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it Ri42 2 80 H (250 pm).
1.2 HmEl&E

Sz 86 v B A 480 AL 7 B8 R T Hummers' ' i3
il A5 2 Y E Ik A B8 U8 5 K AR 60°C Y HL %
HEAF LT 1 LA B = R T O IR S
i 22 58 42 53 B, SR T K AR B S8R A rh i IS
M 2 h il EA A SR T B M O E R AR R
J&  AE 60°C 1y Has HEAR Bt 12 b, LUBG R & B
SEAE K. BR TE 120°C YIS b, oA BR S 3 A
G PSR IR EL R 1: 1) DDS, B $E35 47 6 24 10
mg [ FE 58 T DSC SRR 5 , A2 F vk A8 h %
& . 4k A 8578 TGDDM/DDS K & h i) 7 &
0 wt% , 1 wt% , 2 wt% , 5 wt% .

1.3 ZRAHSH(DSC)

B i S R 1Ak B DU 3 Y 2 95 [ Perkin
Elmer 2y @) B9 Pyris 1 B DSC, Fr A £ 5 75 52 56 4
PR ERAE T AR T (20 mL/min) FE47, LLAAAE
IXESIEIE . A AT SR A R AF R 5250 L 20 K/min (1)
THi 3 Z ) 50°C THi 2] 300°C , 45 i [ Ak 52 58 2
BIZE 180°C , 190°C , 200°C ,210°C , 220°C F # 47,
BB FELT AR T, A Ry Ak S 235 R 4 IR A S
N 58 B L R E) 50°C, 485 L 10 K/min /)
T TE 5] 300°C, e TH 55 43 19 B [ Ak #4
1.4 #HEEHHN(TGA)

A1 55 F1 AR AL A 58 Y #ROR SIS & 7E Perkin
Elmer Pyris 1 B84k 8 0 AT A B 3617 09, BT A A
i Dt 2o 2 b 4 7 AR (40 mL/min) £ 47 o
AF. I T BE S Bl 20°C B 700°C , TR K K
20 K/min.
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Fig. 1 Cls XPS spectrum for GO
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Fig. 2 FTIR spectra for (a) GO; (b) pure TGDDM;
(c) DDS; (d) cured neat epoxy; (e) cured 1 wt%
epoxy/GO; (f) cured 2 wt% epoxy/GO; (g) cured 5

wt% epoxy/GO
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ME 2 &) LLFE Y, GO 7F 1053 em ' Ab A
—C—O0(3k [ F C—OH FA) M 4 4% 3y g, xf T
WE W e/ A A SR E G R E ik &
GO ZHh 0 wit% 1 wit% 2 wt% [FFE S 7E I A7
B 3T BRI I S B B, T GO & ol 5 wit% il RE
i T LA R 3 A R AT 0 D) L A R KR I ALY
GO Fir gl Y. Ak, GO 78 1226 cm ' b5 —C—
Ok H T C—OH) fift 4 ¥z 5y 1, 4l 4 S W g [ £k
YITE 1280 1225 1182 em ~' b A HR1F W | 78 35 48 M
fEHIMA GO 2 54k 5,3 A~ FF A U 1 A Xt 5
FEA e WK ERTLUE W B GO & & A
W78 A0, 1225 (1182 em ™" B 3T A 1 e %) A T o
AW 2 GO F A H] 5 wt% i, A~ IE S —

by — , H5R Bt FF 8 i 1280 em ST Y 4R AE
W, X SEF N GO L) C—OH 25 T Wik kR
N, AL T C—0—C % A1, Hmg i 0 1) 07 & 7
1200 cm ™" ZE A7, FJE K 14 P A4 06 B, o 068 1) 8%
JE 1G5

PLEZSRUEH] TE R AR IR MA GO 2 5
[k SR, GO & it B AR B, JHE [ 4k 1 9 20 90 o 3
BRI R, 2 GO S &k F 5 wi% i, 3% &l ™
AT RED GREY,HT—0H, —C=0,
—C—O0 FH AP MIEN, GO Riri =5 7T
TGDDM/DDS {& & i) [ 1k 52 i, % [ 46 B 3 7= A=
T 5.

