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ABSTRACT: A study was conducted on the curing pro-
cess of a nanocomposite consisting of a trifunctional epoxy
resin, a hardener containing reactive primary amine
groups, and montmorillonite (MMT) nanoparticles, previ-
ously treated with octadecyl ammonium. Three levels of
MMT content were used: 2, 5, and 10%. The curing was
carried out following the cycle: 4 h at 1008C, 2 h at 1508C,
and 2 h at 2008C. Isothermal trials were also considered at
three levels (120, 150, and 2008C) to conduct a kinetic
study. The curing conversion was determined by FTIR
spectroscopy by selecting the suitable bands for epoxide

and primary amine functional groups. The study demon-
strated that the MMT nanoparticles accelerate the curing
process, especially at the initial stages of the thermal cycle,
being this influence quasi negligible at the end of the cycle.
Curing conversions were also evaluated by differential
scanning calorimetry and compared to those obtained by
FTIR spectroscopy. � 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 108: 2107–2115, 2008
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INTRODUCTION

As a result of advances in nanotechnology, new
materials called polymer nanocomposites are re-
ceiving increasing attention. These materials consist
of a polymer matrix (epoxy resin, starch, polyur-
ethane, polylactic acid, poly(ethylene terephthalate),
silylated poly(urethane-urea), poly (vinyl alcohol),
polyetherimide, polypropylene, and polyethylene),
and nanoparticles (carbon nanotubes, fumed
silica, microcrystalline cellulose, and various types
of clays). These materials are of great interest
from an industrial and scientific perspective because
they show much better behavior and charac-
teristics in comparison with conventional compo-
sites.1–14

In the 1980s, Dow Chemicals introduced a new
generation of multifunctional epoxy resins (with a
level of functionality of 3 to 5) that had a great
impact on the market because their properties were
better than those of earlier conventional (i.e., bifunc-
tional) epoxy resins.15 For the same level of curing,
multifunctional resins have better crosslink densities
and glass transition temperatures, providing a con-

siderable increase in their thermal, dynamic, me-
chanical, and adhesive properties in comparison
with their bifunctional predecessors.16,17

Of these multifunctional epoxy resins, a trifunc-
tional resin derived from p-aminophenol produced
by Vantico is widely used in adhesive and structural
applications. This resin is notable for its low vis-
cosity, the fact that it can be cured at reasonable
temperatures and its excellent properties at high
temperatures. The resin is of the same type as that
used as the matrix of the nanocomposites prepared
for this study and we had previously studied its cur-
ing process using FTIR spectroscopy and differential
scanning calorimetry.15 A product with primary
amine-based reactive groups was used as a hard-
ener. The same resin/hardener system was used in
this study, with the additional dispersion of certain
proportions (2, 5, and 10%, by weight) of layered sil-
icate nanoparticles to obtain the nanocomposites.
The material curing was then monitored by using
FTIR spectroscopy. Epoxide and primary amine
bands were selected to determine the curing conver-
sion. These results were also compared to those
obtained by differential scanning calorimetry (DSC).

The dispersion of the nanoparticles, practically at
atomic level, and their surface treatment using alkyl-
ammonium cations, which compete with the hard-
ener in the resin-curing process and act as an accel-
erant, are factors that will presumably give rise to
notable differences in the curing of the resin/hardener
system used as the nanocomposite matrix, compared
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to the previously studied curing mechanism of the
same system without the nanoparticles.15,18

EXPERIMENTAL METHODS

Materials

The matrix was a trifunctional epoxy resin (TGAP),
marketed as Araldite MY510 from Vantico, with a
viscosity at 258C of 0.55–0.85 Pa s, density of 1205–
1225 kg/m3, and a maximum moisture content of
0.20%. The hardener used was 4,40 diaminodiphenyl-
sulfone, marketed as HT-976-1, from Vantico. The
nanoparticles consisted of montmorillonite (MMT)
layered silicate, treated with the surfactant octadecyl
ammonium, with particle length ranging between
100 and 150 nm and thickness of �1 nm and mar-
keted as Nanomer I.30E from Nanocor (Arlington
Heights, Illinois).

