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Preparation and characterization of aligned carbon nanotubes/epoxy composite films

LI Qiang"?, YIN Xinyi**, YU Yanyan*, YANG Wengang®, LYU Weibang™
(1. School of Nano Science and Technology Institute, University of Science and Technology of China, Suzhou 215123,
China; 2. Chinese Academy of Sciences, Suzhou Institute of Nano-Tech and Nano-Bionics, Suzhou 215123, China;
3. School of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou 510641, China;
4. Composites Center, COMAC Shanghai Aircraft Manufacturing Co.Ltd., Shanghai 201324, China)

Abstract: In carbon nanotube (CNT)/epoxy resin (EP) nanocomposites, the resin content and distribution, CNT
orientation and CNT-resin interfacial strength are the key factors to fibrate the high-performance composites. In or-
der to study the relationship between the resin distribution and the CNT/EP composite properties, CNT films pre-
pared by floating catalytic chemical vapor deposition were impregnated by using EP and then stretched, washed
and hot-press cured. The focus ion beam and scanning electron microscope were used to characterize the distribu-
tion of resin in the CNT/EP composites. The results show that, with the increase of resin content, the amount of res-
in on the composite surface is increasing and the average tensile strength and tensile modulus of CNT/EP compos-
ite with CNT content of 66.14wt% can be up to 1 405 MPa and 46.7 GPa, respectively.

Keywords: carbon nanotubes; alignment; resin distribution; mechanical property; nanocomposites
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TR RIME, BF5E A ST CNT Tk — 4 2F 2o
o AR AR S M R, SRR SR R AT
45, Hl# CNT/REAEE G AR ik 449 0K 48 1 1
(Carbon nanotube film, CNTF) & i K & H 1H$& #2
YRLE R B AR B, B TR . FLBRA S
DI K H SO AR E5 R 5L B CNTF 5404 i 75 Wi ik
11424, FTRAH % CNT JBiht 73505 T 50% A 48K
A MORL . T PR U R RS T
fdi 15 CNT 1E9 K &5 MR RERS 1 45 52 1 J7 1a) X
R HES, R IR R & M R s G . ¥4
g3 AT A S PR RE & i . HUW % HERY CNT. B %
455 W ST CNT/AM IR &2 45wl B0 A 4 1 1 2
PERE 1 [R]85 I8 5 0 S . SRR D,
B TR T 3 AF R WIS R

FIHH I sl A Ak Ak 2= SAH DT AR (Floating cata-
lyst ¢ chemical vapor deposition, FCCVD) 1] L) 1 4%
il 2 X WAL CNTF, I H#:A4E &) AR, A
FHZ 3§ %5 1 CNTF 5 RIE R & 6l & W& 5 Kb
FETESE CNT JCJF B . B ME DL 58 4 5 35t CNT
FEG, ERG T CNT K HAL R 1 Hh6E.
WM EM, REFETZATUKE SRS TR
CNT f P 8U% L, #E R RFEE & CNT 14
TitERE . HATHUR CNT B 7 A48 M8 il fi gk 2021 |
BUARZE fp i 028 e g e P22 45 o L B A 2 i
RERAERT R . BUARAT . AR R T RIS &
VFZ 058 N 534 SR Tt 4 I I 2R A7 AL 2 i LA
RAFUF I CNT W 4 117 ) 2 = PR BR AN K 25 BB
Wang 55 P 5% T A [ V1A A DU 25 1 R AR 1 4 R
FEJ7 I BRI & T, RIRAFLER . & R LR
N R BA A T m AR B E R
Cheng %5 "1 ¥4 CNTF 5 35 3k [ 0 Jiie 4 i 37 9k ik
Irig B AR m LG, BiE 22 i b g e,
524 R CNT fh I A2 B2 3 . Li %P9 4% CNTF
25 5B MR IS Parmax HEAT B &, TEANE
Z2 1 CNT IR 434k . HESI R B R4 BE X 52 45 v e
FIFPERE R o X Sr AR UK CNT 5 4t
R AT IR B B AT #2E i 3] 40%, #R58 T K
MR EE . [ T AR G T AR R S
A5 UGS I A TR B CNT 45 8 B m) 7 [n] B0
FEFRBERE N, /N CNT HUIL R AR R .

