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Preparation and characterization of acidified carbon nanotube/epoxy
resin self-repairing composites
LIU Miao-qi, WANG Yan"™ , ZHU Jing, YU Jun-rong, HU Zu-ming
(State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Materials
Science and Engineering, Donghua University, Shanghai 201620, China)

Abstract ; Carbon nanotube ( CNT) is a carbon nanomaterial with one-dimensional tubular structure. Due to its
superior thermal conductivity, excellent electrical property and good mechanical property, CNT is often used as an ideal
filler for functional polymer composites. CNT/epoxy composites with self-repairing function are successfully prepared
based on the dynamic cross-linking system epoxy resin containing transesterification reaction.The dispersibility of CNT is
improved by grafting functional groups such as carboxyl groups through acidification treatment of CNT surface.The surface
morphology , mechanical properties and self-repairing properties of the composites are tested.lt is found that the acidified
CNTs distribute evenly in the epoxy resin matrix; The tensile strength and modulus of composites with 0.5 wt% of

acidified CNT is improved by 51.5% and 130.2% respectively; The composites’ mechanical strength rate recovers by

96% after being repaired , indicating that the composites has excellent self-healing properties.

Key words : self-repairing; dynamic cross-linking polymer; transesterification; carbon nanotube

IE R 2 — Rl BAT = ZE 48 285 F 1) 3816 i 43
5, R R AP A9 R A2 v HUBRCE BE | 470 855 72 At
ez B2 o ESE TR AR > T2 R R R
ANBE LT O S T, O LA R A i i i B
W SRS Dl 22 T R R B R SR B, N T R
— R, AT LRSI ) 2% 5 5 v 51 A sl 2SSt 52
R, (A FOIN T e A B IR,

Leibler %572/ i) B4/ R 1A% 7% U8 I35 4 1) T8
ST, b A fit e 14 PR A P S H B 7 2R T
KR/ Z JURE M 25 RPN L AT 5 i fE JE
S L, O 1 UAE A PR AR P B RRAE . A
SRR 265 T 5 n] S 4 Al s B (W 520 S
ITARIN L3119 VARG (i ./ S IVARRINN 1 7t 57k

JORE M) T R B A AE Bk, E — RE I A FE (Cn i i
JEHE pH AL AE) T, n] 0t A H A A BT 2 1B
LR A R A P A A S IR BT Y
AN AZ I s 1T PR A S IR I 25 1) S8 B o R 25 BR
Ja OB SRR E I T SC R R 455, 5 A X R ] A2
A ZR G W I 28 AR S Sl o R 1
e AN (Y 3 R S R P 285 1 s s T
) e B 48 AR A AT A A 3 S A A [
e o3 AL S RN TR O AT R AR A
AT RS 1 8 B T R AR i S T A B B
A SRR R R A IS B o T HA e
WS R AT SRR A A T
BT AR Y I R TS T

s BEA.2018-11-12; & E HHA:2019-05-19

TEF R X HL(1995-) , Lo, WA 5 4 B9 7 R R RGN B A AR, fmb7187@ 163.com; T (1985-) , 55, {4, BIAF 5% 61, 55 Jr 1]
NEERER AW IR A Y B AWK E AR IR R A, wy@ dhu.edu.cen,,



- 172 - LA 4L L

E395FESH

Xt Bl A SR o1 I ST B A AR AP B B
RE KBTI SR AL TF IO 1) S e SO 1 45 30
ASSZHR 4 s T B 0 58 8 S I ) 6 7 T S M g
O35 AFCR A Bh A SR 3R G W VR S 1 o 45 2 K
AR A BRI . BRAKRE A B )
EPEREAIE KL T T ERE R A AR B
DIRERB SR ATRL, A3 BRI ), il id CNT
A MRRIBESE, Al BEARAFEREDL 57 O 9K 2 5 44
B NTHESIAK AL T2  DIRERT R A P B 24 55 2
BRI & S

1 LEEH

ZRERRAUKRAE , BRI AR AR 7= 5 MRS TR
b 2 A B R AR 7 Ve R, I 254 A4k
SR FIA BRI J A= JooK L, H N T 22 ek 4n ik
TABRA T A TN, b iR WAk 23850 4 RS ]
A W A AR K CH T B A R AR Tk kR
A RN F] A2 77 Pripol 1040, R KA 8 () A IR
INERAE KA SRR, 255 BRI BR A
A=
1.2 it ss