Preparation of the nanocomposites

Organic solvents such as acetone, which are often
used to prepare this type of material, were avoided
because of their harmful effect on the environment.
Some references in the literature19,20 were taken into
consideration and several improvements stemming
from our experience in preparing nanocomposites
were adopted to achieve a correct dispersion of the
nanoparticles in the matrix. The mixture of resin and
MMT was prepared in the appropriate quantities to
obtain nanocomposites with the desired proportion
of nanoparticles (2, 5, and 10%, by mass) and mixed
by hand for 2 min. The mixture was then placed in
an ultrasound bath for 1 h to ensure correct disper-
sion. The dispersion of MMT particles in the matrix
was monitored using wide-angle X-ray scattering
techniques and optical microscopy with polarized
light. Both tests showed satisfactory particle disper-
sion with no formation of any aggregates of note.
The mixture was then heated to 808C. This tempera-
ture was maintained while the hardener was slowly
added. The mixture was then stirred for 20 min. The
ratio of resin to hardener, by mass, was 100/52,
which corresponds to a slight excess of primary
amine groups with respect to the epoxide groups
present in the resin. To prepare the nanocomposite
correctly, it was essential to remove the entrapped
air by placing it in a vacuum oven until all bubbles
were seen to be gone from the mixture. This air re-
moval is particularly important in terms of the me-
chanical properties of the material.

Materials curing

Small amounts of the above mixtures (200 mg) were
deposited on NaCl crystal, placed in an oven at
258C, and heated to 1008C at a rate of 2.58C/min.

This temperature was maintained for 4 h. The tem-
perature was then increased to 1508C for 2 h and
finally to 2008C for 2 h. This is the thermal cycle
employed in our study. Such a cycle was modified
by the authors (with respect to that recommended
by the supplier for the resin/hardener) to take into
account the higher reactivity of our materials when
nanoparticles treated with octadecyl ammonium
were incorporated. On the other hand, isothermal
trials at three levels (120, 150, and 2008C) were car-
ried out to study the influence of temperature in the
curing process as well as to conduct a kinetic study.

Monitoring of curing by means of
FTIR spectroscopy

The spectra of the mixtures on the NaCl substrate
were recorded before they were placed in the oven
for heat treatment. Once they were in the oven, their
spectra were recorded every hour until the treatment
had completely finished (for experiments conducted
following the thermal cycle) and every 10 min for
isothermal experiments. It has to be noted that a dif-
ferent sample was used for each curing time to
avoid breaks during the heat treatment. A Nicolet
510M spectrophotometer was used for this purpose.

Monitoring of curing by means of DSC

DSC measurements were performed using a Mettler
Toledo DSC821 equipped with an intracooler and
robot sample placer. All DSC experiments were con-
ducted with a flow of dry nitrogen at 50 mL/min.
Samples of about 10 mg were sealed in standard alu-
minum pans with a hole in the lid. To study the iso-
thermal cure reaction, the samples were placed
exactly at the temperature of the measurements,
each sample was cured in the DSC for the required
time (10, 20, 30, 40, 50, 60, 120, and 180 min) at the
selected temperature, and then cooled to 258C at
210 K/min. The degree of cure was determined
from the second scan at 10 K/min from 25 to 3008C,
from which the residual heat of cure was found. The
degree of cure determined by DSC was calculated
according to the equation: a 5 1 2 DHres/DHtot,
where DHres is the residual heat of cure after the
partial isothermal cure and DHtot is the total heat of
cure. To investigate the glass transition of the cured
samples, the samples were heated at 10 K/min from
25 to 3008C. The glass transition temperatures were
evaluated as the mid-point temperatures determined
using the Mettler Toledo STAR software.

RESULTS AND DISCUSSION

Figures 1 and 2 show the spectra (4000–3000 and
1000–750 cm21) for the nanocomposite containing
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5% of MMT at various stages in the curing cycle.
The curing process was studied by evaluating the
decrease of the specific band of the primary amine
groups (Fig. 1) and that of the epoxide groups (Fig.
2). The band that appears at 3370 cm21 (Fig. 1) was
used for the primary amine groups and that at 906
cm21 (Fig. 2) for the epoxide groups. These are the
most suitable bands, even if there was a partial over-
lapping, as it will be discuss later. The decrease in
the absorbance of these bands was used to follow
the progress of cure reactions. Thus, for each of the
nanocomposites obtained, the curing progress was
followed by calculating the curing conversion, a 5 1
2 A*(t)/A*(0), where A*(t) and A*(0) are the
reduced absorbance at time t and at starting time,
respectively, corresponding to the aforementioned
vibration bands. The band of the benzene ring,
which appears at 1513 cm21, was chosen as an
invariant reference band and was used to calculate
the reduced absorbance for both epoxide and pri-
mary amine groups.

