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a b s t r a c t

Curing kinetics and mechanisms of polysulfone nanofibrous membranes toughened TGDDM/DDS were
investigated by using isothermal DSC and NIR, and compared to those of TGDDM/DDS and PSF films
toughened TGDDM/DDS. At early curing stage, the curing rate of nanofibrous membranes toughened
system was faster than those of other two systems, whereas the final conversion of toughened systems
eywords:
uring kinetics
olysulfone nanofibrous membrane
poxy
ifferential scanning calorimetry (DSC)

was lower than that of resin matrix. Most of the primary amine was consumed by gelation and the con-
centration of secondary amine reached the maximum around gelation. The faster consuming rates of
primary and secondary amines in nanofibrous membranes toughened system resulted in higher con-
centration of hydroxyl groups and tertiary amines at gelation, which led to larger amounts of branching
and crosslinking compared to resin matrix. The comparison of the results obtained from two methods
showed that the epoxide conversion exhibited identical variations as a function of time, as well as the
ear infra-red (NIR) curing rate.

. Introduction

The tetrafunctional epoxy resin tetraglycidyl-4,4′-diaminodi-
henylmethane (TGDDM), cured with 4,4′-diaminodiphenyl sul-
one (DDS), was one of the most widely employed matrices for high
erformance fibre composites in aerospace applications [1,2]. To

mprove the inherent brittleness resulted from the highly crosslink-
ng density, thermoplastics have been usually used to toughen
he epoxy/amine systems [3,4]. However, the incorporation of
hermoplastics in toughened systems would produce further com-
lexities due to reaction-induced phase separation during the
uring process, which may affect the curing rates and structural
ransformations, such as gelation and vitrification in epoxy/amine
eactions [5–7].

In our previous work, the inhomogeneous phase separation of
olysulfone (PSF) resulted from the special structure of electrospun
anofibrous membranes has been generated [8]. Large porosity and

igh specific surface area of nanofibrous membranes have allowed
hem easily impregnated by epoxy matrix to increase the com-
atibility [9,10]. Thus the curing rate of nanofibrous membranes
oughened epoxy/amine systems might be increased due to the

∗ Corresponding author. Tel.: +86 10 64452920; fax: +86 10 64452920.
E-mail address: heyd@mail.buct.edu.cn (Y. He).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.08.005
© 2009 Elsevier B.V. All rights reserved.

enhanced mobility of the crosslinking network and higher con-
tent of amine hardener in epoxy rich phase [11,12], which were
attributed to the mutual plasticization between the continuous
epoxy phase and the dispersed PSF phase. Besides resin/hardener
themselves, the crosslinking network structure was also influenced
by the curing kinetic parameters according to the reaction mech-
anism [13,14]. Therefore, it is necessary to understand the curing
kinetics and mechanisms of PSF nanofibrous membranes tough-
ened epoxy/amine systems, which were associated directly with
final network structure and in turn ultimate properties of cured
composite.

A number of methods have been used to study the curing process
of epoxy/amine systems. Differential scanning calorimetry (DSC)
was a useful technique because it allowed the direct measure-
ment of the heat flow [11,15,16], which was directly proportional
to the curing rate as well as the epoxide conversion in isother-
mal DSC. However, only the curing kinetics of overall reaction
could be obtained by DSC. Fortunately, near infra-red (NIR) spec-
troscopy has been successfully used in the quantitative analysis of
the curing reaction of epoxy/amine systems [13,17,18]. The major

functional groups involved in the curing process, such as epoxy, pri-
mary and secondary amine, and hydroxyl functional groups, could
be isolated well from the neighboring absorptions in the NIR spec-
trum. By monitoring the conversions of these functional groups
during the curing process, the reaction mechanisms and the resul-

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:heyd@mail.buct.edu.cn
dx.doi.org/10.1016/j.tca.2009.08.005
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Table 1
DSC data of resin matrix, 5 wt% PSF nanofibrous membranes and films toughened
epoxy.

Sample T (◦C) �HT (J/g) �HR (J/g) �Htotal (J/g) ˛ (%)

Resin
matrix

180 416.7 105.8 522.5 79.8
190 485.2 91.5 576.7 84.2
200 530.5 68.6 599.1 88.5

PSF nanofibrous
membranes toughened
epoxy

180 401.3 157.6 558.9 71.8
190 419.7 157.6 560.4 74.9
200 475.1 69.0 544.1 87.3

F
t
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ant structural features could be analyzed as well as the curing
inetics.

