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Research progress in thermal modification of phenolic resin materials
based on pyrolysis mechanism

LU Yanyan, WANG Liuying", LIU Gu,GE Chaoqun, WANG Bin, XU Kejun,
WANG Weichao, HUANG Jie

(Rocket Force University of Engineering, Xi’an 710025, China)

Abstract : Phenolic resin materials have a wide range of applications in aerospace thermal protection due to
their excellent thermal stability, as well as their low cost and short preparation cycle. By means of chemical
and physical modification, more functions or new features can be integrated into phenolic resin matrix
composites to make them develop in the direction of high performance and further broaden their application
areas. In this paper, the research progress of heat-resistant modification of phenolic resin matrix composites
in recent years is reviewed in detail, and the modification methods for synthetic raw materials, molecular
structure, and pyrolytic morphology are discussed from the thermal decomposition mechanism. The
application prospects are elaborated, and the current problems are analyzed in depth, such as the
performance needs in extreme environments still need to be further improved, and the development
direction of the high performance and multifunctionality of phenolic resin matrix composites is proposed ,
and the development direction of further improving its serviceability is discussed. The development
direction of high performance and multifunctionalization of phenolic resin matrix composites is proposed ,
which is of great significance for further improving its service performance and expanding its application scope.
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Fig.1 Thermal modification methods for phenolic resins
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Fig.2 Pyrolysis mechanism of phenolic resins

(a)pyrolysis products into pathways'” ; (b)type of product'™; (¢)molecular modeling'®'; (d)high temperature distribution map'®’
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Fig.3  Structure and properties of raw material substituted phenolic resins
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(a)resin structure characterization''"'; ( b)thermogravimetric curve
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15 (¢)schematic diagram of the variation rule
1,

(a)SEM image of graphitization'*'; (b)ablation mechanism of hybridized resin aerogel composites

of Gibbs free energy with temperature in ceramic reaction and the thermal protection mechanism of CF/ZrPR composites'®

1341 (e)two-dimensional crystallization model of POSS ;s (f)thermal degradation

[41]

(d)anti-ablation mechanism of modified resins

behavior of BPOSSPR!M!; (g)ablation rate and thermal conductivity of fiber-reinforced composites
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Fig.5 Effect of change in curing mode on resin properties

(a) TGA curves of thermal decomposition of modified BMI resins"**

5 (b) TGA curves and microphotographs of PBN resins and phenolic resins

[54],

(¢)TGA mass loss spectra in N,/; (d)flexural strength of A-ph/CE/GF composite laminates'™’;

(e)microscopic infrared imaging analysis of phenolic fibers'®”’
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Table 1  Types of cross-linked structure modification and thermal decomposition performance of resin

Crosslinking type modifier Pyrolysis temperature/C Residual carbon ratio/ % Ref.
Addition form Allyl 271 45.40 [44]
Propargyl 345 59.60 [44]
Maleamide 400 41.00 [52]
Cyclization Phthalonitrile 446 33.00 [57]
Cyanate ester 400 45.00 (48]
Open loop type Epoxy resin 584 59.38 [59]
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Table 2 Structure control and ablative properties of resin pyrolysis layer

Material type Packing name Line ablation rate/ (mm+s™") Volume ablation rate/(g-s ') Ref.
Ceramizable material Mica 0.0060 0.0340 [63]
Montmorillonite 0.0234 0.0705 [64]
SiC 0.0320 0.0425 [68]
Tisi, 0.0283 0.0107 [70]
Carbon nanomaterials CNTs 0.0380 0.0510 [75]
GO 0.0430 0.0586 [79]

5 BEERE

AR SCLA T WA i B P AL BE A A AT, O 1R 28 Tkt
DAL 3T BT FITCE T 2 R = i, TR A A

T BT B I SRR ML RE A SRS . B R
it ' FE ) B T A 0 T 2 90 K ek A 2 1) I
[[UB=SR (ENTTPO NS EA¥ =R/ R SIVA 2SN - N )
& e B R SR BTl e RLPE RESD 38 2T R AT 2 g



