510 0] [

2013 410 A

ACTA POLYMERICA SINICA

% j:li No. 10

Oct. , 2013

K DR B B M R A 4/ TR S B bR

A

ARz % W 4% A

haE EEXC EAF
(AL PRI B S R R TR0 P T A PR AR L LS 100005)
(LTI B B AL B K BLIRBE R T 0305 (RETTA%)  JETT 361005)
C o R EBE M KSR SR DE DRSS 215123)

OB CRIMBRYRAE AR R i 2T 4/ 30 S0 i 5 B RL A 1) e PR I8 TR 265 00 B A i A2 1 B3 T
il 8 1B GUOR AT I/ R AT 4/ PR B IR IR AR S AR, AU 1 BUR R B0E S 1 BRI k1 B PR AH G 1
RE, I 20T T R HLER. B AN KA TR R A S A BORHIZ [ 473 98 O 45 L IR 1 45 R A 45 R T 5, 3 R U 30T
BT 7 PR (0] W7 L) P A T A S A T (R T 0 R Y I Y U2 i T ) M R S A O ROR . RO
I/t T 2/ B S0 M TR 4 52 45 Rk B T 2 22 U] T 2 90 ek Atk 2 A4/ P SRS R S A b RHG 1292 J/m” 4R 8 T
2869 J/m” B2 T 120% . BHARMYOWIE 5553 BT 22 W, 350 i ph sk 90 K AR I S8 45 T O 1 X 4% 45 A A R

LG T J2 ) SR 37 .
LA MR, BAKED, RIS, RTM

TER— AL 25 AT 4%, 2F 4E 38 5 ) i 2 42
B A BHE 2540 v T Y LG O, v
PR SN2, H 0 R R ) Y SR A Ao
R X RE G B Z R A 2 B
RE 1 AR GX — ) B, K AR — B9 i 4
LT AN )Tz R R 1S B 07 vk S A B A i e
TR Je Bl HA 8 P A R O ok AT LA A 2% 4 v ) R
PR BRI, (E 38 0 8023 19 5 AR AU I 1 4% g
TR R Bk 2= B 2 M 36 AT AR 5| R 1 40 3 B0 57) 45 D
[ S NN U TR G S B S C R U G A D DS SO R
AR B W/ B BE 23 7 A 5 e A5 R) . HL 28 3 AR
g B A AR i 1 0 o SRR AR A AR R R R R
4 TCVE I T v T RE AR R A Y ST R A i A
BERE 060 01 10 B 05 {5 2 B 98 ( resin transfer
molding, RTM) T. 7., A5 RTM T AR CHE 2 —
R AR R IR

i 4Rk Bk 4N K 4% ( carbon nanotube, CNT) [A
HAR S0 17 e RE SF DS 1T ATz M 5 %
R, F T CNT X A TP ARSI 28 47 185 0 el 1) AT 5
TAEWBEA . CNT 8RB AL 5w rkhe, H

SRS CNT & 4G 0Ok M Be, U2 ) 2= vk
fig , AN T HIS TIAE , 1 0Tk SIE R A 4a s i
A AR M RE AR L. i DL B CNT Sh A9 51 T,
Wt — K CNT 41235 il B AT — 58 &5 [l 45 4
FRAE I 2 W RUBE CNT SRR, 4N — 2 ik 40 K 45 £F
N A T R R R = A R A KA
SR/ 7 AT S #E CNT B4 S PR R, it
FE UL CNT 2R A (A 9 F 5% 3T AF R A5 31 T PR &
JE. 1E M B 4l oK 45 i I ( carbon nanotube film,
CNTF) 8t 5 {3 ) Buckypaper* """, B 4k i1 F
CNT 7E b [ dy B pa) , A8 (6] A A7 76 o 59 9 Ji 1 4k
I3 A S 2E R RE I AN AR (R AN ST T W
RER CNTF 5R &M ZHNE 4.

TG g 3 52 5 A4k 174 3 555 2 () 14 6, T 1)
fifF 5% O N Wil B0, R CNT 40 S5 1 g S5 ik £F
4 (CF) IR 223 sm ig B 2 G ARkt 2 Hoh 2 —.
Ashrafi 25" FIH CNT 2k 35 801 i (EP) J5 5
CF & &, H T B A I AYJZ (8] W 28 1 (G, M
Gue) il 5 R4 58 B (CAL) 73l ¢/ 17 13%
28% 1 3. 5% . {1, 25 J7 1 o CNT/EP & 4 ki ig

% 20130304 WA, 2013-05-16 & s MK H AR 2 3 4 (34 5 51103121, 51203144 )  fii 25 B} 22 4 4 (3£ 4 5 20115221003,
20125268002) | ) S5 24 A A 24 B S LRI IE 4 (3645 20090121120036) \JE [T BHE X155 B (350 B 5 201080720 ) i 4 & K