FIHTH A Hitachi 23 w42 7 (1) JEM 2100 3% %
S 375 55 LB e 4 KR o R AT PR TROUE TR S i
TE930T o RIS K 558 41406 VR B SO0 B A6 4% YA T B T
SEAN ) o et A3 B e oK A A SR P Yy A . R
EE TA A w477 ARES-RFS AR {U oM &2 4 41
BHE R T P A st 15 0, BE FH BEZS TP 1) Stress
Relaxation #2, | Strain 4 0. 4%, | 72 = i A 2%
I A R W) AR P74 204F 1 i 0t 22 7% 471 4 B B
AR AL AR R T, FIHT TG 209 F1 FAHE 73
B BT 2 A MR AR E . R g MTS A IR
INFEVAETE 2Q2000 7 REM EHA IS HLIETT 2 A 4R}
1) 12
1.3 XWHE
1.3.1 BRALBR A R 60 &

I BERRIAIKAE 1 ¢ 5100 mL {R-GTR[ V(A
) :VOHRERIR ) = 1:3 ] INA R =1 Bei , 7E 100°C
HE T EE N 0.5 h TR fL, FZERAK R E
UE R FE R I TR A BRI AR
1.3.2 BRALBR AR E/ R A B oAt e ) &

# 5 g JEIWAR [ Pripol 1040,296 g/mol COOH 4%
M 1 (a) o] SHEMAN ZKE SR E
(Zn(Ac),-2H,0, i 780N 5% ) 1E 180°C H245 M

2~3 h BAFARMW™E, B A Z4iKH
THEE (A E Y5 170 g/mol) 76 S B, im A
FRALBRAE 1Y B S TRE 2 h S BRLIAER, K &
I B R SRR TR S W I A R 2 5 3 A
AR 1:1) IRA BI5GB R U5
H fE 130C T [k 6 h, il & 17 A 6] 5t i 2 4K
(0.1% .0.3%.0. 5% .1%) i) CNT/HE R g 2 A+
B, SRR K ARV HLERAIE 1(b) (c) B,

(CH,),COOH HOOC(H,C), (CH,),COOH
@i(CHQvCOOH i i :(CH2)7COOH
!
CHs CeHs
CHyy H,.C, CH,
23% 67%

(a) Pripol 1040 Z5#

Iy (')>_; — %)ko/\(m

OH
(b) IR 500 FF 35 5 RE
(0] (0]
"H..J\O/Rl + R,0H 4§4Ab?ﬂl ‘m‘)j\o/Rz + R,OH
() BescH LI

Bl 1 Pripol 1040 #y £ 4 K Br 52 3 KR AL 32

2 ZER5WR

2.1 BERULERAKEMRIE

EEIP s SN R (DA ST P S A
TR Ty K A T SRS M3 s8R . Ry 1 3 iR o vk
SR EER I KA KRS TR B, RS
ST HL B B Tl 20 K A5 R AL T S TE £ 1 v B T
e, g RN 2 iR,

(a) 4l CNT 7E LB 1 4 8L

(b) HMR4l CNT

20 nm

(d) HARARIL CNT

(e) BTk ONT 15 2B Ry 531k
B2 sAKERMNAEAE LT 2RI



2019 FE 8 B

M 2 FTLLE KA H R A 4l i 0 oK 5 58 9
SR, SRR AR AN K A5 A5 BE - T L 45 40 50 3, TG B I
W, BRALJE RGOS A8 S, 78 L1 P 9 A B R AR
Uf-, 10 B 7 R fh Ao i v B A O A5 2 Dl LT OB, R %
T 7 A A 8 36 g HL Al 35 Tk Bk A 5 2 B R R
A, el T T e AE A g SRR KRR, W
SRR IR AL BE T LB B4 B 2 Y rh R e i)
Z PR

WA AAE W B 1 mg/mLL, 1 BR AL R B2 R
{5 9 CNT 76 S BER B A0 BT 0 8 2 h )5 TR
FEHTHY CNT H B 0 U R, iR A6 )5 1) CNT PR +71R
WAL, FE 24 h i FRAE CNT HKSR JC I B TR
MG, FRALALFEEL B T BRANK A 1Y 43 sk, A B T
HAE G AL U () R HE I SRAEH
2.2 S&#H SEM RIE

JE RSB R 0.3% 0. 5% e 1% F B 44 K
B/ EM G S A R RN SEM R 8 i 4 38 P n e 3
Fis .