184 BT R

2026 4F 2 H

—IRACRE PR S AL R, SRR T By AR I 1)
WEFER R AL LU LA D7 I8 - (1) /45 M s 2 H.
A DG R AR FAE AR T (E AR B SR S BRI T
FAEREN T ZE— LA 5 (2) BR 168 B A i 4 E Y
PE— LA W % — P IF R R AR R R PR 5 T
S Z I RE— ALY S5 BB, L AT 25 0K A
Xt i P RE S A BRI 38 DI oK 5 (3) vV RE ) B 1 A
AL A B g, BRA 1 A S L U W o e
WEARR 2R 7 A (B 2 U A A, T2 B AR IR A7 A 75 22
figp R B 1) A 22— o TR, R oK A8 BIF 5T 300 7 ik — 2 TR
A AW & B = PR B A AR A4 ), HE Bl i ==
LR BEAR 2 o

S Sk

(1] FRER. &l AT S IV B S OGRS ik S [T ). 2
FIEE TR, 2023, 20(1): 43-51.

DU C H. Research progress on integrated thermal management
and key technology of hypersonic vehicles[J]. Equipment Environ-
mental Engineering, 2023, 20(1): 43-51.
[2] HUANG Q, ZHAO Z, CAI J, et al. New insights into phenolic
resin decomposition under oxidative conditions of high temperature
[J]. Industrial &. Engineering Chemistry Research, 2024, 63(6) ,
2642-2656.
[3] ASIM M, SABA N, JAWAID M, et al. A review on phenolic
resin and its composites[J]. Current Analytical Chemistry, 2018,
14(3): 185-197.
[4] SARIKA P R, NANCARROW P, KHANSAHEB A, et al.
Progress in bio-based phenolic foams: synthesis, properties, and
applications[ J]. ChemBioEng Reviews, 2021, 8(6): 612-632.
[5] FITZER E, SCHAFER W. The effect of crosslinking on the for-
mation of glasslike carbons from thermosetting resins [J]. Carbon,
1970, 8(3): 353-364.
[6] JACKSON W M, CONLEY R T. High temperature oxidative
degradation of phenol-formaldehyde polycondensates [J]. Journal
of Applied Polymer Science, 1964, 8(5): 2163-2193.
[7] ZHENG F, REN Z, XU B, et al. Elucidating multiple-scale reac-
tion behaviors of phenolic resin pyrolysis wia TG-FTIR and
ReaxFF molecular dynamics simulations [J]. Journal of Analytical
and Applied Pyrolysis, 2021, 157: 105222.
[8] HUANG Q, ZHAO Z, CAI ], et al. New insights into phenolic
resin decomposition under oxidative conditions of high temperature
[J]. Industrial & Engineering Chemistry Research, 2024, 63(6) :
2642-2656.
[9] AHMAD FARID M A, LEASE J, ANDOU Y. Behaviour and
mechanics of phenolic sorption by novel bio-based graphene deriva-
tives as adsorbents[ J]. Chemosphere, 2024, 366: 143490.
[10] ZHANG W, ZHANG T, HUANG L, et al. Characterization
and its curing behaviors of rigid phenolic foams based on cardanol
[J]. International Journal of Polymer Analysis and Characteriza-
tion, 2023, 28(1): 88-99.

[11] HANY, WENG Y, ZHANG C. Development of biobased plas-

[12]

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

ticizers with synergistic effects of plasticization, thermal stabiliza-
tion, and migration resistance: a review[J]. Journal of Vinyl and
Additive Technology, 2024, 30(1): 26-43.
SRR IR e T A T I PR R R RE AT ST (D] IR R
RIRTT A BB A AL A AT TE B, 2019.
CAI X G.Study on bonding properties of cashew phenol modified

i

thermosetting phenolic resin [D]. Harbin: Institute of Petroleum
Chemistry, Heilongjiang Academy of Sciences, 2019.

LOCHAB B, SHUKLA S, VARMA I K. Naturally occurring
phenolic sources: monomers and polymers[J]. RSC Adv, 2014,
4(42): 21712-21752.

BO C, YANG X, HU L, et al. Enhancement of flame-retardant
and mechanical performance of phenolic foam with the incorpora-
tion of cardanol-based siloxane [J]. Polymer Composites, 2019,
40(6): 2539-2547.

BALK M, SOFIA P, NEFFE A T, et al. Lignin, the lignifica-
tion process, and advanced, lignin-based materials [J]. Interna-
tional Journal of Molecular Sciences, 2023, 24(14): 11668.
GAO Z, LANG X, CHEN S, et al. Mini-review on the synthe-
sis of lignin-based phenolic resin[J]. Energy &. Fuels, 2021, 35
(22): 18385-18395.