Even if the height of the band at 3370 cm21 (pri-
mary amine groups, as seen in Fig. 1) seems not to
vary as a function of time, it is only a visual effect,
because this parameter experienced a significant
change when calculating it by using the ‘‘baseline
method’’ (i.e., the final absorbance was determined
by calculating the difference between the registered
absorbance and the baseline). Therefore, the absorb-
ance was calculated as the height between the
maximum absorbance of the selected peak and the
baseline at the same wavenumber. The baseline can
be plotted over the spectral region of interest (in our
study for the region covering the three peaks, within
the wavenumber range 3700–3100 cm21) or over the
selected peak (in this case, the baseline was obtained
by plotting the tangent line between the minimum

absorbances of the selected peak). Obviously, both
baseline procedures led to different heights, but the
conversion values were very similar. This finding
confirmed that the partial overlapping (at the right
and the left of the selected band) did not affect the
peak height. Moreover, we have deconvoluted the
spectral region covering the three peaks within the
region 3700–3100 cm21. The results obtained indi-
cated that the deconvolution of the three peaks did
not modify the value of the conversion calculated by
using the area of the peak at 3370 cm21. This again
proved that the partial overlapping of the selected
peak had no influence on conversion calculations. It
has to be noted that similar results were obtained for
bands at 906 cm21 (epoxide groups, as seen in
Fig. 2). Finally, the correctness of the method applied
to calculate FTIR conversion was corroborated by
means of DSC and it will be discussed later.

Figure 3 shows the variation of the epoxide con-
version as a function of curing time for the curing
schedule employed in our study. In the initial stages
of curing, it was observed that a greater proportion
of MMT in the nanocomposite led to higher epoxide
conversions. After 2 h at 1008C, the epoxide conver-
sions were 11, 25, and 44% for 2, 5, and 10% MMT
content, respectively, and the mean curing rates
were 5.5, 12.5, and 22%/h. Therefore, an increase in
the nanoparticles content had a beneficial effect on
the reaction rate (i.e., during this period, the mean
reaction rate at 2008C was 4.0 times higher than at
1008C). It is also of note that the higher proportions
of MMT (5 and 10%) caused significant increase in
epoxide conversion after only 1 h of heat treatment
at 1008C (14 and 31%, respectively). At the lower
level of MMT (2%), the curing was not detected
during this first hour of curing. These findings dem-
onstrate and confirm that the surface modifier (octa-

Figure 1 FTIR spectra in the 4000–3000 cm21 region (pri-
mary amine groups) for the nanocomposite with 5% of
montmorillonite (MMT) at various stages of curing. (a) 0 h;
(b) 4 h; (c) 7 h.

Figure 2 FTIR spectra in the 1000–750 cm21 region
(epoxide groups) for the nanocomposite with 5% of mont-
morillonite (MMT) at various stages of curing. (a) 0 h; (b)
4 h; (c) 7 h.
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decyl ammonium) of the MMT accelerates the curing
process, as previously reported by Triantafillidis
et al.21 They demonstrated that acidic onium ions
(i.e., acidic cations) of diamines catalyze the intragal-
lery epoxide polymerization process. The greater
reactivity of the ammonium surface modifier
explains why a greater proportion of MMT in the
nanocomposite increases the epoxide conversion in
the initial curing stages. On the contrary, in the final
curing stages, the accelerant effect is cancelled out
and inverted because of the barrier effect caused by
the exfoliated MMT nanoparticles inside the matrix.
Once most of the covalent crosslinking between mo-
lecular chains has taken place, a greater presence of
MMT would contribute to blocking completion of
the curing process of the matrix, which now has a
higher crosslink density, since the exfoliated nano-
particles between the chains act as physical barriers,
severely restricting the mobility of the resin polymer
chains. The foregoing is in accordance with the val-
ues of conversion obtained for the nanocomposites
studied. MMT contents of 2, 5, and 10% led to epox-
ide conversions of 93, 92, and 88%, respectively, for
5 h treatments (4 h at 1008C and 1 h at 1508C). Total
curing was reached after 7 h of heat treatment for
the nanocomposites with 2 and 5% of MMT. The
nanocomposite with 10% of MMT did not reach total
curing until after 8 h of treatment. Total curing (as
monitored by FTIR spectroscopy) was also con-
firmed by performing DSC tests under the condi-
tions set out in previous experiments.15 The DSC
tests showed that the glass transition temperature of
all the nanocomposites studied was located within
the range 230–2408C (depending on both curing tem-
perature and conversion). The arguments presented
in this study agree with the results previously
obtained by the authors15 when they studied the cur-
ing of the same resin/hardener material without

MMT nanoparticles. The absence of the octadecyl
ammonium accelerant led to slower curing at
all stages and total curing required longer heat
treatment.

