simulation results of flat-
panel for fiber-reinforced phenolic integrated thermal protection and

absorbing structure



124 AR

2026 4E, 45 54 455 5 1)

Ik AR TR RO E . R 2RI gk
T T VR0 e P F, ek R U8 B0 3 0 )2 5 R ) T 1Y
KRGl N 22, DU T Sl R i s S B0 K
PRSI PR R A Je 2 Ak b nl i i S 5O 4y
Mrift— B TE

(2)7£3.5.5.9.5 GHz %5 =/~ LRV F5 3K T ARSI R
KL IREE R S Ry A E] —6.4 dB(RT R 2 77%
WG R)  —10.0 dBOW I 24 90% W I %) Fl—17.6 dB
(F 24 98% MR .

(3)7E 5.5~12 GHz [ T A5 i 6] N , £F 4 1 s 4
B 47 R 5 235 ) 1 B S B AR E IR T 10 dBL, SEI T
6.5 GHz MY A R0 P47 vE , o] i 248 T AT 4% Hn
TE L2 PR TR AR PR o B AR T

BRI MR, A R AR =25
TR AR W 358 1 R , B 3 5 32 S S R A7y
IAARME - T T LA S50 T A PR, = A1k
TR B B A AR R AE 7 i o X T SEBr o FH v ) S
FE Rk, LR Bk RE T LA FE & BUS #5H F(RCS)
FVEM AR, SZ AR SRR R R w7
A A T B TR IO I A O A B e s R
HEAT RCS AT , 30H 2 fe e o i E A
223 [FihERE AT

g BRI A R i S5/ FE 1 000 °C 5%
R T HRAL N 0.045 W/(m-K), 50 % H 54
SERIARY SRR S — A, iz
58 SR 3 W T 1) 48 11%) 2 24 1 T A 975 47 R 30 45 ) A 4
B dr 5 e i fe Rl p T A, B g T
FEZ B B B TR RN A EE T B W I8 AR L Sy R 7 R
KATERAE S 2 UG AR T S B 1 T AR AR T O

SRR
3 #ig

ARSI 1 Taumann SR BRIE TR Rl A A
B R 2s (] A9 T B 2 S W B &
(1) 22 SR BHBCHTAS G5, ) S B T 21 2 19 1 A B 4
W 25 R I BB T TS5 R R A, T e o v e 7
RAT AR I IR BT 5 5 2% B R 3 BB 4 S
RERE M PR EI DL AOHERT . S 45 SRR B - £F e s
ST I Ip 235 ) RS T 24 5 B, W I8 2 S A
JE RS B T s VTR TE 1000 °Crpil B
P3PRFF 0.045 W/(m-K) , HA 057 19 BB FAHEBE 5 Mg
DRECHE 78 53U S22 40 HA SE Ml e I e g L 78
5.5~12 GHz ST Bt N SRR e IR T —10 dB, A 20

P 5Lk 6.5 GHz, SE B A i XU BER A TARMIBL .
ABFTFEAN IR T 15873 B B I E S

SER S I HE AT, S e 2 - - TR R TR AL A 52 B

TIPS LGS RE AR A I, e AT

it TR AL R AR R SRS B P R T 5

2 % Xk

[1] EARM, AL, Rk, % . 2023 4F 8 5 b i A i AR 4T 4 S
ZER[T]. MR R REAR , 2024(1):7-19.

WANG Junwei, HAN Congying, HUANG Yuwei, et al. Review of
hypersonic technology development abroad in 2023[J]. Tactical
Missile Technology,2024(1):7-19.

[2] fafieT, T, B RAE . 2024 47 [ 4] iyl s i AR AU & e 25
B[N A SRR 2025(2):32-43.

HE Yining, WANG Junwei, HUANG Yuwei. Review of foreign
hypersonic technology developments in 2024[J]. Tactical Missile
Technology ,2025(2):32—43.

3] EAeRE, £H, TH, 5. f 5l ATa ORI TE kR[] B
F412,2021,39(11):59-67.

WANG Zaiduo, WANG Hui, DING Nan, et al. Research on the
development of hypersonic vehicle technology[J]. Science & Tech-
nology Review,2021,39(11):59-67.

[4] FRSE, 3R, B, 5 [E S w5 B G ) & S o
ARO[ A Fe g, 2024, 31(4):14-20.

WANG Enliang, YUAN Cheng, ZHAO Yujie, et al. Analysis of the
development and key technologies of hypersonic defense capability
in foreign countries[J]. Aero Weaponry,2024,31(4):14-20.

(5] XIATIE, BRRAL SO 25 | e e o AT d i A sl ke

—RAEBETHIT 4 2440, 2023, 44(16):128093-1-128093-19.
LIU Yanxu, CHEN Shusheng, FENG Cong, et al. Integrated sharp
edge aerodynamic-stealth design for hypersonic glide vehicle[J].
Acta Aeronautica et Astronautica Sinica, 2023, 44(16): 128093-1—
128093-19.

[6] XA, 3L 1, TKIZHE , 55 . ml AT AR AR A e i
B EHBET BE R J]. A M R 5 TR, 2022(10):107-118.
LIU Yongsheng, CAO Liyang, ZHANG Yunhai, et al. Research
progress on ultra-high temperature composites for thermal protec-
tion of hypersonic vehicles[J]. Composites Science and Engineer-
ing,2022(10):107-118.

[71 MARLEY C D,DRISCOLL J F. Optimization of active and passive
thermal protection systems for a hypersonic vehicle[J]. Journal of
Aircraft,2022,59(1):173-183.

