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ABSTRACT: Epoxy-silica nanocomposites were obtained
from directly blending diglycidylether of bisphenol-A
(DGEBA)-based epoxy and nanoscale silica (NS) and then
curing with 4,40-diaminodiphenylamine (DDA). The effect
of amount of nanosilica (NS) particles as catalyst on the
mechanism and kinetic parameters of cure reaction of
DGEBA/DDA system was studied. The kinetics parame-
ters were obtained from nonisothermal differential scan-
ning calorimeter (DSC) data using the Kissinger and
Ozawa equations. The exothermic peak was shifted toward
lower temperatures in DGEBA/DDA/NS system with
increasing the amount of nanoslica particles. However,
the existence of NS particles with hydroxyl groups in the
structure in the mixture of DGEBA/DDA catalyzes the cure
reaction and increases the rate constant. The activation

energy of cure reaction of DGEBA/DDA system obtained
from two methods were in good agreement, and showed a
decrease when NS particles were present in the mixture. The
mechanism of reaction of DGEBA with DDA was carried out
by isothermal curing in the oven at 1308C and measuring the
disappearance peak of epoxide group at 916 cm�1 using
FTIR. The diffusive behavior of two systems was investigated
during water sorption at 258C and the experimental results
fitted well to Fick’s law. Diffusion coefficient of cured sample
from DGEBA/DDA/10% NS blend decreased in comparison
with the sample without NS particles. � 2007 Wiley Periodi-
cals, Inc. J Appl Polym Sci 104: 3855–3863, 2007
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INTRODUCTION

The physical and chemical properties of materials in
nanoscale have been found to be very different from
the properties of the analogous bulk material. This
specific character provides the motivation of devel-
oping materials having novel functions and proper-
ties from the existing substances. Mixing the nano-
scale particles with polymeric materials provides a
convenient approach to form organic–inorganic
hybrid materials. Hybrid materials, also known as
nanocomposites, having both inorganic and organic
components are interesting substances from the
standpoint of their potentially increased performance
capabilities relative to those either of their nonhybrid
species. The property of a composite material, cer-
tainly, is depending on the properties of the individ-
ual components and also significantly on the interfa-
cial properties. Using nanoscale fillers in formation
of nanocomposites exhibited high interfacial areas
and exceptional properties.1 The new functional

nanomaterials are now one of the flourishingly
attractive subjects in modern science and technology.
The utility of nanoscale particles as reinforcement
into linear thermoplastics2–8 or thermoset networks9–12

shows attractive properties relative to their thermal,
oxidative, and dimensional stability and this process
provides many polymer resins for high performance
engineering applications.

To predict the morphology developed by the
phase separation of rubber-rich phase during po-
lymerization of epoxy resin with amines, and it is
necessary to know the reaction kinetics of the
crosslinked polymer system. Although the chemis-
try involve in the epoxy curing process is rather
complex, but understanding the mechanisms and
kinetics of the cure reactions are essential for a
better knowledge of structure-property relation-
ships. Curing kinetics models are generally devel-
oped by analyzing experimental results obtained
by DSC both in the isothermal and dynamic
modes extensively, assuming a cure and extent of
reaction.13–17

Moisture/water is the most commonly encountered
service environment, and must be considered a critical
factor in determining the long-term durability of poly-
mers especially adhesively bonded joints. The cross-
linked network structure of epoxy resin with highly
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polar nature of the specific functional groups, such as
hydroxyl and amines, is expected to have water
uptake as bound water and as free water, which
becomes crucial when long-term properties of the ma-
terial needed. The absorbed moisture in epoxy resin
may act as plasticizer with resultant depression in Tg

and the elastic modulus E
018,19 can cause permanent

chemical and physical changes20,21 by microcavities or
crazes in polymeric materials, which can further
accelerate the moisture diffusion. Several research
studies22–25 have predicted the extent of plasticization
of neat and reinforced epoxy resins. It has also been
pointed out that these predictions are questionable26

or only qualitatively applicable. Studies27 also showed
that absorbed water cannot be totally removed by
thermal annealing and the residual water in the adhe-
sive is believed to be the one, which is strongly
bonded to polar sites. Water can exist in two ways:
(1) as free water is present in capillaries and micro-
cavities within the polymer and (2) as bound water is
characterized by strong interactions with the matrix.