BHEOF & @i 4 (3425 2009]1009 ) %5 1) 55 H .
sk 3@ IER 2 A, E-mail ; xlhu@ xmu. edu. cn
doi;10. 3724/SP. J. 1105. 2013. 13066



10 3] X R 45 < Bk 20 A AE T J= ) o 1 e 27 4/ 30 S i 52 1335

R 2GR K, Bk i RTM #; K. Klein
a2 g 7 Tngerleal” (9 HE 2, ¥ CNT/EP A
J5 BT CF Uy 215 2 &Mk RS G,
520/ 5 5. Wardle 258557 0] <6 B -EN R 47
A CNT [R5 E T 102 kL6 2 18], 448G 2 8 )
PO E I, G Gy a5 T 1.5 £5%F0 2 4%,
AT B CNT B4 51 55 B (60 wm , 120 pwm ) 37 F
HHAE CF/EP B2 RS (42 ~5 pm) K, 0%
ik CF &40y, iz CNT [ 31 U2 7 J2 (8] £ il 7Y & 75
A, S R L ) 2 AR Ty 24 M RE A2 3 5

i /NI AL T IR 3R 52 A M R 3 55 )2 )
PRI AR T B R AR A
J2 [B) 2 B M B 0 T 1k AR G S B T R Se IR
RAR MG, TN FHE] T RTM T2 il 45 44 i 5
RS N I (ED - VA: R 7 E S 3 NP O SR NE SR
A — 2 W AR P, DA el HE N 2 3 — 2 FR
il ARSI T B A7 R R kL WA T R
RUEE CNTF A g J22 18] 85 Ve b1 B, X6 3 ff CNTE/
CF/EPIRZE M BT T I HE T2
= CNTF 9 Ro~F 5B 50, Rl CNTF £E by % {4
A2 (B M 25 # X5 CF/EP &2 & 44 B )2 18] 1 47
X Cr: R T B2 E BB G T2
W2 FIPE G PEH T & A A R 0 I X i
—IRZE BB BN T T SRR,

1 SLES

1.1 E##

S5 Fiv ) 22 E B 299 0K A8 R I Sh AL R b 2
SAHPIRR(CVD) T 206148, ¥ 4 wi% — % gkmy |
AWM 140 C Ak, B 400 mL/min [ 57 <
kA CVD & 76 740 C R AK 2 h, il &1
FURRANOK AT K 100 ~500 pm, FL £ 50 ~ 100
nm. RTM S R} iF 3266, b 5t i 25 B KHIF 5% B
U3160 F.[n] JC 45 ik 2F 4L 24y , T %5 )3 (160 +7) g/
m’ U AT A BR A .

L2 HmAKEENHF

Wk 40 K % I ( carbon nanotube film, CNTF) 3%
FH 238 b vk il o R i 0 oK A 15 3 T TR P R
PLIEFE 105 ~1: 10 745 1Y e B ) 25 15 1 /K 0 i
WL B AR A A Dy B 2 T K 2.5 mg, IF 53 5
SR FHTR 370 W b 75k o) 8 0 R A R

(1) K23 HOHE P 4000 JH A3 e B ) o P 4 Sk i 7
U b J5 25 2 22 0k 5 A b o O 2k i g, 2 5 #4520
o 2 U8 PP N R A, T A B B A OK A I, 2 R

CNTF1, & 2558 30 ~40 pm.

(2) B 43 B AR 32 A7 1] B0 0 R 5, AR
I H 1% 7 0 PSR 75 AR 38 1 b, A TG = Fn
I E P IR AR IR AT R, 5 B R Al s AR B 0 JE
AUE AR 4T B RO A5 B 1) ik 40 K L A R
CNTF2, JEFE 25k 30 ~40 pm.

1.3 S&HHH&

HEAEME G M G iRk B 2T 454 2 7 2
0], B K4 Al T 1 )2k 2F ], i A 2
FER 4 mm, G SF 4EAR B3 B R (55 +3) %, R
WA RTM T2 4 4 e Tl R T AL L 5
40 ~45 C I P48 IR e A & 8 E ) B il 5
23 SR ML, 2 54 80 °C/4h +120 C/12h T2
HEAT A, v 2 2= a0, AL, 22 A N I3 v
YIAG 2aRE . 1T [R) BE 09 75 35 i 5 Bk 2F 4E 5 58 20 41
W R HEIZ 5 BB (CE/EP) A 3T Ho ik & . CNTE/
EP Ped5 R FE 5 BLHE R ] EP 1235t CNTF, #% Ll I
T2 A5
1.4 HEEENKSHMAFRS N