It has to be noted that the curing progress can also
be studied by evaluating the decrease observed in
the bands of the spectra corresponding to the pri-
mary amine groups. Figure 4 shows the evolution of
the amine conversion for the different proportions of
MMT used. The results obtained showed similar
trends to those reported for the epoxide conversion.
In the initial stages of curing, it was observed that a
greater proportion of MMT in the nanocomposite
led to a higher amine conversion. After 2 h at 1008C,
the amine conversions were 17, 27, and 50% for 2, 5,
and 10% of MMT, respectively, and the mean curing
rates were 9.5, 13.5, and 25%/h. Therefore, an
increase in the nanoparticles content had a beneficial
effect on the reaction rate (i.e., during this period,
the mean reaction rate at 2008C was 2.6 times higher
than at 1008C). It is also of note that the higher pro-
portions of MMT (5 and 10%) caused significant
increase in amine conversion after only 1 h of heat
treatment at 1008C (13 and 35%, respectively). At the
lower level of MMT (2%), the curing was not
detected during this first hour of curing, as previ-
ously reported for the epoxide conversion.

Figure 5 shows the comparison between epoxide
and amine conversions. The excellent correlation
between two different functional groups clearly indi-
cates that partial overlapping (for epoxide bands as
well as for amine bands) has no influence on conver-
sion calculations. The epoxide conversion was
slightly lower than the amine conversion, within the
conversion range of 0–70%. Lower epoxide conver-
sion (than that of primary amine) was also observed
by Varley et al. when studying the reaction mecha-
nism of different epoxy resins (bi, tri, and tetrafunc-

Figure 4 Variation of the primary amine conversion (at
3370 cm21) as a function of curing time for the nanocom-
posites containing 2, 5, and 10% of montmorillonite
(MMT), for the thermal cycle treatments.

Figure 3 Variation of the epoxide conversion (at 906
cm21) as a function of curing time for the nanocomposites
containing 2, 5, and 10% of montmorillonite (MMT), for
the thermal cycle treatments.
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tional resins).22 In the present work it was found an
excellent correlation between both conversions:
aepoxide 5 20.015 1 0.931 aamine (r2 5 0.988). It
means that the epoxide conversion was 93% of the
amine conversion within the mentioned conversion
range, and it was independent of the MMT content
used. Even though the epoxide groups react with
the primary amines from the beginning of the curing
process, other reactions (i.e., not addition reactions)
must exist that are responsible for the consumption
of primary amine groups. At higher conversions
(>80%), there was an inversion of this behavior: the
epoxide conversion becomes higher than the amine
conversion. It means that, at the end of the nano-
composite curing, the epoxide groups were totally
consumed whereas the amine conversion was about
87–92%. In this conversion range, etherification reac-
tions (i.e., homopolymerization) can explain the
additional consumption of epoxide groups. More-
over, it must be taken into consideration that the
hardener is present in a slight excess. When DSC tests
were performed on the totally cured nanocomposites,
the excess of hardener was confirmed with an endo-
thermic peak at its melting temperature (i.e., 1808C).

Figure 6 shows the variation of epoxide conver-
sion as a function of time for the three isothermal
trials studied (at 120, 150, and 2008C) by using
materials with 5% of MMT nanoparticles. The curves
were determined by using the kinetic data obtained
by linear regression of two kinetic models: first-order
kinetics (solid line) and Avrami theory (dotted line)
and will be discussed later. There was a clear effect
of temperature on nanocomposite curing. An asymp-
totic conversion value was reached, depending on
the curing temperature: 41% at 1208C, 93% at 1508C,
and 100% at 2008C. This finding indicates that there
is a maximum conversion at each curing tempera-