() 1 CNT
K3 FERES%HCNT &4 H#ETHE
Hil w4 E

H I 3 T LUF AR T o B ok 8 2 A
AR BR AN KA 25 BEANIR] R ANOK A HEFE AR T 43
B5) AR VLA R A B g K 5 PR U i R
Z AT R AR 251, 5 T4 ARG 2 kg
EE] T B AIER
2.3 EEMEHREERRE

ANA B 5348 CNT 2 A MR DSC F TGA &
WK 4 i,

BORALRE AR (T,) J& I A b B B 25
REE, HE 4(a) ATLLE Y, SER IR AR T, K2y

XUIMHSE . RAGTIRVAKE/ ME M IEBIBE S &M NIHISE SRIE =173 -

\/_/5_
IE" .
B 3
e 2
& 1
0 10 20 30 0 50
RE/C

1—344;2—0. 1% CNT;3—0. 3% CNT;
4—0.5% CNT;5—1% CNT

(a)DSC K
100
8 80
& 60f
XK
i 40t
<
20+
0 l(I)O 260 360 4(|)0 560 600
HRBE/C
(b)TGA
K4 FERESL%H CNT EAH# K
DSC 71 TGA A

9 16.5°C, 53CHR[ 1] By4RE AL, 7E 2 05 T 24T
B BARM T, K 1 R GRS BT 4
KON 0. 1% XE T, MK, B BRI i I
BB, T, AR, 3 2 B R A B Btk 44 K A 1 o
TR SR el O PR IR R SN AR, AR
I EE B R Rk A5k Bz 8l 24 CNT B340k 19
T, Fhis, & FO AR CNT it Z B T4 B is
3. B 4(b) WA I, AR AR E PR,
PPN VA SR 2 B o5 A O N 2 T A i
407°C AT TP UR A0 ik, 490°C L AT 45 0, Bt 5 40
KA BT BRI, BRI A W IR T

*1 ARARESBHBRMAREESHREBLETEE
CNT BTt 4350/ % 0 0.1 0.3 0.5 1
PEESLEASRIE/C 16,5 16,7 143 12.8  15.7

2.4 E&MHEAEUR

BAMEHY S ERe i 5 Bk, | s al Ll
Fih B A AR 2 i B A5 B A A8 KA T
ST BE I SEHE N P08/ | 25 Rl 4 K A BT E 4 0GR
B 0. 5% Jy2E Pk e AF . A A ik A Ty 245 i Oy
3.44 MPa, il A 0.5% B 94 K & i 58 B 3k 3
5.21 MPa,¥4/IT 51. 5% , Bl 2. 15 MPa 34111
F]4.95 MPa, #2 7+ T 130. 2%, X &M THea8 K&
TEEAR AR08 5 SRR TR i 1Y S A E AT,
IR T IR HMRGOKRE TR A EGE E] 1%



- 174 - FAX AL L

Iy B R | TR H TR A0 KA i i A o 2 2
LRSI R 2%, INERBRIE AL 22 BERESZ S 7=
MR 2 I R BT

6
5_
& 4r
=0
R
Bt
1_
0 50 100 150 200 250
NiAE 1%

1—3Ek;2—0. 1% CNT;3—0. 3% CNT;
4—0.5% CNT;5—1% CNT

(a) J12-1ERE
6 6
st 15
L /.2//\ I, .
%37/\ N
R
@2— 12 &
1t 11
070001 03 05 o °
BRYKAE BB %
1—a  2—R
(b) WrZdsm iF S5
5 FEBTESS CNT EE&MEhFaE.
Wr g 54 E