AR J7 S PE R I L FE Instron 8803 44
BHAIS HL - #E4T, Hrp G, 3% B8 HB 7402-1996
17,6, . T% I HB 7403-1996 i} 17. CNTF J £ W% 4>
A MRHARETE QUANTA 600 441 it 55 T WL 4% H:
[ZOUSIZ R

2 #HRE5ITR

2.1 B KEBEERR

AL B £ BE CNT (1 SO0 JE 57 0 181 1 fe
7N SR FH i e A 7 4 kY BE LS CNT b3 1 h
J5 4% CNTFL, 4n el 2 (a) Fros. B T8 A 2 g
HECE, ORE S CNT g I, KA e 22/, P A
Fy CNTF1 ¥ CNT )4 %, i 2(b)
CNTF1 JERE 2528 40 ~ 50 pum. R IR AE & 19 75
IYHUEE AR B 1 h J5 9 CNT fF il 45 #9 CNTF2
WniE 2 (c) , fy T HE75 4b BEAE B AG, CNT 32 21 1)
BEIRE /N K AR K, (i CNT HERD Ay i 4, 4N
K 2(d), CNTF2 JE B 25 50 ~ 60 wm. CNTF1 Al
CNTF2 5 HA7 5 R iy 5 IR S5 40, ) Tl sk &
Eeg N RSN L EC R (B IPUSER
2.2 BANKER/IREWIERFERUF IR

B CNTF1 F1 CNTF2 5 EP 75 2 i 58 #5 14
{1 7 1 O 3 AN 18] 3. i F CNTFIL s CNT 4 B
HERHE %, EP Xf CNTF1 fi% 5 i P 4% 2%, EP
WA T i H B B CNT, anE 3(a) 5 3(b) .



1336 FEAAN

2013 4

Fig. 2 Pictures of carbon nanotube films: (a) optical picture of CNTF1, (b) micrograph of CNTF1,
(c¢) optical picture of CNTF2 and (d) micrograph of CNTF2
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Fig. 3 SEM pictures of carbon nanotube film modified epoxy composites: (a and b) CNTF1/EP
composites and (¢ and d) CNTF2/EP composites
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Fig. 4 G,. of the CF/EP composites (a) and the CNTF2/CF/EP hybrid composites (b)
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Fig. 7 SEM pictures of the CF/EP (a) and the CNTF2/CF/EP (b and ¢) composites after G test
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Fig. 8 SEM pictures of the CF/EP (a) and the CNTF2/CF/EP (b and ¢) composites after Gy test

BT B Ui IR AL A 1 28 )2 1) O 2R 1 IR i 2869 J/m”, HE i T 120% ; (3) A bHRHY T ALZ
ROH B2y e, B4R m i A prkk I AL JZ I J b7 228 ) e ) R T oW T 5 3R T, Bk A KA
PLRNME. 2B O OK A TBERPE IS, Bl A K A TR/ B 2T IR S R I (] 7 $H 2304, X el Bk 40 oK A AH B 5E
Y/ PN S BRI B2 (B BT R AR S AN TR LAY ) 4 5 K BE A AL BEL AR JZ 18] 4L
LY/ AR IR A R 1292 I/’ BRESEI T BLEUYT R AR B2 1) 1 H Y.

12
13
14
15

REFERENCES

Li Y L,Kinloch I A,Windle A H. Science,2004,304:276 ~278

Li Q W,Li Y,Zhang X F,Chikkannanavar S B,Zhao Y H, Dangelewicz A M, Zheng L X, Doorn S K, Jia Q X, Peterson D E, Arendt P N,
Zhu Y T. Adv Mater,2007,19:3358 ~3363

Zhang X F,Li Q W, Holesinger T G, Arendt P N, Huang J Y, Kirven P D, Clapp T G, DePaula R F, Liao X Z,Zhao Y H, Zheng L X,
Peterson D E,Zhu Y T. Adv Mater,2007,19(23) :4198 ~4201

Liu J,Rinzler G A,Dai H J,Hafner H J,Bradley R K,Boul J P,Lu A,Iverson T,Shelimov K, Huffman B C, Rodriguez-Macias F,Shon Y S,
Lee T R, Colbert T D,Smalley E R. Science,1998,280(5367) :1253 ~ 1256

DiJ T,Hu D M,Chen H Y,Yong Z Z,Chen M H ,Feng Z,Zhu Y,Li Q. ACS Nano,2012,6(6) :5457 ~ 5464

Li W Z,Xie S S,Qian L X,Chang B H,Zou B S,Zhou W Y,Zhao R A,Wang G. Science,1996,274(5293) :1701 ~ 1703

Li Q W,Zhang X F,DePaula R ¥,Zheng L X,Zhao Y H,Stan L, Holesinger T G, Arendt P N, Peterson D E,Zhu Y T. Adv Mater,2006,18
(23):3160 ~3163