Therefore, in this study, the isothermal curing process of PSF
anofibrous membranes toughened TGDDM/DDS were investi-
ated by DSC and NIR, respectively, and compared to those of
GDDM/DDS and PSF films toughened TGDDM/DDS. The DSC data
ere modeled by autocatalytic mechanism and advanced isocon-

ersional method. The NIR data were used to study the curing
inetics of different functional groups involved in the epoxy/amine
uring process, and further to analyze the reaction mechanisms.
lso, the results obtained from these two methods were compared.

. Experimental

.1. Materials

The epoxy resin used in this study was tetrafunctional tetragly-
idyl 4,4′-diaminodiphenylmethane (TGDDM, AG-80, Shanghai
nstitute of Synthetic Resins). The hardener used was 4,4′-
iaminodiphenyl sulfone (DDS, YinSheng Chemical Limited Co.,
hina). Polysulfone (PSF, Udel P1700, Amoco Co.) was used
s a toughener. N,N′-dimethylacetamide (DMAC), acetone and
ichloromethane were used as solvents.

.2. Sample preparation

The resin matrix was prepared by dissolving 30 g of DDS in 100 g

f TGDDM at 130 ◦C with vigorous mechanical stirring. After com-
lete dissolution, the mixture was degassed under vacuum at the
ame temperature. PSF nanofibrous membranes and films were
repared according to our previous work [8]: PSF solution was
repared by dissolving 25 g PSF pellets in 90 ml DMAC and 10 ml

ig. 1. The epoxide conversion of resin matrix, 5 wt% PSF nanofibrous membranes and fi
ime.
PSF films toughened
epoxy

180 405.5 150.4 555.9 72.9
190 438.7 101.4 540.1 81.2
200 455.9 56.6 512.5 88.2

acetone, and electrospun to obtain PSF nanofibrous membranes.
PSF solution in dichloromethane was poured onto a glass plate and
cast by Gardener knife to obtain PSF films. PSF nanofibrous mem-
branes and films were covered on resin matrix, and the amount of
PSF nanofibrous membranes and films was controlled to 5.0 wt%,
respectively.

2.3. Differential scanning calorimetry

Resin matrix, 5.0 wt% PSF nanofibrous membranes and films
toughened epoxy (5–8 mg) were sealed in aluminium pans, respec-
tively. The reaction heats (�HT) of the samples were measured
by differential scanning calorimetry (DSC, PerkinElmer, PYRIS 1)

at 180, 190, and 200 ◦C in nitrogen atmosphere. Pure indium was
used as a standard for calorimetric calibration. After the isothermal
curing measurements, the samples were scanned again at 10 K/min
to obtain the residual heats (�HR).

lms toughened epoxy cured at (a) 180 ◦C, (b) 190 ◦C, and (c) 200 ◦C as a function of
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ig. 2. The curing rate of resin matrix, 5 wt% PSF nanofibrous membranes and film
onversion.

.4. Near infra-red spectroscopy

Resin matrix, 5.0 wt% PSF nanofibrous membranes and films
oughened epoxy were inserted between two layers of KBr slices.
he samples were isothermally cured at 190 ◦C, and removed at
ppropriate time intervals to monitor ranges of curing time. The
ransmission near infra-red spectroscopy (NIR) of the samples was
erformed using FT-IR spectrophotometer (Nicolet Instruments,
exus 670, USA), which recorded spectra in the region from 7000

o 4000 cm−1. The degree of thermal curing was determined from
SC testing, according to the method by Varley et al. [17].

