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ABSTRACT: The curing kinetics of epoxy resin-imida-
zole-organic montmorillonite nanocomposites were inves-
tigated by differential scanning calorimetry (DSC) in the
isothermal mode. X-ray diffraction (XRD) analysis indicated
the formation of a layered silicate-epoxy nanocomposite.
The cure rates for the epoxy resin-imidazole—organic mont-
morillonite nanocomposite were lower than the values for
the neat system at higher temperature (120 and 130°C), as
indicated by the relation between the cure conversion and

time. These results revealed that the autocatalytic model and
the modified Avrami equation are both valid for describing
the cure behaviors of epoxy resin-imidazole-organic mont-
morillonite systems. © 2003 Wiley Periodicals, Inc. ] Appl Polym
Sci 88: 2932-2941, 2003
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INTRODUCTION

Epoxy resins have been widely used as adhesives,
coatings, composites, and matrices in fabric-reinforced
composites."™ The properties of curing agents and
curing conditions strongly influence the resultant ep-
oxy network. Also, the mechanical, thermal, and other
properties of the cured epoxy resin are strongly de-
pendent on the degree of cure during the curing reac-
tion process. In the past, most studies of thermosetting
epoxy resins have focused on the modulus, tempera-
ture performance, and mechanical properties.* °
Recently, great attention has been paid to layered
silicate—epoxy nanocomposites.® Giannelis prepared
an exfoliated layered silicate-—epoxy nanocomposite
from the diglycidyl ether of bisphenol A, using nadic
methyl anhydride as the curing agent, and found that
the dynamic storage modulus of the nanocomposites
containing 4 vol % silicate was ~58% higher in the
glassy region and 450% higher in the rubbery plateau
region compared with that of the pristine polymer.”
Monolithic, exfoliated clay—epoxy nanocomposites
have been prepared from the reaction of alkylammo-
nium-exchanged smectite clays with the diglycidyl
ether of bisphenol A, using m-phenylenediamine as
the curing agent, by Pinnavaia and his co-workers.®™'!
These authors found that monolithic, exfoliated clay
nanocomposites could be formed by swelling alkyl-
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ammonium ion-exchanged forms of the clays with
epoxy resin prior to curing. Dramatic improvements
in the tensile strength and modulus were realized with
this procedure, particularly when the matrix exhibited
a subambient glass transition temperature; for in-
stance, the reinforcement provided by the silicate lay-
ers at 16 wt % loading resulted in a >10-fold improve-
ment in both tensile strength and modulus. However,
to our knowledge, there are no published reports on
the in situ curing process of nanocomposite formation.

It is well known that differential scanning calorim-
etry (DSC) is useful for the rapid analysis of curing
processes. Other techniques, such Fourier transform
infrared (FTIR) spectroscopy,'? dynamic mechanical
analysis (DMA),"”® and thermomechanical analysis
(TMA), have also been employed to study curing ki-
netics. Liu'? used FTIR spectroscopy results to calcu-
late the degree of reaction and kinetics parameters
according to the change of the absorbing peak with the
time. Laza et al."* focused their work on the effect of
amine concentration on the kinetics of epoxy resin, the
rheologic characteristics during the crosslinking pro-
cess, and the dynamic-mechanical properties of the
system as determined by TMA. These methods were
mainly used to describe the cure kinetics of the epoxy
resin. In addition, as Lu'® pointed out, these methods
can be used to characterize the cure behavior of un-
saturated polyesters.

DSC is used to obtain data about the curing reac-
tion, assuming proportionality between the heat and
the extent of reaction.'®™® Usually, there are two
kinds of modes; that is, isothermal and dynamic. In
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the dynamic mode, the heating rate is kept constant
for a given cure cycle. In the isothermal mode, the cure
temperature is kept constant prior to the dynamic
scanning for measurement of the residual heat. Auto-
catalytic curing kinetics for thermosetting resins can
be studied by DSC to determine parameters such as
reaction activity, rate constants, and reaction order. In
general, either a phenomenological or mechanical
model is used to express the kinetics of a reaction. The
curing of epoxy resin includes several reaction pro-
cesses, so the phenomenological model may be pref-
erable for characterization of the curing behavior.
Yousefi® stated that a phenomenological model is
generally expressed in a relatively simple rate equa-
tion, ignoring the details of how the reactive species
takes part in the reaction. Lu'°considered that crystal-
lization, in a broad sense, can be regarded as a phys-
ical form of crosslinking, and calculated the curing
kinetics of a thermosetting resin (unsaturated polyes-
ter) under isothermal conditions with a modified
Avrami expression. These results were in very good
agreement with those determined by other analytical
methods.

