W57 E 3 M =TI S CRE= a4 Vol.57, No.3
2026 % 3 H ACTA POLYMERICA SINICA Mar., 2026
« PR L .

\

R R HEIE R R R A R RSB S &+ 1

ETALER
BB S I N RKRE R H EEIEFR R

B YD HRET I FD RRA® £ BT EgEW
CRIEFLT RS M40 WAL TR E (s 2 T4 m MR AR TRREOR BT 0
SPPEIRLE S TR KiE 116024)

B OARMRETWSE RN EE G RZ R S ABRIIKRE (CNTs), LU DA B M & A Rk
PR 2 A e e A, ke 398 A T 50 %) 2 ) 1 R 55 [ L . 28— R R BRI IR 78 i i AT 4 s N,
55 D M SE I CNTs £ 2 ] XS 431 . I RS T CNTs i I = % &2 45 A RH 2 0] W 24800 1 K2 18 4 77 2%
PERERYSEIR . SEEGAE A, 24 ONTs R 20500 1.0 wto%lf, EAFRDZ MBS, TR GG
JEWT S PE S BIA E] 1.23 F11.27 kI/m?, A ECARAL LA A B0 RHE 25 325 T 51.85% H142.70%; T4 )2 (1]
ZETPE R 1.82 KI/m?, YEUR L 44.80%. [FIHF, 1207 AR EMRIET N PERE, A5 e B4R T 1414 MPa. 1
T B REEWT O P BN, SR RS MORHET R AR RS, H R IR SURIE, RS R AR
TR AZ)T ST ONTS7E & MG e )2 I 40 A1, il 45 2 PR RE A A b RHE AL T — 4 (i (8
AR AR

KGR AR PIBVERGAORL; SRR JrerERE

51 BEAZ, XUBOHE, £, MO, A, ZEBh iy . BE T WA WO T TE R 2T 2 1Y 5iR 2 ZR AR 3R 05 Bk I 52 5
FERHZ R 5T ABRIAAE KILZRIERIABITE . & 2 F F 4R, 2026, 57(3), 786-793.

Citation: Cheng, S., Liu, Z. H., Wang, N., Sun, Q. F., Li, N., Jian, X. G. Study on the introduction of carbon
nanotubes into carbon fiber reinforced heterocyclic phthalazinone biphenyl poly(aryl ether sulfone ketone)

composite interlaminar regions via two-step solution impregnation and their interlaminar toughening effect. Acta

Polymerica Sinica (in Chinese), 2026, 57(3), 786—793.

Bk 2T 4 18 5 IR NE 2 & 4 RH(CFRTP) = AR
RIL SR R RTBE PR By N AN R A ) e A 1k
)32 S T A B AR AU I I 2 2 5 44
BHZ B 10 /2 8] 45 4 32 Bl A0 g i & S,
IXANTL e G 3 BUZ R R = SRR . JR W
Hhk = G 5 A P B AR JR R 1) _E AR RE A
59, MHEGRENRRY ZRNE SRR
A1),

FERR G B 4R J2 A X 35| N JE B2 777 1) 18 5 s

2025-10-07 s, 2025-11-12 5%, 2026-01-04 4% H i .

IR R SR8 s = AL v L M-t ST E A D AN B
RINL, YPRIERER R E SME 152 T)
RetEre EACE AT S R G N A 4R S
BMER, WA MPHSRAY R, Hiihadgr 55k
NIRRT R Y AN 2 o T R o
AElO fE AR Z ARG SRR, Bk GIK E (carbon
nanotubes, CNTs)E I H SRR A, gL R ) —
YePOR BRI T8 S KA, AL it
fRIB PR (LB AR BR A2 [FIRY, CNTs HOEE i fog

HETH . ERARBEILEGE4S 52203081) H I AR S AR 55 3% L U VE 42 (k425 DUT22GF402) A1 [ )

P FEAA R TR(GE 45 2021QRNCO01).

*SEfEEEAR A, E-mail: polymerlinan@dlut.edu.cn; jian4616@dlut.edu.cn
doi: 10.11777/3.issn1000-3304.2025.25258; CSTR: 32057.14.GFZXB.2025.7518

786



FEASEE: ST PD VA ORI e TR A 4 1 5 4 28 B 0K 3R 5 RN R &2 & v kL2 1]
3 SINRGKE J L JZ [ BEH 787

J£ 715 100 GPa. 3 MEAS& 45230 1 TPa 1) /) 1%
e, SRR 2 RS v A A,

HEl, A2 L5\ CNTs LAIE 32 A 11
B J2 18] 1 RECL 40, BRA8 K BB iR st
FALE B £F 2 5L TR Rl Ay R 0O, 7E3X — fi |,
CNTs [f1 35 5] P R0 5 S 3 o i OG5, TR oy
IV % TR L SR AR e i . CNTs i) BAJF A AR K
SO I R 7 B a4 3R T, TR
—Fh 2 RBEIGEREE N, X FPEEM BRI AT Yl S
WREZ IR G Re 71, SRAut it A PERe, H
XoF 2 1) 14 e 1 5038 AN B B 0214, 55— Fbois DL )
ST R % CNTs ) R e & &, 76
BT H S TR A 22 & J2 B U517, Wang S50
IR AR T2 % T 2% A AN [F CNTs 7%
2 (10 5 Tk Tk P (PEE K ) 786 5 . 368 3 g1 o i e
TN [ Rl £ 4 3G 5% SR TR K I (CF/PEEK) &2 A 4
BHE MR, TRZRIPITER & 7 101%. 2800,
PN T R 3G N T 2 A A BRI R A &
XA e AR A AR T A 12 e