. Results and discussion

.1. Isothermal DSC analysis

Table 1 shows the isothermal DSC data of resin matrix, 5 wt%
SF nanofibrous membranes and films toughened epoxy. �HT is
he reaction heat at constant temperature, �HR is the residual heat
f the reaction, and �Htotal is the total heat of the reaction. The
poxide conversion (˛) and the curing rate (d˛/dt) were calculated
rom the following equations [11,19]:

= �HT

�Htotal
(1)

d˛

dt
= 1

�Htotal
× dH

dt
(2)

Fig. 1 shows the epoxide conversion of resin matrix, 5 wt% PSF

anofibrous membranes and films toughened epoxy cured at 180,
90, and 200 ◦C as a function of time. The conversion exhibited a
apid increase at the early stage of curing, subsequently a gradual
ncrease above ˛ = 0.6 conversion, and finally remained constant
ue to the vitrification at the late stage of curing. Sbirrazzuoli et al.
hened epoxy cured at (a) 180 ◦C, (b) 190 ◦C, and (c) 200 ◦C as a function of epoxide

[16] have reported similar results. However, their ˛ value was 0.4,
which was lower than our data due to the different resin system and
curing conditions. The conversion became faster as the temperature
higher, and the constant value increased nearly 0.9 as the increase
of temperature. The conversion rates of toughened systems were a
little faster at early curing stage at 180 and 190 ◦C than that of resin
matrix, while that of PSF nanofibrous membrane was far faster than
those of others at 200 ◦C. At the end of curing, the final epoxide
conversions of PSF nanofibrous membranes and films toughened
epoxy were lower than that of resin matrix at 180 and 190 ◦C, which
were attributed to the partitioning of epoxy resin in epoxy rich
phase and PSF rich phase [19]. In toughened systems, the miscibility
between epoxy and PSF led to the reduction of the overall amount
of epoxy resin in epoxy rich phase. Therefore, the far less reactivity
of epoxy resin in PSF rich phase resulted in the decrease of the
epoxide conversion.

Fig. 2 shows the curing rate of resin matrix, 5 wt% PSF nanofi-
brous membranes and films toughened epoxy cured at 180, 190,
and 200 ◦C as a function of epoxide conversion. At constant tem-
perature, the curing rate increased with the increase of epoxide
conversion, and reached maximum at around ˛ = 0.25 conversion,
then decreased gradually to zero. At the same conversion, the cur-
ing rate increased with increasing the temperature. The rate curves
were distinctly autocatalytic in nature [14,20,21]. Obviously, the
addition of PSF did not change the autocatalytic characteristic of
the curing reaction. However, the curing rates of PSF nanofibrous
membranes and films toughened epoxy were clearly enhanced at
lower conversion, which were due to the enhanced mobility of the
network resulted from the plasticization of the continuous epoxy

phase by PSF [11]. With the increase of the conversion, the curing
rate of toughened system was lower than that of resin matrix.

According to the above discussion, the curing reaction of three
systems followed the autocatalytic mechanism. The autocatalytic
kinetic expression was proposed by Horie as following equation
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Table 2
Isothermal curing kinetics parameters of resin matrix, 5 wt% PSF nanofibrous mem-
branes and films toughened epoxy.

T (◦C) k1 × 103 (min−1) k2 × 103 (min−1) m n m + n

Resin matrix
180 4.86 46.22 0.40 1.57 1.97
190 8.19 65.99 0.57 1.46 2.03
200 14.11 92.75 0.53 1.43 1.96

PSF nanofibrous membranes toughened epoxy
180 7.37 65.21 0.6 1.45 2.05
190 11.48 91.68 0.57 1.51 2.08
200 17.54 126.97 0.53 1.46 1.99
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PSF films toughened epoxy
180 5.33 55.31 0.47 1.55 2.02
190 8.91 78.35 0.47 1.68 2.15
200 14.38 109.29 0.43 1.41 1.84

14,21]:

d˛

dt
= (k1 + k2˛m)(1 − ˛)n (3)

here d˛/dt is the curing rate, ˛ is the epoxide conversion, m
nd n are variables to determine the reaction order, k1 and k2 are
he apparent rate coefficients for the reaction catalyzed by pro-
on donors initially present in the system and produced during the
uring process, respectively.