LIU J, ZHU Y, GONG Z, et al. Preparation and characteriza-
tion of lignin copolymerized phenolic resins with superior stiffen-
ing effect for natural rubber composites[ J . Polymer, 2024, 308:
127366.

bR, TRIE, TR, S ORBTR SO B AR Y5 A
BORRIPERELT]. e rRRbe S TR, 2021(11) : 102-107.
HUANG S J, TONG Y J, SU Z Z, et al. Synthesis technology
of lignin modified phenolic resin and properties of its moulding
compounds[J]. Composites Science and Engineering, 2021(11):
102-107.

ABU TAHER M, WANG X, FARIDUL HASAN K M, et al.
Lignin modification for enhanced performance of polymer compos-
ites[J]. ACS Applied Bio Materials, 2023, 6(12): 5169-5192.
ZHOU M, SHI H, LI C, et al. Depolymerization and activation
of alkali lignin by solid acid-catalyzed phenolation for preparation
of lignin-based phenolic foams [J]. Industrial & Engineering
Chemistry Research, 2020, 59(32): 14296-14305.

WANG K, YANG L, LI H, et al. Surfactant pyrolysis-guided
in situ fabrication of primary amine-rich ordered mesoporous phe-
nolic resin displaying efficient heavy metal removal [J]. ACS Ap-
plied Materials &. Interfaces, 2019, 11(24): 21815-21821.
CAOY, LIU D, LI B, et al. Preparation of single-handed heli-
cal and C-shaped 3-aminophenol-formaldehyde resin nanotubes
and single-handed helical carbonaceous nanotubes [J]. Chemical
Research in Chinese Universities, 2016, 32(5) : 862-866.

QIS C, HAN G, WANG H R, et al. Synthesis and characteriza-
tion of carborane bisphenol resol phenolic resins with ultrahigh
char yield [J]. Chinese Journal of Polymer Science, 2015, 33
(11): 1606-1617.

CHAUSSOY N, BRANDT D, GERARD J F. Formaldehyde-
free and phenol-free non-toxic phenolic resins with high thermo-
stability [J]. ACS Applied Polymer Materials, 2023, 5 (7) :



W4t 2

ST RS BB ) 3 T AR T A S A A P 5

185

[25]

[26]

[27]

[28]

[29]

[30]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

5630-5640.

YAO J, WANG J, ZHANG Z, et al. Ferrocenecarboxaldehyde
modified terephthalaldehyde-phenolic resin: a comprehensive
study on the synthesis, curing behavior, and pyrolysis process
[J]. Polymer, 2023, 278: 125993.

BRIOU B, JEGO L, DE DIOS MIGUEL T, et al. Eco-friendly
synthesis of cardanol-based AB monomer for formaldehyde-free
phenolic thermosets [J]. RSC Sustainability, 2023, 1(4): 994-
1005.

DONG F, WANG X, ZHANG C, et al. Ablation behavior and
damage mechanisms of carbon/boron-modified phenolic 2.5D wo-
ven composite [J]. Polymer Degradation and Stability, 2023,
209: 110279.

GAO W, WANG Z, ZHANG Y, et al. High-energy B—O
bonds enable the phenolic aerogel with enhanced thermal stability
and low thermal conductivity[J]. Applied Surface Science, 2024,
669: 160459.

WANG S, WANG Y, BIAN C, et al. The thermal stability and
pyrolysis mechanism of boron-containing phenolic resins: the ef-
fect of phenyl borates on the char formation[J]. Applied Surface
Science, 2015, 331: 519-529.

MOHAMMED M I, ABUD-ALNUR S, ALIWI S M. Study of
the mechanism of graphitization of phenolic resin carbon catalyzed
by boron oxide [J]. Journal of Polymer Research, 2021, 28
(7): 274.

DU Y, LUO Z, YANG Y, et al. Theoretical and experimental
investigations into the pyrolysis mechanisms of silicon-modified
phenolic resin under high temperatures [J]. Carbon, 2023, 201:
504-519.

FUH, QINY, PENG Z, et al. A novel co-continuous Si-Zr hy-
brid phenolic aerogel composite with excellent antioxidant abla-
tion enabled by sea-island-like ceramic structure at high tempera-
ture[ J]. Ceramics International, 2024, 50(12): 21008-21019.
NIU Z, CHEN B, SHEN S, et al. Zirconium chelated hybrid
phenolic resin with enhanced thermal and ablation resistance prop-
erties for thermal insulation composites [J]. Composites Commu-
nications, 2022, 35: 101284.