In this investigation, we studied the reaction
kinetics and mechanism of two systems: DGEBA
(diglycidylether of bisphenol-A)/DDA (4,40-diami-
nodiphenylamine) and DGEBA/DDA/NS (nano-
scale silica) using nonisothermal DSC technique. To
calculate the kinetic parameters, DSC data under
dynamic conditions were introduced to the Kis-
singer and Ozawa equations. The effect of amount
of NS up to 20% loading on the rate of cure reaction
of DGEBA with DDA is reported. The cure reaction
mechanism and conversion of epoxide group in
both systems were studied and confirmed by using
isothermal mode FTIR analysis. The other objective
of this investigation was to compare the water dif-
fusion of the two systems. Water diffusion in epoxy
resin matrices has frequently been represented by
Fickian behavior. According to the Fick’s second
law, the diffusion coefficient D depends on the

changes in concentration C of a diffusing substance
as a function of time t and position x and is given
by:

qC
qt

¼ D
q2C
qx

(1)

EXPERIMENTAL

Apparatus

A Metteler Toledo differential scanning calorimeter
(DSC822e) was used to monitor the exothermic ther-
mograms of crosslinking reaction. The FTIR used
was Bruker (Vector 22) and the FTIR spectra of the
curing reaction were taken using KBr pellets.

Materials

The epoxy compound used in the study was a
DGEBA-based epoxy, Epidian5: Epoxide equivalent
196–208, clear yellow liquid, viscosity (at 258C)
25,000 mPa s, provided from Iran Petrochemical
Industry (Khuzestan, Iran). DDA/sulfate was pur-
chased from Fluka (Germany). DDA was obtained
from hydrolyzing of DDA/sulfate mixture according
to the procedure given below. DDA is completely
soluble in the resin at temperatures above � 508C.
Nanosilica was purchased from Nissan Chemical
(Tokyo, Japan). Characteristics data for NS particles
are absorption peaks at 3397 and 1106 cm�1 related
to hydroxyl and Si��O��Si groups. NS particles
were dissolved in CD3��S(O)��CD3. H NMR spectra
were recorded at room temperature on a Varian
Unity 200 Spectrometer, and showed a wide singlet
at 4.1 ppm related to the hydroxyl group. The chem-
ical structures of the compounds used in this study
are shown in Scheme 1.

Scheme 1
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Hydrolysis of DDA/sulfate

DDA/sulfate was suspended in 500 mL of water in
a 1-L beaker equipped with a stirrer, and the mix-
ture is slowly neutralized by the addition of 2.5N
sodium hydroxide. In the course of the neutraliza-
tion, the salt dissolves and the free base separates.
The DDA is collected on a Buchner funnel, washed
with water, and dried under reduced pressure. The
final product was dissolved in hot water by slowly
addition of ethanol to give a clear solution. The solu-
tion was stored in a refrigerator to give needlelike
crystals with the melting point of 1588C.

Sample mixing

The stoichiometric amounts of the curing agent (DDA)
were calculated through the number of active amino
hydrogen. DDA with a molar mass of 199 g/mol
and five active hydrogen atoms in the molecule repre-
sents 40 g for one mole of active hydrogen. This figure
is in the stiochiometric equivalent of the eew and,
hence, for every about 200 g of DGEBA, 40 g DDA
was used as a curing agent. NS of 5, 10, 15, and 20%
based on the weight of DGEBA were used. Therefore,
samples of DGEBA containing the required amount of
NS particles were mixed at 508C to reduce the viscos-
ity of the resin and thoroughly stirred on a magnetic
stirrer for 20 min to give a homogeneous and uniform
blend. Stoichiometric amount of curing agent was
added to the blend and mixed completely before
using for DSC test.