The constant k1 can be calculated from the initial curing rate at
= 0 in Fig. 2. To obtain the reaction order n, Eq. (3) can be described

s follows:

n
(

d˛

dt

)
= ln(k1 + k2˛m) + n ln(1 − ˛) (4)

Therefore, the first estimate of n can be obtained from the slope
f the plot of ln(d˛/dt) versus ln(1 − ˛). Then Eq. (3) can be further
earranged as follows:

n

[
d˛/dt

(1 − ˛)n − k1

]
= ln k2 + m ln ˛ (5)

The first term of Eq. (5) can be computed by the previously esti-
ated k1, and n values. The left-hand terms of Eq. (5) versus ln˛ was

lotted with linearity, then the reaction order m and the constant
2 can be estimated by the slope and intercept of the straight line.
y applying the above procedures, preliminary kinetic parameters
an be obtained on the first trial. However, an iterative procedure
hould be used to obtain more precise values. Eq. (3) can also be
earranged as follows:

n
[

d˛/dt

k1 + k2˛m

]
= n ln(1 − ˛) (6)

With k2, m, and n estimated from the above procedures, the
eft-hand terms of Eq. (6) can be plotted versus ln(1 − ˛), and a new
alue of the reaction order n can be obtained from the slope. This
ew value of n is compared with the one obtained earlier and the
ame iterative procedure can be repeated until the convergence of

and n values within 1% deviation was achieved.
Table 2 shows the isothermal curing kinetics parameters of resin

atrix, 5 wt% PSF nanofibrous membranes and films toughened
poxy obtained from the above procedures. The reaction orders, m
nd n, were approximately 0.4–0.6 and 1.4–1.7, respectively. And
he orders did not vary a lot for three systems. With increase in the
emperature, the apparent rate coefficients k1 and k2 increased,
ndicating the increase of the curing rate. The results indicated that

he early curing rate of nanofibrous membranes toughened epoxy
as the fastest, which was agreed well with the above results. The

1 mainly governed the early stage of autocatalytic reaction, and
2 affected the reaction after the initial stage. Therefore, the curing
ate increase might be more pronounced as the reaction proceeded
Fig. 3. The activation energy of resin matrix, 5 wt% PSF nanofibrous membranes and
films toughened epoxy as a function of epoxide conversion.

beyond the initial stage, which was very similar to the variation ten-
dency of curing rate in thermoplastics toughened epoxy systems
[11].

However, the autocatalytic mechanism could not describe the
end of the curing reaction which was known to be diffusion-
controlled due to gelation and vitrification [22]. Fortunately, the
advanced isoconversional method developed by Vyazovkin [23,24]
was very effective in detecting the complexity of the curing reac-
tion, and further evaluating the activation energy as a function of
the epoxide conversion (˛). According to this method, for a set of
n experiments carried out at different arbitrary heating programs,
Ti(t), the activation energy was determined at any particular value
of ˛ by finding the value of E˛ that minimized the function [23,24].

˚(E˛) =
n∑

i=1

n∑
j /= i

J[E˛, Ti(t˛)]
J[E˛, Tj(t˛)]

(7)

In the above equation, the integral [23,24]:

J[E˛, Ti(t˛)] =
∫ t˛

0

exp
[ −E˛

RTi(t)

]
dt (8)

was determined by with the help of a Doyle’s approximation [25]:

J[E˛, Ti(t˛)] ∼= E

R
exp

(
−5.331 − 1.052

E

RTi(t)

)
(9)

Fig. 3 shows the activation energy (E˛) of resin matrix, 5 wt% PSF
nanofibrous membranes and films toughened epoxy as a function
of epoxide conversion (˛). The value of activation energy ranged
from 10 to 80 kJ/mol, which was typical for epoxy–amine reaction.
At early stage of curing, the smaller energy barrier of the segment
motion resulted in the fast curing rate. However, more energy was
required to overcome the motion among molecule chains at later
curing stages, which was attributed to the less mobility of the seg-
ment resulted from the diffusion-controlled reaction. In addition,
the activation energy of toughened epoxy was slightly lower than
that of resin matrix, indicating the increase of the curing rate in
well agreement with the above results.