TR 7E 52 G FEE PR S 108 43 A 1 100 A R dn T g 3
RIAGTE S A R B934 5] 534, CNT 51 1 41 %<
ity . RERRIE A & IR S X K

B MR BB Y 52 ) FEE A A DG B AY R R T R . AR
SR FH FCCVD 2: 4l £ () CNTF F1 3R & 44 i (Epoxy
resin, EP)/TH B8 WA JkE , Rt . R W
Ye. ZRRE . RIEREE T 2045 CNT &5 5
FH B H2 8 T (Focused ion beam, FIB), %5411
i R (SEM)IRI P RAE K G W IR T 5
PR CNT 54 AE 42 250, 4558 CNT B B2 1
RERE & it Mo A . B L2 R ERREXNE G
By R 2 e B . DA S 7E CNTE h iy &
i S5O A A T AR T G I ) S M RE R Ak
Bl

1 LMBEAE

CNTF J& & & 9~11 pm (F5 M £t 44 K 1 61 B
AR A AL, K CNTF (80 mmx40 mm)35°C
TR TR R AN 5wi% . 10wt%.  15wt% A
EP/N i ¥ W (% A 5 [ 46 350 52 & I5C L6 100 < 34)
2 h J A5 TR K ORI E T 50°C L As At
Farh 0.5 h D RBRFUR B N, SRS
il & 2 A R o XoF AN () IO o 4 50 P A i R I i 1Y
TR BRI AT HLAR 2 M, BILAR A A A6 7 e b R g 2%
ML (B44.104, FEFET T RGEA WA R) ik
£ 1KN L2847, A E4 4 0.3 mm/min, i
FER S5 40 mmx10 mm, $50EF 20 mm, A 3R
hg TR B 06 K B 1 20%., 5 A Y g 2 iR e
J7 e Mok 1 2R 5 1 (Instron 3365, 35 [ 9% 4%
BRSNS EHEAT, SR 10 NGRS, i iRy
0.5 mm/min, R K 20 mmx2 mm, &N
10 mm, AEAFES R 10 407272 R REE T
o i 4% (FEI Scios, 35 [E FEI /A 7)) 45 & 35 &
A T 2488 (Quanta 400 FEG, %[ FEI A H))
A3 BT LI A7 A2 A B A AT L 2 T OV B

G545 1% 5 SEM 2L HF 10wt% B S 7 Tk ) 45 T
M TEAT fe K H B2 1R B 30% . PN R TR R T
MR I swide B IRV W FROIR T . AR [ .
KA CNT By 5T 2 43 BRI A 73 BT (X (209 F1
Libra, & [ 1if 3t 3 &% 6 & A R A 7)) #17 RAE .
VA F ] 24 4 P A 2 0 A PR A w3 S
fig Araldite LY 1564 SP CIN (Huntsman 2\ &), [&{k
7| Aradur 3486 Blue CI (Huntsman 2\ &) ), [# 4k T
2:100°C NIEYE 5h, JEJ7 10 MPa, X H$L 8 %%
{% (LABRAM HR, H 7 Horriba-JY /A7) #fF CNT
F L) BB . B2 AT 5 B G SR B
Pl R Ry, B ) R > 503
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2.1 AERESHH CNTF/EP ESBEM NFERLEWN
S LETHMEGREAFRME L Fix, K1/
[l 2 S CNTF/EP & A Wiy Ji24 e fg. nI%1, £ EP
BETG, AR T2 B8 R B3 i $2 T 122%
215%. 166%. F:71 CNTE/10%EP & & I5 i) 3 B Al
KA P A, N 592 MPa. 21.2 GPa, [fi B
BRVREE R 3, AR MBI RE S T,
SUHHRAH 17% F#Z 5% ZiAv. 31 AlR1, CNTF/5%
EP Z G M AR & AR, Ul 27.29wt%,
B 58 A 78 CNT 1Y) L B S5 4T CNTF %)
KEER R, REEMIAS CNT WS EMS B 7 &
. 14% Ao T R ORI ] TiX — 4
Wil 45 52 A B P B B 5 s 3, AR X CNT I 2%
SRR E MR R IR , 2GR W A T
CNTE/10%EP il CNTE/15%EP 4 4 I () hr 22 f
ML, 43510 6% F1 5%, I B g & B4 51
9 50.91wt% FI 55.64wt% (WL & 3), 2 W4 1& AW