2.5 EEMBMRERLE

A 3 17 A 15 AT A B A R A T 1 A B
S e AL EE RIS T] 07 A st R A T ) R
TEARGRFFANZE I B, 755 R 1 PR 1) 10z g it i (1]
MW A ISR . FEARAEAN R EE T 1 R A4 sth
TEOLANE 6 (a) i, HIE 6(a) ATLLE M, K&
MR, ShASSHE R 47 F N IS il AR A A Maxwell
B 6 B ARG P46 e 2 H 2

Int = In7, + Ea/RT

Horpror Jy R Sipssth it 8] s Ea MG IERE

FRAE Maxwell A5 7Y, i sth B[] A7 4 sth A5 e o 25
WILABL 1Y 0. 37 (5 By E], B G/G, =0.37, #i5ih
] 5 R B A P A 2k &l 6 (b) BtR, HE 6(b)
ATLLE A4 o e 52 4 S 1 15 AL BE b (90 £ 6)
kJ/mol, FAAL IR EEAEAS = B IR EE N #EA T DU SR
SN I A st H AL B RS RE K TR R eI
1o, A DU R ORE Ak, WP Ak RS R
200°C , 5[] 2 25 min,

R T RSB 0 48 K A X R L A A Bt 7 A
iy, Xf A ] 3 2 43 4R B CNT/ 3R B0 i 52 & 41 RHTE
200°C FHEA TR AR, 25 R A E 7 FR

E395FESH

R

011 i ll() I(I)O 10IOO
s iE] /s
1—180°C ;2—190°C ;3—200C ;4—210°C ;5—220°C
(a) FERAEA R B AR Mg

7.0
6.5
© 6.0
=
55F
L ]
50F e
204 208 212 216 220
(1000/T) /K-

() b ] 5 5 0L 25 2%
Mo HAEATFEEETREMER
Bk s et 18] 5 08 G WA &

1

23

Bkt b
A

0.1 1 10 100 1000
B [ /s
1—#:4A ;2—0. 1% CNT;3—0.3% CNT;
4—0.5% CNT;5—1% CNT
B 7 [ E %% CNT £ 4 4R 200°C T 8y
ML 7 AT LU Y AR 94 K48 5 b 25 o1k
TSN, RO R A B A8 o i 70 BGA 3 1%, 52
BFPRHLAELE 1 200 s PY5EA AT,
2.6 EAMHMES
VW 240 5 6 bR D BFG R %, 7E 200C T
InFA 25 min PEAT AMEE AR NE 8 s,

4
(a) I (b) IR
A8 WA BERR



2019 F 8 B XI@IHE

M8 Hal LI, Wi i p Rt 2 8 5 S
BERAE T —l A R I — R BIRIEID

3 P R Ok AR B B ROR, &
BXEWmEIRE R, BE T CNT & a8 h
0.5% 1% M5B 2R K 9 R,

6
5r 2 1.4
e !
< 4 1
. Zist
i - E
2 ol ol 4 |
7 |
!
0 . .

50 100 150 200 250
PiAE 1%

1—0. 5% CNT E&#¥k;2—0.5% CNT &M EMEE G ;
3—1% CNT E& Mk ;4—1% CNT EEMEHMEE G

B9 RaeMuBRwMENFrEk

HIE 9 AL H,0.5% CNT 24 bkHE )5
SRIEIAF] 5.0 MPa, YR &N 96% ;1% CNT E 4t
BHE S JE SR IR E) 3. 83 MPa, MK K N 94. 6% , Tk
GRAT L 22 BELAR T i B ) 1 28 38 SR N, R W A Y
BEEROE.

3 #ig

BN A S I R T el AN A 1 BE TR A AL
2 DR ZK R A% 3 o Al & A i iz I R e AR AR B
256 T T B AR MERE, LR RILE
IR AR A 5 SE R [ AR 25 M AT, SR 9 oK 8 I i
SYEGEE 0. 5% I 727 M R Ik B AR, AR T 34
SREEHE S T 51.5% , B E e T 130. 2%, 8
AR E T8 A BT AT ], 5E
B E G 0.5% CNT KR4k 15 5m BEIK E R R
96% , M EHEAT AP B R Mg,

S 3k

[ 1] Montarnal D, Capelot M, Tournilhac F, et al.Silica-like malleable
materials from permanent organic networks[ J].Science,2011,334
(6058) :965-968.