JZ AR 3 B i S e, K]
I, BHEERF CNTs 45 4% 2 344 o 58 A A = 244
I, NI 535 52 G A BH J2 [R5 RE . AR IR 3
AR VZ R, BLETUR R % AR EAR A
BB 28 CNTs (I IR IR & BU% £F 4R, 4F
YIRS R RN 2 8 B IR 4 CNTs, F8UZ
[11] [X 38 CN'T's [ 55 1 dek ol i o 200,

N T fERZ A T E A, ToRGsEAH T S B0
SEAEMEHZ RV RESR 22 1 1), - [R] B 38 s E B T
Y 3o AR5 | P SRR R T 1] 5 DA B IR
ANJEEF R, AT T — R R TR
W& AE 2 A AP RHZ 1A 5] N CNTs. 55— 512 B (54
NE 78 iBIEE B4t 1158 IR SR
BLE 2 (8] 5 A4 i DX 3k 0 . X R T HORLE S
A BN E W IR IR XA AT, A2 5
fE& &, Nifl&EA & ERPERINE ALt
T — A A R

1 SEIg

1.1 SKIeAR

AHIF 5T FT A5 A 1) 3% 2 5 1) B 2T 4E A Toray
T700 CF (12K), W H H A RN . A g 2 4N
PPESK M i, A% O 450N 4-(4-F2 2 0K HE)-2,3-
Z%-1-lli(DHPZ). ¥l 1 J&7~ T PPESK A VI IE Y

S FARL, A R B OE CRFE A BHE IR A
A BT R IR ) N- BRI 1 It B (NMIP)
W B R R A BRA R . CNTs W B 75 1 Bk
FHEHRHARAR, SMELHN8~15mm, K
FEZ1°8 10~30 pm.

m—oo 0 e
@‘(ﬁ)‘@"o W, e 6_@ O

Fig. 1 Chemical structure of PPESK.
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Fig. 3 Schematic diagram of (a) DCB test and (b) ENF test
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Fig. 2 Schematic diagram of CF/PPESK composite material preparation.
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Fig. 4 (a) R-curve analysis of the composite material; (b)
Mode I interlaminar fracture properties of CF/PPESK
composites toughened with different contents of CNTs.
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Fig. 5 (a) Typical load-displacement curves and (b) Gy in
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Fig. 6 (a) Flexural strength; (b) Interlaminar shear strength.
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Fig. 7 SEM images of (a) the DCB cross-section of CF/PPESK, (b) the DCB cross-section of CNTs/CF/PPESK, (c, d) the
ENF cross-section of CF/PPESK, (e, f) the ENF cross-section of 1.0CNTs/CF/PPESK, (g) CNTs pull-out in 1.0CNTs/CF/
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Study on the Introduction of Carbon Nanotubes into Carbon Fiber Reinforced
Heterocyclic Phthalazinone Biphenyl Poly(aryl ether sulfone ketone) Composite
Interlaminar Regions via Two-step Solution Impregnation and Their
Interlaminar Toughening Effect

Shan Cheng??, Zheng-hui Liu'2, Ning Wang??, Qing-feng Sun3, Nan Li'?", Xi-gao Jian!?3"
(!State Key Laboratory of Fine Chemicals, Frontier Science Center for Smart Materials, School of Chemical
Engineering, *Technology Innovation Center of High-Performance Resin Materials, 3School of Materials Science

and Engineering, Dalian University of Technology, Dalian 116024, China)

Abstract This study employed a two-step solution impregnation method to introduce carbon nanotubes (CNTs)
between composite layers, addressing the weak interlaminar performance of thermoplastic composites caused by
resin-rich interlaminar regions lacking reinforcing phases. The first impregnation step ensured thorough resin
penetration into fiber bundles, while the second achieved CNTs dispersion in interlaminar zones. A systematic
investigation was conducted on how CNTs content affects the composite's interlaminar fracture toughness and in-
plane mechanical properties. The experimental results indicated that when the CNTs content reached 1.0 wt%, the
composite material achieved optimal interlaminar fracture toughness. The Mode I initiation and propagation
fracture toughness values reached 1.23 and 1.27 kJ/m?, respectively, representing significant improvements of
51.85% and 42.70% compared to the untreated composite. The Mode II interlaminar fracture toughness measured
1.82 kJ/m?, with an increase of 44.80%. Meanwhile, this method did not compromise the in-plane properties of
the material, and the flexural strength was enhanced to 1414 MPa. SEM fractographic analysis revealed that the
modified composite exhibited rougher fracture surfaces with microcrack characteristics, indicating more complex
crack propagation paths. This method achieved the distribution of CNTs in resin-rich interlayer regions, providing
a simple and effective technical pathway for preparing high-interlaminar performance composite materials.
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