JI§ 7 B BB (145 CNT M TEREIS ) R 4%

H T UL E A BT AR A A,
SEM X} 52 A B2 181 LA B NI 30 AT R AE . CNTF
FmfLBR R/ A . CNT B AR R 5 HE
PRZE S5 22 R MR R TE M P s, R
FEE A BT RIR A . Bl 4k 5wi%.
10wt% . 15wt% M JIg 7% W ¥ 15t Ji CNTE/EP & 45 Jii
FEIE MBI S . h B 4(a)~4(c) B A WL
TESLAT AT, B A A RE Wk B R B, 2 A R R 1w AL
B2 3B Wi 2L . CNTE/5%EP & 4 5 5% i A7 78 W 4 Y
LB, CNT 4535 W ml UL . CNTF/15%EP & & %
LR, (HRATERIEE £, YR G B
JE it TARRT, 2D AR R A el
NRTERE GRS, FBIRE G # e
CNTF/10%EP & £ JB 3% 18 A UL W] 2 09 44 il &

AH H B H A PR & A B, CNTF/10%EP & & Jii
B A S B 78 T CNTF (1948 KB4 FLBR, &4
PR T 5]

R 1 BEBRAREHE/IAEMIE (CNTF/EP) ERREMIESE
Table 1 Resin content of aligned carbon nanotube film/epoxy resin (CNTF/EP) composite film

Name Sample Resin content /wt%
CNTF/5%EP CNTF impregnated 5wt% EP solution 27.29
CNTF/10%EP CNTF impregnated 10wt% EP solution 50.91
CNTF/15%EP CNTF impregnated 15wt% EP solution 55.64
CNTF/5%EP (20%S) CNTF/5%EP stretched 20% -
CNTF/10%EP (20%S) CNTF/10%EP stretched 20%
CNTF/15%EP (20%S) CNTEF/15%EP stretched 20%
CNTF/10%EP (30%S) CNTF/10%EP stretched 30% -
CNTF/10%EP (30%S-W) CNTF/10%EP stretched 30% washed by acetone 18.91
CNTF/10%EP (30%S-W-5%EP) CNTF/10%EP (30%S-W) impregnated 5wt% EP solution again 33.86
Notes: “W” means washing; 20%S and 30%S are stretching rates.
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Fig.1 Representative tensile curves of mechanical properties of different

CNTF/EP composite films

P2 AN[E] CNTF/EP &4 IR A R P
Fig. 2 Histogram of tensile strength and modulus of

different CNTF/EP composite films
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Fig.3 TGA curves of different CNTF/EP composite films
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46T CNTF K, B B [ 3, 2 m
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LR BIE SV AHARDS o 5w 1A i 75 WUR BT
AR BOP R IR 2> T & RERUIK, A5 CNTE
(4 FL B R RELZE , SR TEA IR SR R A, (Rl
B B AR HE A CNT #EBE N AR B g b, il
IR SRR N TR FLBR AR, AP B B
FLELAIE S Z D i AR, 5 R o 7 i A2 3
ERRBRE R A K T HEME S EAL,
A5 J5 22 B AT T 20T LB A A CNT BE 944 i 7

_______________

Fl4 5wt%., 10wt%. 15wt% BIIRVA GRS CNTE/EP & & RRETEH ((a)-~(c)) RIS ((d)~(f)

FARURMFHR AR, FRREEGETD
WKIHFFAEFLIE, R 2 124 RE . 15wt%
W BE A IR VA WOR BT, il T VRO R
PR BV R R B 2T, 7E CNTF
LB R SR R ST, B 7 5 5 B0R
i 7E LB AL 15 B3 2E ,  BHLASR) I ¥ W % CNTF fY
Bk, ERWFE R EEX, R RER
RE4E . WIRIRAYIIS . CNT 1y 5 1E 15
AENFEEIR, FEORA I H R 2. 10wt%
W BB IR W WOR BN, BEIR A RS R, ANaxt
CNTF [ FL Bt 1 i 3% %€, R S B ffEE H 58
BRI ST, W 4+ AT LUR 47 (1938 3% 3
CNTF W, REWIEA S &% mASLHX CNT
WA Y 520 . P CNT K LB A) A A2 48 0 )
MRIEFL, SR EALIE IR R A e . Bpa .
TR RAF IR E S MR, R s g &
£, X5 CNTF WML A K.
2.2 HL# EE {1 CNTF/EP T2 B 4 B8 A & K FE RO ik
BRAOFEE

K 541 K 64 CNTF/5%EP. CNTF/10%EP.
CNTF/15%EP 7= {# 20% J& (i Sy 24 kg . Al %1, #l
PR 20% J5, AR J1oFERE A AR TR, W
LUK FFEAL . Hith CNTF/10%EP i i3 I 22 i J5
i RE s, PSR Bl 989 MPa, i {5 i
°}y 41.3 GPa, CNTF/5%EP iz I 7% {5, W 24
K JFOK A 15% [% MK = 8%, 1fii CNTF/10%EP