XIN'Y, NIU Z, SHEN S, et al. A novel B-Si-Zr hybridized ce-
ramizable phenolic resin and the thermal insulation properties of
its fiber-reinforced composites[J]. Ceramics International, 2023,
49(3): 4919-4928.

GU C, YANG K, LIU J, et al. Preparation and properties of
molybdenum-modified high-ortho thermosetting phenolic fiber
[J]. ChemistrySelect, 2024, 9(7): e202305061.

YANG K, JJAO M, ZHANG X, et al. Structure, stability, and
properties of phenolic fibers modified by phenyl molybdate [J].
Polymers and Polymer Composites, 2021, 29(6): 574-582.
WANG X, YUAN L, ZHAO H, et al. Preparation and proper-
ties of phenolic foam modified with boric acid and organosiloxane
by supercritical CO, technology [J]. Journal of Applied Polymer
Science, 2024, 141(28): e55649.

BAOQ, LIW, LIUY, et al. Preparation and properties of phos-

phorus- and silicon-modified phenolic resin with high ablation re-

[39]

[40]

[41]

[42]

[43]

[44]

[46]

[47]

[48]

[49]

[50]

sistance[ J . Polymer International, 2019, 68(7): 1322-1331.
PHILLIPS S H, HADDAD T S, TOMCZAK S J. Develop~
ments in nanoscience: polyhedral oligomeric silsesquioxane
(POSS)-polymers[ J]. Current Opinion in Solid State and Materi-
als Science, 2004, 8(1): 21-29.

LEIZ,JIJ, WU Q, et al. Curing behavior and microstructure of
epoxy-POSS modified novolac phenolic resin with different substi-
tution degree[ J]. Polymer, 2019, 178: 121587.

NIU Z, XIN Y, WANG L, et al. Two birds with one stone:
construction of bifunctional-POSS  hybridized boron-silicon ce-
ramicized phenolic composites and its ablation behavior[J]. Jour-
nal of Materials Science &. Technology, 2023, 141: 199-208.
LIANG Q, HOU X, FENG X, et al. Reaction model and cure
kinetics of fiber-reinforced phenolic system[J]. Acta Mechanica
Sinica, 2022, 38(6): 422081.

WRRL, W7, kD), 55 REIE B i 25 4 ok ey AT 9t
[J]. BPRE 4R, 2023, 37(23): 209-218.

CHENS, LEIZ X, XU L, et al. Research progress on structural
modification of novolac resin [J]. Materials Reports, 2023, 37
(23): 209-218.

REGHUNADHAN NAIR C P. Advances in addition-cure pheno-
lic resins [J]. Progress in Polymer Science, 2004, 29 (5) :
401-498.

NECHAUSOV S, BULGAKOV B, KALUGIN D, et al. Car-
bon fabric reinforced addition-cure phenolic resins based on
propargyl and allyl ether functional novolac produced by vacuum
infusion[J]. Eurasian Chemico-Technological Journal, 2020, 22
(2):99-106.

ZHONG H, HU H, NI B, et al. Silica sol nanoparticles hybrid-
ized allyl phenolic resins for improving mechanical and thermal
performance[J]. Polymer, 2022, 254: 125052.

JIANG H, WANG R, FARHAN S, et al. Properties of dicumyl
peroxide initiated bismaleimide modified allyl novolac and its
molded composites [J]. Polymer Composites, 2016, 37 (7) :
2260-2271.

S, EA, A b A AR O f Bt Y e s 7Y
il S rERE (1] DK 2 (B2 ), 2018, 64.(4)
337-342.

ZHOU R J, WANG X, WANG J. Preparation and properties of
a moderate-temperature curable bismaleimide resin exhibiting
good toughness and heat-resistance[J]. Journal of Wuhan Univer-
sity (Natural Science Edition), 2018, 64(4): 337-342.

FHTE, EMAE, KPR, S NS g S S A AR & A
PORMAERELT]. SRR AR , 2023, 40(2) : 741-752.

JIANG W F, WANG L X, ZHENG Q, et al. Properties of bis-
maleimide resin modified by addition-curing phenolic and their
composites[J]. Acta Materiae Compositae Sinica, 2023, 40(2) :
741-752.