[2

[

Capelot M, Montarnal D, Tournilhac F,et al. Metal-catalyzed trans-

esterification for healing and assembling of thermosets[ J ]. Journal

of the American Chemical Society,2012,134(18) :7664-7667.

[3] Yang Y,Pei Z,Zhang X, et al.Carbon nanotube-vitrimer composite
for facile and efficient photo-welding of epoxy [ J ]. Chemical
Science ,2014,5(9) :3486-3492.

[4] Yang Y,Pei Z,Li Z, et al.Making and re-making dynamic 3D struc-

tures by shining light on flat liquid-crystalline vitrimer films without

mold [ J ]. Journal of the American Chemical Society, 2016, 138

BRUIRAAKRE N ERIEBBE SSRGS RIE

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[19]

[20]

- 175 -

(7):2118-2121.

Pei Z,Yang Y, Chen Q,et al.Mouldable liquid-crystalline elastomer
actuators with exchangeable covalent bonds[ J].Nature Materials,
2014,13(1) :36-41.

Denissen W, Rivero G, Nicolay R, et al. Vinylogous urethane
vitrimers[ J].Advanced Functional Materials,2015,25(16) :2451—
2457.

Lu Y X, Tournilhac F, Leibler L, et al. Making insoluble polymer
networks malleable via olefin metathesis [ J ]. Journal of the
American Chemical Society,2012,134(20) :8424-8427.

Canadell J,Han G,Klumperman B.Self-healing materials based on
disulfide links[ J].Macromolecules,2011,44(8) :2536-2541.

Li Y,Zhang Y ,Rios O, et al.Liquid crystalline epoxy networks with
exchangeable disulfide bonds [ J ]. Soft Matter, 2017, 13 5021~
5027.

Rekondo A ,Martin R, Ruizdeluzuriaga A, et al.Catalyst-free room-
temperature self-healing elastomers based on aromatic disulfide me-
tathesis[ J ] .Materials Horizons,2014,1(2) :237-240.

Azcune 1, Odriozola 1. Aromatic disulfide crosslinks in polymer sys-
tems ; Self-healing , reprocessability , recyclability and more[ J]. Eu-
ropean Polymer Journal ,2016,84:147-160.

Kloxin C J, Scott T F, Adzima B J, et al. Covalent adaptable
networks ( CANs) : A unique paradigm in crosslinked polymers[ J].
Macromolecules,2010,43(6) :2643-2653.

Bowman C N, Kloxin C J.Covalent adaptable networks: Reversible
bond structures incorporated in polymer networks[ J].Angew Chem
Int Ed Engl,2012,51(18) :4272-4274.

Kloxin C J, Bowman C N. Covalent adaptable networks: Smart,
reconfigurable and responsive network systems [ J ]. Chemical
Society Reviews,2013,42(17) :7161-7173.

Capelot M, Unterlass M M, Tournilhac F, et al.Catalytic control of
the vitrimer glass transition[ J ].ACS Macro Letters,2012,1(7) :
789-792.

Shi Q, Yu K,Dunn M L, et al.Solvent assisted pressure-free surface
welding and reprocessing of malleable epoxy polymers[ J].Macro-
molecules,2016,49(15) :5527-5537.

Yu K, Shi Q,Dunn M L, et al.Carbon fiber reinforced thermoset
composite with near 100% recyclability [ J]. Advanced Functional
Materials,2016,26(33) :6098-6106.

Pei Z,Yang Y,Chen Q,et al.Regional shape control of strategically
assembled multishape memory vitrimers [ J ]. Advanced Materials,
2016,28( 1) :156-160.

Altuna F 1,Hoppe C E, Williams R.Shape memory epoxy vitrimers
based on DGEBA crosslinked with dicarboxylic acids and their
blends with citric acid[ J].RSC Advances,2016,6(91) : 88647—
88655.

Spitalsky Z, Tasis D, Papagelis K, et al. Carbon nanotube-polymer
composites ; Chemistry, processing,, mechanical and electrical prop-

erties| J ] .Progress in Polymer Science,2010,35(3) ;:357-401.1