Samples for water absorption test were prepared
from the blend in the form of discs in the range of
0.7–1.2 mm thickness in aluminum cells and heated
in an oven at 1308C for 2 h. The samples were intro-
duced in flasks containing water, and were kept
there for different periods of times at room tempera-
ture before being studied.

DSC analysis

A 5–6 mg of the uniform viscous mixture was put
into a DSC sample pan and covered with an alumi-
num lid and closed tightly under pressure. The sam-

ple pan was placed in the DSC sample cell at ambi-
ent temperature and an empty pan was also placed
in the DSC reference cell, and it was heated accord-
ing to the program of a constant heating rate from
room temperature to 3008C. The heating rates were
5, 10, 15, and 208C/min under nitrogen purge gas.

FTIR analysis

FTIR analysis was carried out to study mechanism of
cure reaction in DGEBA/DDA and DGEBA/DDA/NS
systems. A thin layer of the uniform viscous mixture
on a KBr disc was heated in an oven at 1308C for vari-
ous times and the partially cured sample was analyzed
by FTIR spectroscopy from 4000 to 700 cm�1. The
characteristic band for epoxide group (916 cm�1) was
recorded and compared with ��C¼¼C�� stretching of
aromatic rings at 1610 cm�1 (spectrum C).

RESULTS AND DISCUSSION

Table I shows the DSC scanning data obtained for
DGEBA/DDA and DGEBA/DDA/10% NS systems
at different heating rates (5, 10, 15 and 208C/min).
Figure 1 shows dynamic DSC curves for DGEBA/

Figure 1 Typical DSC thermograms of cure reaction of
DGEBA/DDA with different amounts of NS at 108C/min.

TABLE I
DSC Scanning Data for Blends Cured at Different Heating Rates

Sample q (8C/min) Tp (K) 1/Tp � 103 (K�1) ln q �ln (q/T2
p)

DGEBA/DDA 5 391.38 2.5551 1.61 10.3300
10 414.41 2.4131 2.30 9.7511
15 424.91 2.3534 2.71 9.3957
20 435.23 2.2976 3.00 9.1560

DGEBA/DDA/10%NS 5 377.15 2.6515 1.61 10.255
10 396.77 2.5203 2.30 9.6641
15 404.24 2.4738 2.71 9.2959
20 424.57 2.3553 3.00 9.1064
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DDA/NS systems at different concentrations of NS
particles and at the same heating rate. The maximum
temperature of exothermic peak (Tp), as well as the
exothermic peaks, for DGEBA/DDA/NS system was
shifted to a low temperature region with increasing
amounts of the NS particles. The effect of amounts
of NS on Tp is shown in Figure 2 and Table II. It can
be seen that the first 5% of NS had shifted the exo-
thermic peak 208C to the lower temperature. In com-
parison with the exothermic peak of DGEBA/DDA
system, the difference in the maximum is attributed
to the increased rate of the cure reaction for DGEBA/
DDA/NS system. It was reported28 that nanoscale
colloidal silica particles can act as a curing agent for
epoxy if tin chloride was used as catalyst or when
the amount of nanosilica exceeded 20 phr. In our sys-
tem with 20% NS, no cure reaction occurred without
addition of DDA. This difference proposes, in
DGEBA/DDA/NS system, that NS particles catalyze
the reaction; therefore, maximum cure temperature
was decreased. The reactivity between NS particles
and epoxy DGEBA was not observed with simple
heating of the blended mixture of DGEBA with dif-
ferent concentrations of NS particles up to 20%, the
reaction did not occur and left a muddylike product.
Blend of DGEBA/20% NS did not show the exother-
mic behavior even at temperatures as high as 3008C.
The reactivity difference between DGEBA/NS and

DGEBA/NS/DDA systems was clearly observed
with DSC thermograms. For the DGEBA/10% NS/
DDA mixture, the exothermic behavior was observed
starting at � 708C and showed an exothermic peak at
1168C while the blend without NS started the exo-
thermic peak almost at the same temperature but
reached to its maximum at � 1338C. Therefore, in
this system, the hydroxyl groups of NS act as catalyst
in reaction between epoxide group and primary or
secondary amine groups. For both systems, the exo-
thermic peak showed a very steep slope, meaning
that the cure reaction took place rapidly in a short
temperature range.