WANG X, ZHANG T, ZHANG C, et al. Improved heat resis-
tance and electrical properties of epoxy resins by introduction of
bismaleimide [J]. Journal of Electronic Materials, 2023, 52(3) :
1865-1874.

POLIAKOVA D I, MOROZOV O S, NECHAUSOV S S, et



186

FHRLT A2

2026 4F 2 H

[52]

[55]

[56]

[57]

[58]

[60]

[61]

[62]

[63]

al. Fast curing phthalonitrile modified novolac resin: synthesis,
curing study and preparation of carbon and glass fibric composites
[J]. Reactive and Functional Polymers, 2022, 181: 105450.
LIJ, REN C, AN D, et al. Systematic evaluation of cyanate es-
ter/epoxidized cresol novolac copolymer resin system for high
temperature power electronic packaging applications [J]. Poly-
mer, 2020, 195: 122454.

SREELAL N, SUNITHA K, SREENIVAS N, et al. Investiga-
tions on phthalonitrile-cyanate ester blends and their light weight
composites; Synthesis, thermal, mechanical and ablative charac-
teristics [J]. Materials Chemistry and Physics, 2023, 305:
128005.

AR, BOYIT, B, S AROR TG SRR B A A v 4
PR B ) 5 SR BT ST [T]. & 4 7% 4, 2017, 48(4) .
596-604.

LI1ZH, DUANF F, HUA SJ, et al. Preparation and properties
of phthalonitrile biphenyl novolac resin hollow microspheres [J].
Acta Polymerica Sinica, 2017, 48(4): 596-604.

ZHANG D, LIU X, BAI X, et al. Synthesis, characterization
and properties of phthalonitrile-etherified resole resin [J]. e-
Polymers, 2020, 20(1): 500-509.

CHERUKATTU GOPINATHAPANICKER J, INAMDAR
A, ANAND A, et al. Radar transparent, impact-resistant, and
high-temperature ~ capable ~ radome  composites  using
polyetherimide-toughened cyanate ester resins for high-speed air-
crafts through resin film infusion [J]. Industrial &. Engineering
Chemistry Research, 2020, 59(16): 7502-7511.

L1J, REN C, SUN Z, et al. Melt processable novolac cyanate
ester/biphenyl epoxy copolymer series with ultrahigh glass-
transition temperature[J]. ACS Applied Materials &. Interfaces,
2021, 13(13): 15551-15562.

CHEN L, REN D X, CHEN S J, et al. Copolymerization of
phthalonitrile-based resin containing benzoxazine and cyanate es-
ter: curing behaviors, fiber-reinforced composite laminates and
improved properties[ J]. Express Polymer Letters, 2019, 13(5):
456-468.

YIN Y, JJAO M, LIU A, et al. Preparation and properties of
epoxy-modified thermosetting phenolic fiber [J]. e-Polymers,
2023, 23: 20228085.

B H IS, BRI . ZALIRPE & AL SN 5 1 ) 4 b e AT
AR LT ). AR, 2024, 39(6) : 623-633.
ZHAO R D, TANG S F. Research progress of ceramic matrix
composites prepared by improved reactive melt infiltration
through ceramization of porous carbon matrix[J]. Journal of Inor-
ganic Materials, 2024, 39(6): 623-633.

MA Z, ZHANG J, MALUK C, et al. A lava-inspired micro/
nano-structured hybrid
extinguishing coating[J]. Matter, 2022, 5(3): 911-932.
XUE C, QIN' Y, FU H, et al. Thermal stability, mechanical

ceramifiable  organic-inorganic fire-

properties and ceramization mechanism of epoxy resin/Kaolin/
quartz fiber ceramifiable composites [J]. Polymers, 2022, 14
(16): 3372.

ZHANG S, ZHANG J, YANG S, et al. Enhanced mechanical,

[64]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[76]

[77]

[78]

thermal and ablation properties of carbon fiber/BPR composites
modified by mica synergistic MoSi, at 1500 “C[J]. Ceramics Inter-
national, 2023, 49(13): 21213-21221.

XU Q, ZHANG Z, L1Y, et al. Synthesis of thermosetting phe-
nolic resin and its montmorillonite/silica nanocomposites under
alkali-free conditions [J]. Journal of Adhesion Science and Tech-
nology, 2023, 37(16): 2317-2327.