3.2. Isothermal NIR analysis

The NIR spectra of TGDDM and DDS are shown in Fig. 4. The
strong peak at 4522 cm−1 and weaker peaks at 5878 and 6068 cm−1
were seen in TGDDM epoxy. The peak at 4522 cm−1 was due to a
combination of the epoxy CH fundamental at 3050 cm−1 and the
CH2 fundamental at 1460 cm−1 [17,26]. The peaks at 5878 and
6068 cm−1 were due to the first overtones of the fundamental
CH2 and CH stretches, respectively. In DDS spectrum a primary
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Fig. 4. NIR spectra of (a) TGDDM and (b) DDS.

a
a
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b
f
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Fig. 5. NIR spectra of resin matrix cured at 190 ◦C as a function of time.

mine NH combination peak at 5072 cm−1 and NH overtone peak
−1
t 6627 cm were observed. In the overtone regions an aromatic

H peak at 5991 cm−1 was also found.
Figs. 5–7 show the NIR spectra of resin matrix, 5 wt% PSF nanofi-

rous membranes and films toughened epoxy cured at 190 ◦C as a
unction of time, respectively.

ig. 6. NIR spectra of 5 wt% PSF nanofibrous membranes toughened epoxy cured at
90 ◦C as a function of time.
Fig. 7. NIR spectra of 5 wt% PSF films toughened epoxy cured at 190 ◦C as a function
of time.

Scheme 1 shows three functional reactions that may be related
to the spectral changes in above figures [16,27,28]. The first reac-
tion, primary amine addition to epoxide, resulted in the decrease of
the peak intensity at 4522 and at 5072 cm−1, and final disappear-
ance at the end of curing. The secondary amine generated from
the first reaction may subsequently react with another epoxide
group, to produce tertiary amine. This resulted in the growth, and
reduction of bands in the region of 6577–6692 cm−1, which were a
combination of a primary and secondary amine overtone. The third
possible reaction shown in Scheme 1, etherification, was compet-
itive with the amine reactions but was more important at higher
temperatures due to higher activation energy [16]. As a result, the
hydroxyl peak at 4903 cm−1 has grown at the expense of epoxy
C–H peaks [13,29]. From the analysis of NIR spectra, the instanta-
neous information of the reactions during the network formation
could be obtained. As reported previously [13,17], the aromatic
CH overtone peak at 5991 cm−1, which was not consumed or pro-
duced during the curing process, was chosen as an internal standard
between different samples. Therefore, the conversion of epoxide
groups and primary amine were calculated using the following
equations [17,27,30]:

A4522,t/A4522,0
˛epoxy = 1 −
A5991,t/A5991,0

(10)

˛NH2 = 1 − A5072,t/A5072,0

A5991,t/A5991,0
(11)

Scheme 1. Reactions occurred during the curing of TGDDM/DDS.
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here A4522 is the peak areas of the epoxide groups, A5072 is the
eak areas of the primary amine, A5991 is the peak areas of the

nternal bands, and the subscripts t and 0 are referenced to any
uring time, t = t, and the initial time, t = 0, respectively.

As described by Min and Stachurski [13], the weight concen-
ration of the component (expressed in mol/kg) can be calculated
rom the initial composition of the mixture. During the early stage
f curing, the etherification could be neglected. So the concentra-
ion of secondary amine ([SA]t) can be estimated according to the
elow equation [30,31]:

SA]t = 2([PA]0 − [PA]t) − ([EP]0 − [EP]t) (12)

here [PA]0 and [EP]0 are the calculated concentration of primary
mine and epoxide, [PA]t and [EP]t correspond to the concentra-
ions of primary amine and epoxide after a certain curing time, t.
nd the concentration of tertiary amine can be obtained by the

ollowing equation [30,31]:

TA]t = [PA]0 − [PA]t − [SA]t (13)

The hydroxyl concentration can be readily calculated by assum-
ng that the reaction between epoxide groups and primary or
econdary amine was the only source of hydroxyl groups. The equa-
ion to calculate the hydroxyl concentration at time t, [OH]t, is as
ollows [27,32]:

OH]t = [PA]0 − [PA]t + [TA]t (14)

Fig. 8 shows the epoxide conversions of resin matrix, 5 wt% PSF

anofibrous membranes and films toughened epoxy cured at 190 ◦C
s a function of time. The increases of epoxide conversion of nanofi-
rous membranes and films toughened epoxy were faster than that
f resin matrix, which indicated that the curing rates of nanofibrous
embranes and films toughened epoxy were higher than that of

ig. 9. Concentrations of three amine groups in (a) resin matrix, 5 wt% PSF (b) nanofibrou
Fig. 8. The epoxide conversions of resin matrix, 5 wt% PSF nanofibrous membranes
and films toughened epoxy cured at 190 ◦C as a function of time.

resin matrix. The results were well consistent with those obtained
from DSC in Fig. 1(b).