Table 1 Main peak frequencies and tentative assignments for FTIR spectra of GO, TGDDM before curing and TGDDM/DDS system after curing

GO TGDDM TGDDM/DDS system
Peak position Tentative Peak position Tentative Peak position Tentative
(em™") assignment (em™") assignment (em™") assignment
3428 v*(OH) 3048 v (OH) 3364 v (OH)
1258
1733 v (C=0) 905 v (R) 1280 v (S0,)
834
1226 1225
} v (C—0) } v (Ar—C—Ar)
1053 1182
1102 v (Ar—S)

2.3 HMBETEM

K3 RS AE A 2R TGA il 28 L & &
oA B AESE R DSC e, WK 3(b) Al LLE
Sk A BRLE 100°C 24 TR IR I, B % 250°C A2 44
AR S5 B Z BT e 1A AT A 25 R 4R
o 85 i S A L A 2 i WL 3 (a) AL
JNFAE] 700°C I, K AR A 88 1) & JL-F A A2 1k,
T A AL AT B 1) 0 FERGRF 51.2% . XF LR 3 (a) Al

100 T
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80F 100°C N

\ 9
20k ,250°C

60 S <
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Fig. 3
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A 55 3 i W B B K 93 1 5 7R 168°C ZE A S Ak A1
s b 5 o3 fife 1) S A B DA TR B, R I Ok Bk BE
U B 2k T A 2 (249 25% ) 54 250°C 2 ) 2K il 4%
(29 15% ) B 2% , B A 28 B BRR e 1 S A
Gk
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4
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(a) TGA curves of pristine graphite and graphite oxide and (b) dynamic DSC curve of graphite oxide
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£ R A1 (%) 94 K B 2T 4 X6 BR800 B 1 1814k 17 5%
W HIAR /N SRR AR A A L, AL R B A
KiEf—OH, —C =0, —C—O0 FFEILFH, it
% 2 fin B S B 04 [ 4k s g, I HL 3 2 T PR fig
VI 23 76 [RGB S5 0 R & A 43 Mg, 0l i, DTG Xof
ISR A 0 [ A6 AT A 7 AR 5
2.4 HREUHAHF

TE DSC WF 5% [k S g 3y g 2 ok f oy e SR AR
(AR B L DSC i U A i #43E (dH/de) 5 [ 4k
N HR (da/de) BEIE B, B

do 1 __dA (1)
dt — AH, + AH, dt

X, o [ AL S REFE A 55 AH, A1 AH, 73 51
S5 Uk I A PR O Tl A B A R A T A
R R o 7E LH

a = A (2)
AH, + AH,
S AH, R EFTE] ¢ B A s, AT A DSC
LR AR F).

S EUF, PRSI A [ Ak S0z 3l Jg 2 al R
S3h n ORI AL R R 4 0 200°C
IR 4l P SR Il B A ) 5 i B B SR IR /SR A A 2R
A0 oK S5 D 18] Ak S T o R R Al SR B I [) ) 7
P £, DB Fh RT LA H 4l ) 30 A iR LA K GO

1.0
0.10F
10.8
0.08 H
fon —+ Neat epoxy
"= 006 —o—Epoxy + 1 wt% GO 0.6
E —&—Epoxy +2 wt% GO s
5 - Epoxy + 5 wt% GO
3 0.04 Loa
3
S
0.02 - Iy
0.00 : ' . . : 0.0
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Fig. 4  Curves of reaction rate (da/dt) and conversion of

reaction (« ) versus time for neat epoxy and epoxy/GO

nanocomposites at 200°C

99K 52 A W B4 e K I R (da/de ) | B BRAE o
> O f e, A I AT I I AL RS S AL SR
R 5 AN AL A AR R FE B B U R S A I
AL E TR, FRSUAG 1R 28 35 1 B SR 7 3 R (1
] (e, ) I 75 SR 25 B 96 0 T AR B8 0B/ ( 4n 3% 2
TR W T R A K R T GO R 1Y
38800 T S 48, X 8 S A A SR BUTE IR L % T T
A S IR0 301 B S AT — R F9 AR A R 3 5 4
KA X A Bl 6 T 1 A N B R e — 3
90 2 B ) 25 2 P DR 5 A — R i B e
W, RE % 5 5 35S i 19 [T 4k 0