ture. Asymptotic values of conversion were also
reported by Carrasco et al.15 when curing the same
epoxy resin without the presence of nanoparticles.
Only at the highest temperature (i.e., 2008C) it was
possible to attain the total nanocomposite curing.
Therefore, there is a barrier effect at lower tempera-
tures, not allowing the progression of curing reac-
tions. On the other hand, during the initial stages of
curing, the temperature had a very significant influ-
ence: During the first 20 min, the mean reaction rate
was 0.4, 2.1, and 2.9%/min when the curing temper-
ature was 120, 150, and 2008C, respectively. There-
fore, the mean reaction rate during this period of
time was 7.3 times higher at 2008C than at 1208C.
After 1 h of isothermal treatment, the curing was
quasi total at 2008C (97%), whereas the conversion
was 79% at 1508C and 16% at 1208C. The maximum
value of conversion was reached at 160 min (at
1208C), 80 min (at 1508C), and 60 min (at 2008C).

Figure 7 shows the variation of primary amine
conversion as a function of time for the three isother-
mal trials studied (at 120, 150, and 2008C) by using
materials with 5% of MMT nanoparticles. As previ-
ously indicated, the curves were determined by
using the kinetic data obtained by linear regression
of two kinetic models: first-order kinetics (solid line)
and Avrami theory (dotted line). Again, an asymp-
totic conversion value was reached, depending on
the curing temperature: 50% at 1208C, 66% at 1508C,
and 83% at 2008C. These values are different from
those found for epoxide groups. The trends of con-
version of primary amine groups are quite similar to
those previously reported for epoxide groups. Pri-
mary amine conversions never reached 100%
because the epoxide groups are the limiting reactant.

The reaction mechanism and kinetics of the curing
process for an epoxy resin as well as the presence of

Figure 6 Variation of the epoxide conversion (at 906
cm21) as a function of curing time for the nanocomposites
containing 5% of montmorillonite (MMT), for the isother-
mal curing at three temperature levels (120, 150, and
2008C). Solid line: First-order kinetics; dotted line: Avrami
equation.

Figure 5 Comparison of epoxide conversion (at 906
cm21) and primary amine conversion (at 3370 cm21) at the
different stages of the thermal cycle used, for the nano-
composites containing 2, 5, and 10% of montmorillonite
(MMT).
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nanoparticles determine the morphology of the
three-dimensional network, thus defining its physical
and mechanical properties. It has been reported that
the most important mechanical property of nano-
composites is their modulus of elasticity (related to
the material rigidity) and the most significant physi-
cal property is their impermeability to gases, liquids,
and radiations (due to the high aspect ratio of the
nanoparticles and to the restricted mobility of the
polymer chains which are near to the nanoparticles).
There are two types of kinetic models: mechanistic
and phenomenological. The mechanistic models are
extremely complex because they imply identifying
the elemental reactions and determining which of
them is the rate-controlling step. Because of this,
researchers have opted for the phenomenological
models to study the curing process of thermoset
materials. These models are very useful because they
allow the overall rate of the process to be quantified,
a variable which is fundamental to design the curing
process reactor. The kinetic models most widely
used are the n-order, autocatalytic, and diffusion
controlled. The n-order kinetic model is frequently
employed for all type of reactions because of its
simplicity. Our experimental data presented poor
adjustment when using the autocatalytic kinetic
model, especially at the initial and final stages of the
curing process, whereas there was an excellent cor-
relation when the n-order kinetic model was
employed.

The reaction rate was evaluated by the following
expression:

da

dt
¼ k am � að Þn (1)

This equation was modified by changing 1 (pres-
ent in traditional equations) by the asymptotic con-

version reached at each temperature: am 5 0.41, 0.93,
and 1 for 120, 150, and 2008C, respectively, for epox-
ide groups and 0.50, 0.66, and 0.83 for primary
amine groups.

The integration of the eq. (1) leads to the following
kinetic expressions for reaction orders 1 and 2.

ln 1� a

am

� �
¼ �kt n¼ 1 (2)

a

am am � að Þ ¼ kt n¼ 2 (3)

By taking into consideration the previous equa-
tions, the half-life of the curing process can be eval-
uated as follows:

t1=2 ¼ � 1

k
ln 1� 1

2am

� �
n ¼ 1 (4)

t1=2 ¼ � 1

kam 2am � 1ð Þ n ¼ 2 (5)