Fig. 9 shows the concentrations of three amine groups in resin
matrix, 5 wt% PSF nanofibrous membranes and films toughened
epoxy cured at 190 ◦C as a function of time. At the beginning
of curing, the reaction mechanism was dominated by primary
amine addition to epoxide, and the concentration of primary amine
showed a rapid consumption. According to the Flory’s equation

[33], the gel point for TGDDM/DDS system corresponded to an
epoxide conversion of 0.33. As shown in Fig. 8, the gel time
for the conversion of 0.33 was about at 17–19 min. At this time
most of the primary amine had been depleted by gelation, which

s membranes and (c) films toughened epoxy cured at 190 ◦C as a function of time.
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ig. 10. Concentrations of hydroxyl groups in resin matrix, 5 wt% PSF nanofibrous
embranes and films toughened epoxy cured at 190 ◦C as a function of time.

oincided with the results by St John and George [27]. The con-
entration of secondary amine reached the maximum near the
el point, and subsequently declined due to further reaction with
ther epoxide groups [28]. The concentration of tertiary amine
t this point began to increase rapidly, thus resulting in the for-
ation of three dimensional crosslinking network that in turn

rovided the significant increase in mechanical and thermal prop-
rties [34].

Fig. 10 shows the concentrations of hydroxyl groups in resin
atrix, 5 wt% PSF nanofibrous membranes and films toughened

poxy cured at 190 ◦C as a function of time. As the primary and
econdary amines were consumed, the hydroxyl functional groups
ere produced. The consuming rates of the primary and secondary

mines of nanofibrous membranes and films toughened epoxy
ere faster than those of resin matrix, which resulted in the higher

oncentrations of hydroxyl groups and tertiary amines at gela-
ion. Therefore, compared to resin matrix, much greater amounts
f branching and crosslinking in toughened system occurred prior
o gelation [17,27], which finally led to a lower level of epoxide
onversion.

.3. Comparison of isothermal DSC and NIR
Fig. 11 shows the comparison of the epoxide conversion
btained from DSC with that of NIR for 5 wt% PSF nanofibrous mem-
ranes toughened epoxy cured at 190 ◦C as a function of time. The
onversions determined independently using DSC and NIR were

ig. 12. Comparison of the curing rates obtained from (a) DSC and (b) NIR for resin matrix
function of time.
Fig. 11. Comparison of the epoxide conversion obtained from DSC with that of NIR
for 5 wt% PSF nanofibrous membranes toughened epoxy cured at 190 ◦C as a function
of time.

almost identical. The conversion measured from NIR was consis-
tently a little lower than that from DSC, which may be attributed to
the repeated removement of the samples during NIR testing. How-
ever, the similarity of the conversion values indicated the validity of
NIR analysis method, which was also proved by many researchers
[6,17].

Fig. 12 shows the comparison of the curing rates obtained from
DSC and NIR for resin matrix, 5 wt% PSF nanofibrous membranes
and films toughened epoxy cured at 190 ◦C as a function of time.
Obviously, the plots followed autocatalytic mechanism, and the
variable tendency of the curing rates versus time from these two
methods was identical. The curing rate of nanofibrous membranes
toughened epoxy was the fastest, which was attributed to the
best compatibility between nanofibrous membranes and epoxy.
The plasticization of the continuous epoxy phase by nanofibrous
membranes resulted in the enhancement of the mobility of the net-
work [11,19]. Also, the plasticization of the dispersed PSF phase by
epoxy led to an excess of amine groups in the epoxy rich phase,
which resulted in the increase of the curing rate. However, as
the curing proceeded, the curing rates of PSF nanofibrous mem-
branes and films toughened epoxy were slower gradually than
that of resin matrix, which was due to the phase separation in

toughened systems. This in turn would increase the degree of
other side reactions, such as etherification and homopolymeriza-
tion, which resulted in a looser network with lower crosslinking
density.

, 5 wt% PSF nanofibrous membranes and films toughened epoxy cured at 190 ◦C as
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. Conclusions

The isothermal curing kinetics parameters of TGDDM/DDS,
wt% PSF nanofibrous membranes and films toughened
GDDM/DDS can be obtained both from DSC and NIR, and
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