Table 2 Values of maximum reaction peak time (z,) for neat epoxy

and epoxy/GO nanocomposites at different temperatures

GO tl‘(min)

(wt% ) 180°C 190°C 200°C 210°C 220°C
0 10. 84 6.89 4.83 3.45 2.00
1 8.82 6.13 3.77 2.92 1.92
2 6.98 4.12 3.05 2.11 1.53
5 5.75 3.15 2.21 0.47 0.15

HF TGDDM/DDS/GO {4 Z i [ 1k |2 1 J& F
F] AL R I 2 8 | PRt SR i Kamal ™ 5780 3 47 3
N ey

da

3 = U ke (1 - ) (3)

L om Fon R RE, m + n B RN S
Bk, Rk, R RE R TSR E A I E R
B 2 e i fE. A E Bk, by, m, n 1R
WHIT A UM, RELBRHRENETUE
A IS M4 R 3 iR, N T
DL X6 T &l 2R 4200 Big AN []) B 31 1) 2 S04 g/
AALABYOKRE G, R E kA k, #RBE
R R T R K, I Bk, > ks 7E A ) IR
T B R A R R OR R (AR RS O, A
ARG AT, Y « = 00, da/de = k,, KL, &
b 5 ) RS iy S T SR A AN T 49 K

FER R B A i Ak SR 8l ) 2, R R B
5 RN BEA G, AR B 52 S W R, 7E AN [
WAL IR T, 20 S0FF Ink, F Ink, X [& 4k i 5 A9 £2)
BOL/TAERL ghmT AAS B — 45 B 4k, i U T DGR
HEATH F InA, AR R S RWIEGE £, A
E,, A 5 K.

MES BT LLE 40 3R W i R KA e A
BYCKEGWH Ink, Al Ink, 5 1/T Z WA &
AR 1 P O F& . R [) Ak T T, 2R 0LV Ak g
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Table 3  Values of k,, k,, m, n and m + n for neat epoxy and

epoxy/ GO nanocomposites

Table 4

Activation energies and pre-exponential factors for neat

epoxy and epoxy/GO nanocomposites

GO T k ky
m n m+n
(wi% ) (C) (min~") (min~")
180 0.0191 0.176 1.01 1.92 2.93
190 0.0225 0.197 1. 11 1.72 2.83
0 200 0.0393 0.294 0.96 1.61 2.57
210 0.0558 0.325 0.97 1. 65 2.62
220 0.0931 0.449 0.96 1. 68 2. 64
180 0.0247 0.213 1. 19 1.93 3.12
190 0.0363 0.281 1.12 1.72 2.84
1 200 0.0580 0.359 1. 04 1.52 2.56
210 0.0740 0.405 0.94 1.39 2.33
220 0.1112 0.562 0.96 1.38 2.34
180 0.0330 0.208 1.17 1.83 3.00
190 0.0545 0.232 1.03 1.51 2.54
2 200 0.0721 0.308 1. 00 1.45 2.45
210 0.1085 0.435 1. 00 1.42 2.42
220 0.1359 0.485 0.97 1. 44 2.41
180 0.0413 0.202 1.23 1.72 2.95
190 0.0618 0.240 1.13 1.70 2.83
5 200 0.0930 0.314 1. 11 1.53 2. 64
210 0.1386 0.411 1. 15 1.36 2.51
220 0.2319  0.482 1.17 1.35 2.52
0
1}
ks
_2 _
=~
RS
_3 -
o Neat epoxy
o Epoxy + 1 wt% GO
-4+~ A Epoxy+2 wt% GO
v Epoxy + 5 wt% GO
— Regression
_5 1 1 1 1
0.00200  0.00205  0.00210  0.00215  0.00220
1/T (1/K)