The regression coefficients clearly indicate that the
best fitting was obtained by using first-order
kinetics. Table I shows the kinetic parameters (ki-
netic constant and activation energy) for the first-
order disappearance of epoxide groups and primary
amine groups (for the entire conversion range). The
kinetic constants for the disappearance of epoxide
groups were 2.20 3 1024, 6.28 3 1024, and 10.5
3 1024 s21 when curing at 120, 150, and 2008C,
respectively. Therefore, the reaction rate at 1508C
was three times higher than that at 1208C and it was
five times higher at 2008C than that at 1208C. By
using the Arrhenius equation for the dependence of
the kinetic constant on the temperature, the apparent
activation energy was 29.5 kJ/mol. This value is
lower than that reported for epoxy resins without
nanoparticles (88.6 and 33.9 kJ/mol for the nonauto-
catalytic and autocatalytic reactions, respectively),15

thus indicating the accelerant effect of the MMT
nanoparticles in the curing process of epoxy resins.

TABLE I
Kinetic Constant and Activation Energy Values Obtained
by Linear Regression (According to First-Order Kinetics)

for the Curing Process of the Nanocomposites

T
(8C)

Epoxide groups Primary amine groups

k (s21) (am) r2 k (s21) (am) r2

120 2.20 3 1024 (0.41) 0.964 1.72 3 1024 (0.50) 0.915
150 6.28 3 1024 (0.93) 0.970 4.44 3 1024 (0.66) 0.882
200 10.5 3 1024 (1.00) 0.979 6.29 3 1024 (0.83) 0.880

Ea 5 29.5 kJ/mol Ea 5 24.2 kJ/mol

Figure 7 Variation of the primary amine conversion (at
3370 cm21) as a function of curing time for the nanocom-
posites containing 5% of montmorillonite (MMT), for the
isothermal curing at three temperature levels (120, 150,
and 2008C). Solid line: First-order kinetics; dotted line:
Avrami equation.

2112 PAGÈS ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



The half-life for the disappearance of epoxide groups
was calculated to be 20 and 11 min at 150 and
2008C, respectively. On the other hand, the kinetic
constants for the disappearance of primary amine
groups were 1.72 3 1024, 4.44 3 1024, and 6.29 3
1024 s21 when curing at 120, 150, and 2008C, respec-
tively. In this case, the apparent activation energy
was 24.2 kJ/mol. Therefore, the activation barrier for
primary amine groups is quite similar to that
obtained for epoxide groups, thus confirming that
the main reaction for the curing process was the po-
lymerization between epoxide and primary amine
groups.

The Avrami theory is widely accepted for describ-
ing the isothermal crystallization process and it is
also used to describe the curing process, because the
formation of microgels during the curing of thermo-
set materials can be compared to the spherulitic
growth in crystallization. In other words, the num-
ber of microgels and their average diameter increase
during the curing process, so the situation resembles
that of polymer crystallization.23 The Avrami equa-
tion, in its linear form, is the following:

ln 1� að Þ ¼ �ktn (6)

Therefore, the half-life can be calculated as fol-
lows:

t1=2 ¼ ln 2

k

� �1=n

(7)

Table II shows the kinetic parameters (kinetic con-
stant and activation energy) for the disappearance of
epoxide groups and primary amine groups accord-
ing to Avrami equation. The kinetic constants for the
disappearance of epoxide groups were 1.25 3 1024,
7.29 3 1024, and 9.42 3 1024 s21/n when curing at
120, 150, and 2008C, respectively. The exponent n
slightly varies with curing temperature, but takes a
value near to 1. By using the Arrhenius equation
for the dependence of the kinetic constant on the
temperature, the apparent activation energy was
39.4 kJ/mol. The half-life for the disappearance of
epoxide groups was calculated to be 26 and 10 min
at 150 and 2008C, respectively. On the other hand,
the kinetic constants for the disappearance of pri-
mary amine groups were 1.58 3 1024, 10.1 3 1024,
and 18.6 3 1024 s21 when curing at 120, 150, and
2008C, respectively. In this case, the apparent activa-
tion energy was 37.7 kJ/mol. Therefore, the activation
barrier for primary amine groups is quite similar to
that obtained for epoxide groups, as previously
reported when using first-order kinetics.

As shown in Figure 8, the adjustments of experi-
mental conversion data (for both epoxide and pri-

mary amine groups) to the selected kinetic models
(first-order kinetics and Avrami equation) were, in
general, excellent. It was observed a better adjust-
ment by using first-order kinetics in the final stages
of curing because of the use of the asymptotic con-
version value into the kinetic equation, as previously
described. The Avrami equation led to better adjust-
ments in the initial stages of curing.