Fig.4 Surface ((a)-(c)) and section morphology ((d)-(f)) of CNTF/EP composite film after 5wt%, 10wt% and 15wt% resin solution impregnation
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Fig.5 Representative tensile curves of mechanical properties of
CNTF/5%EP, CNTF/10%EP and CNTF/15%EP after 20% stretched

1200 Strength 60
989 XX Young's modulus
1000 /T_, 41.3 4 50 o
772 %
£ 800 | ; 140 %
= 7 =
= e00 LA \\ 288 | 50 B
B0 i & | g
& / 213 \ =
& 400 | \T§ {20 2
=
=]
200 4 10 -
0 0
CNTF/5% CNTF/10% CNTF/15%
EP(20%S)  EP(20%S)  EP (20%S)

¥l6 CNTF/5%EP. CNTF/10%EP. CNTF/15%EP
A 20% J5 A AR AR IR R
Fig.6 Histogram of tensile strength and modulus of CNTF/5%EP,
CNTF/10%EP and CNTF/15%EP after 20% stretched
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A B A S 1 B A K 38 5 T CNTF/10%EP &
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Mg e MR bt — b w R, ZA M
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MAER—H CNT LR —EME. RASHE A
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A B2 22 S 0 3 RIS i A Bl iR . AT
10wt% [ W) J %5 Wik X CNTE A 2 I 1 35 10 280 5
FER BT, A3 e BE BV W A5 1 B IR 4 13 A
1) PN A B2 4 CNT Y[R A 3B 78 T LB, Pk
TTHEMMIETZ, HEZE BT CNT SR HUN, i
237 J1 B A R 08 AT A5 A B 1% 338 ) CNT, 1
T S22 ERE . 26 1, B BERE 10wt% B
NE ¥ W #E 4T CNTF A3 7 .
2.3 CNTF/EP EGEEME KLILFIEHtERE

[ 7 Fi1 8] 8 J AN [i] CNTF/10%EP & & i 25
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fif 10% . 20%. 30% J&, 21 30% M4 A I T 2=k
AE T R, 5 3 RN RS i 43 %1 4 614 MPa
26.8 GPa, &l 11(a)~11(c) A [a] 2 {1 R T & 4
1) SEM EUE T LA th, B G B W AR & SRR
B & 22 A0 LA B 3 g . A2 10% J5, TR
JEE R T AT A R B ALBRAFAE , B 2R BE 9 b J5E v
HIFLBR, AW AR IR CNT 5 b o] Ul o 2 fif
20% J&i, ] DLAL BRI /D, AEfL B b AT L ER A fE )
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Fig. 7 Representative tensile curves of the mechanical properties of

different CNTF/10%EP composite films
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Fig.9 Surface morphology of CNTF/EP composite film with stretched 10%, 20% and 30% ((a)-(c)); Surface morphology of CNTF/EP composite film with

30% stretched after resin washing(d); Surface and section morphology of the CNTF/EP composite

film impregnated with 5wt% resin solution again ((e), (f))
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Fig. 10 Polarizing Raman curves of CNTF/EP composite films with

different stretching rates
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Fig.11 Stress-strain curves of CNTF/EP composite film impregnated

with 5wt% resin solution again
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Table 2 Mechanical properties of CNTF/EP composite films

Sample Fracture force/N Strength/MPa Modulus/GPa Strain at break/%
CNTF/5%EP 2.88-3.65 400-450 13.5-16 14.30-19.72
CNTE/10%EP 3.9-5.75 570-620 20-22 4.23-5.90
CNTF/15%EP 4.08-5.84 490-510 18-21 3.59-4.77
CNTF/5%EP (20%S) 4.72-5.49 580-650 18-22 5.54-8.48
CNTF/10%EP (20%S) 5.64-6.51 950-1 040 40-49 3.86-4.38
CNTF/15%EP (20%S) 5.27-6.37 750-820 27-31 3.96-4.74
CNTF/10%EP (30%S) 4.36-5.44 581-651 21-24 5.94-6.01
CNTF/10%EP (30%S-W) 5.71-6.99 1 005-1 044 31-33 3.71-6.23
CNTF/10%EP (30%S-W-5%EP) 6.33-7.06 1 300-1 600 47-54 3.85-4.72
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