Fig. 5 Curves of Ink, and Ink, versus 1/T for neat epoxy

and epoxy/GO nanocomposites
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Jit ok 2B WIS AL BE E, SEA W/, 2 GO & i
BENS wi% i E, 34 R If#d af I E MR R E
Tk, BT H R VG AL RE £, BEE GO 5 & (1Y
TSR B/ 3k 156 AR A A B R ) A0 930G 5
F SR A A 2 0T T8 1k S 7 B B Ak R4 R T A A
e 52 L B4 Ji 390 A A A 2800t [ A S 7 ) AR 2 A T )
Wit 4P Ay 38 5 o ) 396 o of A R 4

GO (wt% ) E,(kJ/mol) E, (kJ/mol) InA, InA,
0 75.5 44.0 16.0 9.90
1 69. 1 42.8 14.7 9.84
2 65.0 42.7 13.9 9.71
5 79.0 42.3 17.8 9. 60

K6 AR AL E T 1 wi% BB IR/ A
A S8 90K B2 45 W Y S B o R 5 g AR B 2 [
KHRMEABMA AKX ) MEFB MR, N
Bl LUA H, S s 5 Kamal #8045 5 74
FIRLRA W, FUORTE ROV Jn 9 B o A
[F) S 96 B . 3 DA O A B SR i Ak o A
F7AE P B 14 7 B« A2 5 1 9 BE AN 7 1 o
B BE. Lk b B B, 84k S B R A A 2 1Y, BE
B ) Ak S R AT, A [ A 5z s 30 A & B
WBLER , BT IR S R 45 44 FR ) 1 B 1z ) ol 64 7
gy, B e RO HE AT B B B T Kamal %
TR G T s 4 1 B B, DR 200 AT 1
1E.

do/dt (min~)

Fig. 6  Curves of reaction rate versus conversion with

model predictions for 1 wt% epoxy/GO nanocomposites
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da _

=y ha) (1= @) fi(a) (5)

S Coo) B 55 T 52 36 I A5 1) 5 7 3 3R 0 AR 4
2 3(3) H05 15 3 09 BN 3 A LA, K X e




30 R S A R 2012 4
3 o B R (4) L4, BT 45 304 i 1 R
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W e P LT DL RS T
200°CHE, LRERE 5 4 R ARY 4R 1Y
W T 200 I, BRI R I SE AR P 5
ANRAFAERE R0 2 5. X — 45 8 5 K TGDDM/
DDS & R A3 5 BT S 45 A2 % P X — 0.001d
PG, Morgan %57 Ak 1 i JE & T 200°C 1,2 4> L P
AR AT S E A B, R 1 AR Y R
AT (4) IR EBEAL R, I, 76 52 i Fig. 8  Comparison of experimental data with model
ﬂ{/ﬂﬁ ?jl}:':lj fﬂﬂ T Tgﬁ@(ﬁ% %ﬂ g\:gﬁ/A\J—itZIEﬂ E"J%jaf predictions : reaction rate, da/d: ([J) and extent of reaction, a
(O ) against time for 2 wt% epoxy/GO nanocomposites at
12 190C ; autocatalytic model ( dashed line) , autocatalytic model
with diffusion control function (solid line)
1.0
" 3 #ig

o 180°C
L o 190°C
041 A 200°C
v 210°C
02F « 220°C
— Fit results using Eq.(4)