ZHANG J, L1Z, QI X L, et al. Recent progress on metal - or-
ganic framework and its derivatives as novel fire retardants to
polymeric materials[ J]. Nano-Micro Letters, 2020, 12(1): 173.
SHI M, TANG Q, FAN S, et al. Ceramification of composites
of MgO-Al,04-SiO,/boron phenolic resin with different calcine
time[J]. Journal of Wuhan University of Technology-Mater Sci
Ed, 2021, 36(2): 174-182.

WANG L, WANG C, LIU P, et al. The flame resistance prop-
erties of expandable polystyrene foams coated with a cheap and ef-
fective barrier layer [J]. Construction and Building Materials,
2018, 176: 403-414.

WANG S, HUANG H, TIAN Y, et al. Effects of SiC content
on mechanical, thermal and ablative properties of carbon/phenolic
composites [J]. Ceramics International, 2020, 46 (10) : 16151-
16156.

SANOJ P, KANDASUBRAMANIAN B. Hybrid carbon-
carbon ablative composites for thermal protection in acrospace[J].
Journal of Composites, 2014, 2014 : 825607.

QIM, YANG W, LIZ, et al. Enhanced thermal resistance of bo-
ron phenolic composites by addition of TiSi, particles[J]. Journal
of Wuhan University of Technology-Mater Sci Ed, 2021, 36
(6): 839-844.

DIEZ-PASCUAL A M. Carbon-based nanomaterials [J]. Inter-
national Journal of Molecular Sciences, 2021, 22(14): 7726.
DIEZ-PASCUAL A M. Carbon-based nanomaterials 4.0[J]. In-
ternational Journal of Molecular Sciences, 2024, 25(5): 3032.
WANG G, LIU L, ZHANG Z. Interface mechanics in carbon
nanomaterials-based nanocomposites [J]. Composites Part A:
Applied Science and Manufacturing, 2021, 141: 106212.

CHEN X K, CHEN K Q. Thermal transport of carbon nanomate-
rials[J]. Journal of Physics: Condensed Matter, 2020, 32(15) :
153002.

NGUYENTH, VUMT, LEV T, et al. Effect of carbon nano-
tubes on the microstructure and thermal property of phenolic/
graphite composite [J]. International Journal of Chemical Engi-
neering, 2018, 2018: 6329651.

CIRITCIOGLU H H, OZBAY G. Characterization and adhesive
performance of phenol-formaldehyde resol resin reinforced with
carbon nanotubes[ J]. BioResources, 2022, 17(3): 4781-4792.
DING J, HUANG Z, QIN Y, et al. Improved ablation resis-
tance of carbon-phenolic composites by introducing zirconium sili-
cide particles [J]. Composites Part B: Engineering, 2015, 82:
100-107.

WARAE, HE, XL, & S SBI0/ B g 5L A A
BRI RE MBS R (T). & MR RS S TR
2013, 29(5): 79-82.



W4t 2

ST RS BB ) 3 T AR T A S A A P 5

187

[79]

[80]

XU W H, WEI C, LIU H X, et al. Thermal and dynamic me-
chanical properties of graphene oxide/phenol formaldehyde resin
in situ composites|J]. Polymer Materials Science &. Engineering,
2013, 29(5): 79-82.

SABAGH S, AREF AZAR A, BAHRAMIAN A R. High tem-
perature ablation and thermo-physical properties improvement of
carbon fiber reinforced composite using graphene oxide nanopow-
der[J]. Composites Part A: Applied Science and Manufacturing,
2017, 101: 326-333.

CHEN J, ZHANG W, GE H, et al. Preparation and properties
of phenolic resin/graphene oxide encapsulated SiO, nanoparticles
composites[J]. Polymer Engineering &. Science, 2018, 58(12) :
2143-2148.

[81]

JRERTE, A, EAUL, S Wi AT LT 4R s v g 2k 52
AR ZOTRLT]. Wiz bR, 2024, 44(5) : 17-36.

ZHOU Y B, LIM, WANG S K, et al. Process simulations of fi-
ber reinforced polymer composites towards Al ages[J]. Journal of

Aeronautical Materials, 2024, 44(5): 17-36.

ESTE PO mER AL IR F 141 (2020-44)

WKfs HHE.2024-11-12; R A HHH. 2024-12-21

BIAEE JEXIN (1971—) 5, 302, i W5 D 1l S e P D) fE A4 L
EWREHEAR B R ML - B VG2 VG LT X R0 B 2 O TR
ZER G525 (710025) , E-mail : lywangxa(@163.com

(AXors:f &)