Zhang X F,Sreekumar T V,Liu T,Kumar S. J Phys Chem B,2004,108(42) :16435 ~ 16440

Wang Z,Liang Z Y, Wang B,Zhang C,Kramer L. Compos Part A - Appl Sci Manuf,2004,35(10) ;1225 ~ 1232

Wang S R, Liang Z Y, Wang B,Zhang C. Adv Mater,2007,19(9) :1257 ~ 1261

Ashrafi B, Guan J W, Mirjalili V,Zhang Y F,Chun L,Hubert P,Simard B, Kingston T C,Bourne O, Johnston A. Compos Sci Technol,2011,
71:1569 ~ 1578

Sager ] R,Klein J P,Davis C D,Lagoudas C D, Warren L. G,Sue H J.J Appl Polym Sci,2011,121:2394 ~ 2405

Garcia J E,Wardle L B,Hart A J. Composites : Part A,2008,39:1065 ~ 1070

Yi Xiaosu( #5/N75) , An Xuefeng( %2445 ) , Tang Bangming ( fEF844 ) , Zhang Ming( 5Kk W) . China patent, CN 1923506 B.2010-08-04

Yi Xiaosu( %5 /N 75 ), An Xuefeng ( % 2% % ), Tang Bangming ( f& ¥ % ) , Zhang Zilong ( 5k ¥ 7% ). China National Defence patent,
01100981.0.2008-12-10



1340 R it 2013 4

RS

CARBON NANOTUBE FILM INTERLAYER TOUGHENED CARBON
FIBER REINFORCED EPOXY RESIN HYBRID COMPOSITES

Gang Liu', Xiao-lan Hu''?, Peng Zhang1 , Rong-lu Yu’, Jian-wen Bao',
Ming-hai Chen®, Qing-wen Li’, Xiao-su Yi'
(' Science and Technology on Advanced Composites Laboratory, Beijing Institute of Aeronautical Materials
AVIC Composites Technology Center, Beijing 100095)
(* College of Materials , Fujian Provincial Key Laboratory of Fire Retardant Materials( Xiamen University)
Xiamen University, Xiamen 361005)
(° Suzhou Insititute of Nano-Tech and Nano-Bionics( SINANO) , Chinese Academy of Sciences, Suzhou 215123)

Abstract Carbon nanotube film ( CNTF) interlayer toughened carbon fiber ( CF) reinforced epoxy resin
(EP) hybrid composites were fabricated via resin transfer molding ( RTM ) processing in this paper. Multi-
walled carbon nanotubes were prepared by chemical vapour deposition, and carbon nanobute films were
prepared through vacuum filtration. Model 1 interlaminar fracture toughness G,. of laminates and model 11
interlaminar fracture toughness G, of laminates are used to characterize the fracture toughness of the RTM
laminates. Furthermore , the toughening mechanism is discussed through microstructure of the fracture surface
combining mechanical properties. The compact degree of the carbon nanotube films was influenced by the ratio
of the multi-walled carbon nanotubes, which led to different impregnation of the carbon nanobute films to the
epoxy resin. Experimental results indicated that the carbon nanotube films from carbon nanotubes of large
aspect ratios exhibited better impregnation effect than those films from carbon nanotubes of small aspect ratios.
The carbon nanotube films intercalated in the interlayer of the composites between the carbon fiber and the
matrix resin as a whole laminated structure ,and they still kept a continuous grid structure in the CNTF/CF/EP
hybrid composites. As to the model I interlaminar fracture toughness G,. of laminates, the carbon nanotube films
have no obvious improvement on the G,. value. However, the carbon nanotube films laid between the carbon
fiber layers changed the failure mode of the CF/EP composites, leading to increased initial failure load and
breaking load. As to model I interlaminar fracture toughness G of laminates, experimental results exhibited
that the reinforcing efficacy on the sliding mode shear failure was remarkably increased for the CNTF/CF/EP
hybrid composites. Model II interlaminar fracture toughness G, of laminates has increased from 1292 J/m’ of
the CF/EP to 2869 J/m’ of the CNTF/CF/EP hybrid composites. There is 120% amplification in G, testing
value. Microstructures of the CF/EP composites and the CNTF/CF/EP hybrid composites were characterized
through scanning electron microscope (SEM) for understanding the prominent improvement on the toughening
properties. SEM pictures showed that there was strong shear history of the carbon nanotube films via the sliding
mode failure. The carbon nanotubes absorbed a great deal of energy through shear sliding and hindered crack
growth ,leading to increase of the G, value outstandingly.

Keywords Composites, Carbon nanotube film, Interlaminar toughening, Resin transfer molding