0.6
o

0.0 0.2 0.4

Fig. 7 Curves of diffusion control function against extent

of reaction for 1 wt% epoxy/GO nanocomposites
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V7 8 S -1 [R] 01 5% Ak 5<-In] 18] 2. WA P v al LR
i, Kamal [ i fb A58 89 1 [ 4k Sz 07 B9 4 309 0 552 46
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A7 R OB (0 3, 3k 2 A K RN R Y R ]
AN/, 10 0E BN R i K R R A AL R
AR K 3 1 I 48 Ak 7 B8 X 4 300 B9 [ Ak R A
PEFEAE . AR 8 5 Kamal #5580 15545 21 ) 2 00
TEALAE E, B 2= W, M HORS /N T 2 wi% B,
FWIEILBE £, AW/, 3 GO & ik H 5 wi%
i, R ALRE E, K T4 R E W IR IR R i,
T 1 E Ak A B BB % {2 i TGDDM/DDS {4
EQiNE e

GO 5 TGDDM/DDS & Z i) [& £k [z hj 77F & ¥
SRS A AL R R 2 A F Kamal 5 AVHEF T84,
SN REAE 2. 33 ~ 3. 12 2 [i], Kamal H5 7 75 [&
A SN 4 400 300 X6F S5 6 S A0 S AR AR A B B T
SN JE 3, 0 3 2 A 22 AR K. R it % R E L
Fa ol o AL A~ ] Ak 52 R 3 B B R BT
PRIIOG , FE A [ b T B S 1B PN S 58 080 R sh
SR HRIAS B 1 45 W) A AR 4
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ISOTHERMAL CURING BEHAVIORS OF EPOXY/GRAPHITE
OXIDES NANOCOMPOSITES

QIU Shilong', WANG Yuting' , WANG Chengshuang', YUAN Zuanru®, HUANG Yu’ an’,
XIE Hongfeng', CHENG Rongshi'*

(' Key Laboratory for Mesoscopic Chemistry of Ministry of Education, Department of Polymer Science and Engineering ,
School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093)
(* Modern Analysis Center, Nanjing University, Nanjing 210093)
(* School of Material Engineering , Nanjing Institute of Technology, Nanjing 211167)
(* College of Material Science and Engineering, South China University of Technology, Guangzhou 510640)

Abstract The cure kinetics of N,N,N', N'-tetraglycidyl-4 ,4’-diaminodiphenylmethane (TGDDM) and 4 ,4'-
diaminodiphenylsulphone ( DDS) nanocomposites filled with graphite oxide ( GO) was studied by isothermal
differential scanning calorimetry ( DSC). Furthermore, the functional groups on the surface of GO and their
influence on the cure behaviors of TGDDM/DDS/GO nanocomposites were studied by X-ray photoelectron
spectroscopy ( XPS) and Fourier-transform infrared spectroscopy ( FTIR) , and the thermal stabilities of the
neat graphite and GO were compared by thermalgravitimetric analysis ( TGA). The XPS, FT-IR and TGA
results showed that there were large numbers of polar functional groups such as hydroxyl, carboxyl and cyclic
epoxide groups on the surface of GO, which effected the cure behaviors of TGDDM/DDS/GO nanocomposites.
The experimental data of the isothermal DSC for both the neat TGDDM/DDS system and its GO nanocomposites
showed an autocatalytic behavior. Furthermore , with the increase of GO contents, the time to the maximum cure
rate decreased whereas the initial cure rate increased with the increase of GO contents, which indicated that GO
catalyzed the cure reaction of epoxy. The apparent activation energy for the initial stage of the reaction (E,) of
TGDDM/DDS/GO nanocomposites obtained by Kamal’ s model decreased first and then increased with the
increase of GO contents, while the apparent activation energy for the reaction after the initial autocatalytic stage
(E,) slight decreased with the increase of GO contents. Good agreement between the experimental data and
the autocatalytic model with the modified diffusion factor in the later stage of cure was found over the whole
curing temperature range for all of the neat epoxy resin and its nanocomposites with GO. The results showed
that the incorporation of GO accelerated the cure reaction of the TGDDM/DDS system at lower GO content due
to the interaction between the functional groups on the surface of GO and the epoxy resin.

Keywords Graphite oxides (GO), Epoxy resin, Nanocomposites, Cure kinetics