The mechanism of cure reaction was confirmed by
FTIR analysis. Figure 3 shows the FTIR spectra of
DGEBA cured with 20 phr DDA in the oven at 1308C
from 0 (spectrum A) to 60 min (spectrum B). The
��C¼¼C�� stretching of aromatic ring at 1610 cm�1

(spectrum C) was taken as a reference peak for the
normalization of the epoxy absorption peak. In spec-
trum A, the characteristic band of the epoxy ring vibra-
tion of DGEBA appeared at 916 cm�1, and as the cure
reaction preceded this characteristic band of the epoxy
ring decreased and removed completely at the end of
cure reaction. The epoxide groups’ conversion against
cure time, which has been calculated according to the
eq. (2) from FTIR spectra is shown in Figure 4.

½E�t ¼
½A�t
½B�t

and a ¼ ½E�0½E�t
½E�0

(2)

where [A]t and [B]t are the area under peak for 916
and 1610 cm�1, respectively, and [E] denotes the con-
centration of epoxide group at time t and the subscript
0 denotes time t ¼ 0.

The initial slope of the curves in Figure 4 was
steeper but next to that, the slope becomes smaller
after a certain amount of time, which could have
been due to a diffusion-controlled reaction. The
curve for DGEBA/DDA system is less steep in com-
parison with the curve of DGEBA/DDA/NS system,
which is due to the catalytic activity of NS particles;
therefore, the rate of reaction in this system was
increased. The degree of conversion (a) (Fig. 4)
showed autoacceleration in the initial stages, as indi-

Figure 2 Effect of amount of NS on the maximum tem-
perature of the exothermic peaks.

TABLE II
DSC Scanning Data for DGEBA/DDA Blend Cured with

Different Amounts of NS at 108C/min

Conc. of NS (%) Tp (K) Exothermic heat (J/g)

0 414.41 156.159
5 394.41 259.622
10 389.18 224.341
15 383.57 158.532
20 380.55 156.959
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cated by the slight positive curvature. Curing ther-
mosetting materials, which generally involve transi-
tion of low molecular weight in liquid or rubbery
state to an amorphous glassy state with infinite mo-
lecular weight, are called vitrification. The chemical
kinetics in the region near vitrification is often com-
plicated by diffusion and/or mobility control.
In principal, the reaction can proceed to a point
(Tg > Tcure) where all chain movement ceases and
the reaction arrests because of the complete ab-
sence of mobility. This leads to a final conversion
lower than unity in diffusion-controlled condi-
tions. The ultimate conversion can also be lower
because of the fact that the remaining reactive
groups cannot meet and react even in the absence
of any diffusion hindrance.

The exothermic peak of DSC thermograms is
mainly caused by the sum of the reactions shown in
Scheme 2: (a) noncatalytic (reactions 1 and 4) or cata-
lytic (reactions 2 and 3) reactions between primary
and secondary amines with epoxide groups, which
yield secondary and tertiary amines and hydroxyl
groups. The catalytic reaction between amine and
epoxide groups can be carried out by the catalytic
action of hydroxyl groups present in the structure of
NS particles and produced during epoxide ring
opening reaction. (b) The etherification reactions
(reaction 6), which may be neglected for stoichiomet-
ric mixtures of epoxy with diamines since the reac-

tivity of the diamines to the epoxide rings is much
higher than the hydroxyl groups, can be significant
when diamine is lower than the stoichiometric value
and at temperatures above 2008C.

However, many equations were developed to
investigate the cure kinetics of the epoxy system,
including the nth-order reaction model, the autoca-
talytic reaction model, and the diffusion-control

Figure 3 FTIR spectra of mixture of DGEBA and 20 phr DDA during cure reaction at 1308C for 30 min.