Figure 9 shows the comparison of curing conver-
sion at 1208C (5% MMT content) by using two differ-
ent techniques: FTIR spectroscopy (epoxide band at
906 cm21) and DSC. The results clearly indicated
that the progress of curing reactions can be moni-
tored by both techniques, because they provide
similar conversion values. This finding validates
again the correctness of the FTIR bands used in our
study.

CONCLUSIONS

In the initial stages of the thermal cycle curing, it
was observed that a greater proportion of MMT in
the nanocomposite led to higher epoxide conversions
(as determined by FTIR spectroscopy). After 2 h at
1008C, the epoxide conversions were 11, 25, and 44%

TABLE II
Kinetic Constant and Activation Energy Values Obtained
by Linear Regression (According to Avrami Equation) for

the Curing Process of the Nanocomposites

T
(8C)

Epoxide groups Primary amine groups

n k (s21) r2 n k (s21) r2

120 0.90 1.25 3 1024 0.985 0.89 1.58 3 1024 0.959
150 0.93 7.29 3 1024 0.969 0.80 10.1 3 1024 0.942
200 1.03 9.42 3 1024 0.924 0.78 18.6 3 1024 0.963

Ea 5 39.4 kJ/mol Ea 5 37.7 kJ/mol

Figure 8 Comparison of theoretical (first-order kinetics
and Avrami equation) and experimental conversion data
for both epoxide and primary amine groups.
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for 2, 5, and 10% MMT content, respectively, and the
mean reaction rates were 5.5, 12.5, and 22%/h. On
the contrary, in the final stages of curing, the MMT
nanoparticles cancels out, and invert the accelerant
effect due to the fact that a higher concentration of
particles creates a physical barrier that increasingly
hinders completion of the covalent crosslinking
between the resin chains. Total curing of the matrix
was attained after 4 h at 1008C, 2 h at 1508C, and 1 h
of heat treatment at 2008C for all the nanocomposites
studied. The absence of the octadecyl ammonium
accelerant led to slower curing at all stages and total
curing required longer heat treatment of the system.

The epoxide conversion was slightly lower than
the amine conversion, within the conversion range
0–70%. It was demonstrated that there is a linear
relationship between epoxide and amine conversions
(aepoxide � 0.93 aamine). Therefore, reactions (other
than addition reactions between epoxide and pri-
mary amine groups) must exist that are responsible
for the consumption of epoxide groups. At higher
conversions (>80%), there was an inversion of this
behavior. Therefore, at the end of the nanocomposite
curing, the epoxide groups were totally consumed
whereas the amine conversion was about 87–92%.
This can be explained by taking into consideration
that the hardener is present in a slight excess (as
confirmed by the presence of an endothermic peak
at �1808C).

The isothermal trials were used to determine the
best kinetic models. Our experimental data pre-
sented poor adjustment when using the autocatalytic
kinetic model whereas there was an excellent corre-
lation when the first-order kinetic model and
Avrami equation were employed. In the first-order
kinetics model, the traditional equations were modi-
fied by changing 1 by the asymptotic conversion
reached at each temperature: am (epoxide groups) 5

0.41, 0.93, and 1 for 120, 150, and 2008C, respectively,
and am (primary amine groups) 5 0.50, 0.66, and
0.83. The kinetic constants for the disappearance of
epoxide and primary amine groups were quite simi-
lar when using these two kinetic models because of
the n exponent (in Avrami equation) was found to
be very close to 1. The apparent activation energy
for the disappearance of epoxide groups, within the
temperature range studied, was 29.5 (first-order
kinetics) and 39.4 kJ/mol (Avrami equation). These
values were very close to those evaluated for the dis-
appearance of primary amine groups: 24.4 and 37.7
kJ/mol. Therefore, the activation barrier for the
epoxide groups and primary amine groups was
quite similar, thus confirming that the main reaction
during the curing process was the polymerization
between epoxide and primary amine groups. The
activation energy values for the nanocomposites
studied were lower than those reported for epoxy
resins without nanoparticles (up to 89 kJ/mol), thus
indicating the accelerant effect of the MMT nanopar-
ticles in the curing process of epoxy resins. Finally,
it was shown that the conversions calculated by
FTIR spectroscopy (epoxide band at 906 cm21) and
DSC were quite similar.
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