[8] ZHANG Y,LIUY D,JIANG D W, et al. A comprehensive review
on modified phenolic resin composites for enhanced performance
across various applications[J]. Polymer Composites, 2025, 46(10):
8 731-8 769.

[9] fEHE, &T M, BUKW, 5 T e/ B A AR 555
POPERF SRR (D). AL kR , 2025, 44(S1):368-387.

ZHAI Hengyan, JIN Yufan, LI Shuihan, et al. Research progress on

preparation and modification of lightweight carbon fiber/phenolic



XUGEHE , 55  EPAEBR I S AR BIP  — (R LS5 BT S5 1R e

125

[10]

(1]

[12]

[13]

composite materials[J]. Chemical Industry and Engineering Prog-
ress,2025,44(S1):368-387.
RAE IR, W, 55 Pt R B B B 2 T RE— L
PR SRR ] SRR, 2024, 41(1):271-280.
SONG Ruokang, ZHANG Mengshan, DAI Zhen, et al. Prepara-
tion and properties of multi-functional composite integrated with
heat-shielding and radar-absorbing[J]. Acta Materiae Compositae
Sinica,2024,41(1):271-280.
DTS AT, SRV AR, 55 . e i BB B A I B 22 T e 2 45 44
S PERED]. AU 12,2021, 51(6):59-64.
SHI Jianjun, LI Hongyu, ZHANG Lingdong, et al. Preparation
and properties of multi-functional composites integrated with heat-
shielding, insulating and radar-absorbing[J]. Aerospace Materials
& Technology,2021,51(6):59—64.
WANG W, LIU D Q, CHENG H F, et al. Structural design and
broadband radar absorbing performance of multi-layer patch using
carbon black[J]. Advanced Composites and Hybrid Materials,
2022,5(4):3 137-3 145.
G, ST, AERAL, S MRS R AR ST R A I D

(E#EFE I8 m)

[16]

[17]

YANG Fan, LIU Hesheng, KUANG Tangqing, et al. Visualization-
based study on the penetration process of liquid carbon dioxide-
assisted injection molding process[J]. Materials Reports, 2025, 39
(21):39-45.

AN EE VG WNRIAE 55 Bl 2T 14 0 SR AR 1 B 2T % 1 X
A AR AR ORI TR U B T A R R[], S A TR R
5TF2,2025,41(7):109-116.

PENG Jie, KUANG Tangqing, LIU Hesheng, et al. Effect of glass
fiber content of short glass fiber reinforced polypropylene on
liquid carbon dioxide-powered projectile-assisted injection
molding pipes[J]. Polymer Materials Science & Engineering,
2025,41(7):109-116.

AREST, RS, WL, 2 S SRR A B T A ) 2 A
{H B4R [J/OL]. Ak T3 & , 2025:1-13[2026-01-21]. https://doi.org/
10.16085/1.issn.1000-6613.2025-1278.

ZOU Zeyuan, KUANG Tangqing, YANG Fan, et al. Numerical
simulation on interphase penetration of liquid carbon dioxide

assisted injection molding[J/OL]. Chemical Industry and Engi-

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

BRI T IR[T]. A hP R, 2024, 41(6):2 775-2 788.

LI Xuguang, WU Xuemeng, SHI Junxi, et al. Research progress
on microwave absorption stealth technology of honeycomb sand-
wich structure composites[J]. Acta Materiac Compositae Sinica,
2024,41(6):2 775-2 788.

JAYALAKSHMI C G,INAMDAR A, ANAND A, et al. Polymer
matrix composites as broadband radar absorbing structures for
stealth aircrafts[J]. Journal of Applied Polymer Science, 2019, 136
(14). DOI:10.1002/app.47241.

DING S Z,LI'Y P,ZHANG R B. Efficient genetic optimization
strategy for high temperature broadband absorption/transmittance
rasorber[J]. Composite Structures, 2025, 369. DOI: 10.1016/j.
compstruct.2025.119328.

WANG J S, WANG L Y,LUO R Y, et al. Wave absorption and
mechanical properties of SiC-SiO,/SiC based on a Jaumann struc-
ture[J]. Ceramics International, 2026,52(12):18 060—18 072.
CHAMBERS B, TENNANT A. Optimised design of Jaumann
radar absorbing materials using a genetic algorithm[J]. IEE

Proceedings-Radar, Sonar and Navigation, 1996, 143(1):23-30.

neering Progress, 2025: 1 — 13[2026-01-21]. https://doi. org/
10.16085/j.issn.1000-6613.2025-1278.

CZEPIEL M, BANKOSZ M, SOBCZAK-KUPIEC A. Advanced
injection molding methods: Review[J]. Materials, 2023, 16(17).
DOI:10.3390/mal6175802.

e ], HHARIAT , EESL T4 R IG S SRR Y ES B By R 4%
R[] PR, 2021,47(2):32-43.

GAO Ming, SHEN Nannan, ZHANG Lixin, et al. Review of
measurement methods for physical parameters of supercritical
carbon dioxide[J]. China Measurement & Testing Technology,
2021,47(2):32-43.

WANG G, DONG M Y, DENG H Q, et al. Polypropylene
foaming using supercritical carbon dioxide: A review on funda-
mentals, technology, and applications[J]. Advanced Composites
and Hybrid Materials,2024,8(1). 10.1007/s42114-024-01117-9.
MARTIN D, JOFRE L. High-fidelity database of supercritical
homogeneous isotropic turbulence in the pseudo-boiling region[J].
Scientific Data, 2025, 12. DOI:10.1038/s41597-025-05693-3.