Figure 4 Conversions calculated from FTIR spectra
against time of cure reaction at 1308C for DGEBA/DDA
and DGEBA/DDA/10% NS systems.
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model. All kinetic models start with the following
basic equation:

da
dt

¼ kf ðaÞ (3)

or in the integrated form,

gðaÞ ¼
Z

da
dt

¼
Z

kdt (4)

where da/dt is the instant cure rate, a is the frac-
tional conversion at a time t k is the Arrhenius rate
constant, and f(a) is a functional form of a that
depends on the reaction mechanism.

Kissinger derived the following equation29,30 for
when the temperature varies with time at a constant
heating rate, q ¼ dT/dt:

� ln
�
q=T2

p

� ¼ E=RTp � lnðAR=EÞ (5)

where q is the heating rate, Tp is the temperature at
which da/dt is maximum, E is the activation energy,
R is the gas constant, and A is the pre-exponential
factor. This method gives a relatively accurate activa-
tion energy and pre-exponential factor by calculating
the relationship between �ln(q/T2

p) and 1/Tp.
The data of the fourth and sixth columns (Table I)

were introduced to the Kissinger equation, and �ln(q/
T2
p) versus 1/Tp is plotted in Figure 5. The linear plots

are expressed by the following equations for DGEBA/
DDA and DGEBA/DDA/NS systems, respectively:

� ln
�
q=T2

p

� ¼ 4:596� 103ð1=TpÞ � 1:395

ðDGEBA=DDAÞ ð6Þ
and

� ln
�
q=T2

p

� ¼ 4:003� 103ð1=TpÞ � 0:428

ðDGEBA=DDA=NSÞ ð7Þ

Scheme 2
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The activation energies were calculated from the
slope and the pre-exponential factors from the y
intersect, and these values were listed in Table III.
To compare the cure rate for the two systems, pre-
exponential factor and activation energy values are
introduced to the following Arrhenius equation to
obtain rate constants at a selected temperature and
the data are shown in Table III.

k ¼ A expð�Ea=RTÞ (8)

where k is the rate constant and T is a selected tem-
perature (403 K). The rate constant for DGEBA/
DDA/NS system was increased, because hydroxyl
groups in the structure of NS particles catalyzed the
curing reaction, therefore the activation energy Ea

was decreased.
Ozawa-Flynn-Wall method based on Doyle’s

approximation31,32 is an alternative method for the
calculation of activation energy and is expressed as
follows:

ln q ¼ 1=2:303 ln q ¼ �0:4567Ea=RTpþ
ðlogAEa=R� log f ðaÞ � 2:315Þ ð9Þ

A plot of ln(q) versus (1/Tp) should give a straight
line with a slope of 1.052 Ea/R (Fig. 6). This can pro-

vide activation energy for different levels of conver-
sion (Table III). Activation energies from Ozawa and
Kissinger equations were in good agreement, and
Ozawa activation energy confirmed the Kissinger
calculations.

The crosslinked network structure of epoxy resin
with highly polar nature of the specific functional
groups, such as hydroxyl and amines, are expected
to have water uptake as bound water and as free
water, which becomes crucial when long-term prop-
erties of the material needed. Water diffusion in
epoxy resin matrices has frequently been represented
by a Fickian behavior (Fick’s second law), whose
mathematical expression is represented by eq. (1).
The diffusion coefficient can be calculated from the
slope of the linear region of the diffusion curve that
is obtained fitting experimental values of water
uptake Mt (%) vs. t1/2. The total amount of water
diffusing in the crosslinked network material Mt as a
function of time is given by the integral of the solu-
tion of eq. (1) across the thickness h of the sample.

Mt

Mmax
¼ 1� 8

p2
X1
n¼0

1

ð2pþ 1Þ2 � exp �Dð2nþ 1Þ2 p
2t

h2

� �

(10)

where Mmax is the maximum amount of the diffus-
ing water at infinite time.