The development of nanocomposites has diverted
the attention of researchers to the curing kinetics of
nanocomposites. In a previous publication, epoxy
resin-montmorillonite intercalated or exfoliated nano-
composites were prepared with diethyltriamine or
tung oil anhydride as curing agent." In this article, the
epoxy resin—organic montmorillonite was prepared
with imidazole as the curing agent, and isothermal
DSC experiments at four different temperatures were
conducted to study the cure kinetics of the epoxy
resin-imidazole-organic montmorillonite nanocom-
posite.

EXPERIMENTAL
Materials

The diglycidyl ether of bisphenyl A (epoxy resin E-51),
with a weight per epoxy equivalent of 191.1g eq ™/,
was obtained from Shanghai Resin Factory. Imidazole,
with a molecular weight of 68.08, was used as curing
agent and was obtained from Shanghai Chemistry
Agent Factory. Na'-Montmorillonite, with a cation
exchange capacity (CEC) value of ~100 mmol/100 g,
was purchased from Qingshan Chemistry Agent Fac-
tory (Linan, China). The clay surfactant
(CHj3);3(CH,),5NBr was purchased from the Research
Institute of Xinhua Active Materials (Changzhou,
China) and organo-montmorillonite (Org-MMT) was
prepared by a previously described ion-exchange
method.*

Sample preparation

Epoxy was well mixed with 4 phr (parts per one
hundred base resin, with epoxy as the base resin in

this study) of imidozale and various amounts of Org-
MMT. Epoxy—imidazole-Org-MMT mixtures were ob-
tained and poured into poly(tetrafluoroethylene)
(PTFE) molds. The samples were cast into small bars
and degassed simultaneously. Epoxy resin was dis-
solved with Org-MMT at 100°C for 2 h. Formation of
nanocomposites from the cured mixtures was deter-
mined by X-ray diffraction (XRD) analysis.

XRD analysis

The change in lattice spacing of MMT was measured
with a Japanese Rigaku D/max-yB rotating anionod
X-ray diffractometer with a Cu K, line (A = 0.15418
nm), a tube voltage of 40 kV, and a tube current of 100
mA. The scanning range was 1.2-10° at a rate of 1°/
min.

DSC testing

In this experiment, the DSC testing was only per-
formed in isothermal modes. Analysis by DSC was
conducted with a Mettler Toledo DSC-821E under
nitrogen atmosphere at a flow of 80 mL/min. The
samples of 5-6 mg of epoxy resin-imidozale with 0, 5,
or 10 phr of Org-MMT were each placed into an
aluminum crucible. Isothermal experiments were con-
ducted at four temperatures (i.e., 100, 110, 120, and
130°C). The reaction was not considered complete un-
til the signal leveled off at the baseline. The dynamic
measurements were made at a heating rate of 10°C/
min from 50 to 250°C.

RESULTS AND DISCUSSION
XRD analysis

Lan' suggested that there are both inter- and extra-
gallery polymerizations in epoxy-clay systems. The
intergallery polymerization rate should not be much
larger than the extragallery polymerization rate, ac-
cording to the Bragg equation:

2d sinf = nA (1)

where d denotes the lattice spacing of Org-MMT, 20 is
the angle of the diffraction peak, and A = 0.154 nm.
Therefore, the interlayer spacing of inorganic MMT
can be calculated with the angle of diffraction peak. As
the lattice spacing of intercalated nanocomposite in-
creases, Bragg diffractions appear in the diffraction
graph of intercalated nanocomposite. Continued in-
creasing of the lattice spacing results in the disappear-
ance of the Bragg diffractions, which reflects produc-
tion of exfoliated nanocomposites. According to this
view, nanocomposites are obtained when there is a
decrease in the Bragg diffraction angle and an increase
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Figure 1 XRD patterns of epoxy resin-imidazole-Org-
MMT nanocomposite with Org-MMT content of 0, 5, and 10
phr.