The curve can be divided in two parts.
If Dt/h

2 > 0.05 [eq. (10)] can be rewritten as the
following expression:

Mt

Mmax
¼ 1� 8

p2
exp � Dt

h2

� �
p2

� �
(11)

TABLE III
Values of Kinetic Parameters of Cure Reaction

Sample

aEa

(kJ/mol)

bEa

(kJ/mol)
A

(min�1)

cK
(min�1)

DGEBA/DDA 38.215 42.830 1.85 � 104 0.206
DGEBA/DDA/
10% NS 33.284 37.956 6.14 � 10

3
0.298

a Kissinger’s method.
b Ozawa’s method.
c Arrhenius rate constant at 403 K.

Figure 6 Ozawa plots for DGEBA/DDA system.

Figure 5 Kissinger plots for DGEBA/DDA system.
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If Dt/h
2 � 0.05 (or Mt/Mmax < 0.6) [eq. (10)] can

be simplified and written as

Mt

Mmax
¼ 4

h
ffiffiffi
p

p
ffiffiffiffiffiffi
Dt

p
(12)

The Mt (%) values were obtained from the water
uptake of three samples after exposure to identical
conditions. The relative weight increase in each
sample was calculated as

Dmti ¼ ðmti �m0iÞ=m0i � 100 (13)

And the average weight increase is

Mtð%Þ ¼
X

3

jDmti=3 (14)

Diffusion behavior of DGEBA/DDA and DGEBA/
DDA/NS systems at 258C is shown in Figure 7,
where fitting the experimental measurements of Mt

(t) against t1/2 resulted in curves. The experimental
curves were plotted up to the beginning of the equi-
librium plateau (three experimental points with simi-
lar values within the limits of experimental error).
As can be seen, the behavior is similar to that pre-
dicted by Fick’s law. The features of Fickian diffusion
have been described in the literature33: (1) sorption
curves are linear in the initial stages; and (2) above the
linear portions, sorption curves are concave to the
abscissa axis. Our experimental results reasonably ful-
filled these criteria.

Shape of the curves suggests the beginning of the
quasi-equilibrium stages almost after 100 h of expo-
sure.

From the linear fits, in the first step of the Mt (%)
vs. t1/2 (h1/2) curves (Fig. 8), the diffusion coeffi-
cients were calculated by means of the following
expression:

m ¼
ffiffiffiffi
D

p
4Msat

h
ffiffiffi
p

p (15)

where m is the slope of these fittings.
The diffusion coefficients for two systems are

given in Table IV. As can be seen, the diffusion coef-
ficient decreases when NS is present in DGEBA/
DDA system. The diffusion of higher amount of
water into cured DGEBA/DDA material can be
because of the existence of more microvoids on the
surface of the sample. Addition of nanosilical par-
ticles as filler reduces the number of microvoids by
filling them and results in the reduction of absorbed
water and decrease in the diffusion coefficient.

CONCLUSIONS

Kinetic of DGEBA cured with DDA and DDA/NS
by nonisothermal DSC technique with two methods,
Ozawa and Kissinger was studied. The kinetic para-
meters, activation energy, pre-exponential factor,
and rate constant were determined. The mechanism
of cure reaction was studied by FTIR, and the con-

Figure 7 Water diffusion curves of two systems at 258C.

Figure 8 Linear regions of the water diffusion curves at
the 258C.

TABLE IV
Diffusion Coefficients

Sample Da (10�9 m2/s)

DGEBA/DDA 6.50
DGEBA/DDA/10% NS 4.45
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version curves against time for two systems were
drawn. The initial slop in conversion curves for
DGEBA/DDA/NS system was steeper than DGEBA/
DDA system. It can be suggested from DSC data and
mechanism of cure reaction in Scheme 2 that NS par-
ticles in DGEBA/DDA system acted as a catalyst and
caused an increase in the rate of cure reaction. The
existence of NS particles in DGEBA/DDA system
also caused decrease in the activation energy and rate
constant. Water diffusion measurement for the two
systems showed that the diffusion coefficient de-
creases when NS particles are present. This is sug-
gested to be because of the fact that nanosilical par-
ticles have acted as filler in filling the microvoids on
the surface of the sample and therefore, less water
can diffuse into the sample.
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