in gallery spacing. XRD patterns for the epoxy resin—
imidazole-Org-MMT  composite with different
amounts of organoclay cured at 100°C for 2 h are
shown in Figure 1. The (001) peak shifted to a low
angle comparable to that of Org-MMT. The diffraction
peak of Org-MMT (260 = 4.02°) disappeared, and the
first peak (n = 1) of diffraction appeared at 26 = 2.36—
2.40°. Thus, an intercalated nanocomposite was cre-
ated, with lattice spacing of 37.4-36.7 A.

Cure kinetics of epoxy—imidazole-Org-MMT
nanocomposite determined by the autocatalytic
model

Dynamic DSC experiments under isothermal condi-
tions yield data on heat flow versus time (or versus
temperature), which can be used to evaluate kinetic
parameters with a series of mathematical function ex-
pressions. In addition, the residual heat values, mea-
sured after each isothermal experiment to cure the
epoxy resin, are needed for these calculations.?® 24,
During the curing reaction, the degree of cure at time
t is defined as

H,
“TH,+ H, (2)
where H, denotes the heat under the isothermal exo-
therm curve at time ¢, Hy is the total heat of reaction
that is measured at the end of an isothermal run at
temperature T, and H, is the residual heat under the
exotherm curve in the subsequent dynamic scanning.
Boey®pointed out that for materials with a single
reaction and no other enthalpic events (e.g., the evap-
oration of solvent or volatile components, enthalpy
relaxation, or significant changes in the heat capacity
with conversion), the measured heat flow (dH/dt) is
proportional to the conversion rate, da/dt, in a cure
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process. Thus, the conversion rate or the reaction rate
can be defined as

da  dH/dt
dt ~ Hy+ H, (3)

Two general categories of the modeling equations,
n™-order and autocatalytic, are usually used to char-
acterize the isothermal cure kinetics. The n™-order
kinetics model is the simplest model to represent the
overall curing process; that is

da B .
g k(1 — ) (4)

where 7 is the reaction order and k denotes the tem-
perature-dependent rate constant. The rate constant k
obeys an Arrhenius temperature dependency:

k = A exp(—E/RT) (5)

where A is the pro-exponential factor, E is the activa-
tion energy, R is the gas constant, and T is the absolute
temperature. Equation 4 predicts that the maximum
reaction rate occurs at time f = 0, which is not the case
for autocatalytic cure process. This discrepancy is be-
cause the conversion rate is not only related to the
amount of unreacted material remaining, but is also
connected with the reacted portion of the material.
Furthermore, the gelation that appears during the
course of cure reactions makes the kinetics of cure
more complicated. Thus, the initial conversion rate
obtained according to the n"-order kinetics model is
not used to describe the cure, and a generalized auto-
catalytic expression is defined as follows:

da
g = kit ka)" (1 - a) (6)

where k; and k, are rate constants with Arrhenius
temperature dependency, and m and n are reaction
orders that are dependent on temperature. In eq. 6,
there are four parameters to be determined. This
model has been applied to describing the cure kinetics
of epoxy, unsaturated polyester, and other thermoset-
ting resins.?®~>®

Isothermal cure rate curves for epoxy—imidazole—
Org-MMT (0, 5, and 10 phr) at four curing tempera-
tures are shown in Figure 2.The maximum in the cure
rate appeared at times >0. Initially, the curing rate
increased with time during the curing reaction pro-
cess. Then, after reaching the maximum curing rate,
the rate began to decrease until it reached the baseline.
Thus, the cure reaction can be considered to follow an
autocatalytic mechanism, and the cure kinetics should
be treated with eq. 6. Initially, when t = 0, and the cure
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Figure 2 Isothermal DSC curves for curing of epoxy resin-imidazole-Org-MMT nanocomposite with different amounts of

Org-MMT.

conversion is zero, the cure rate value is the kinetic
rate constant k;. Accordingly, the residual heat of the
epoxy-imidazole-Org-MMT nanocomposites with 0,
5, and 10 phr of Org-MMT can be calculated from the
area under the exotherm curves shown in Figure 3.
Obviously, the residual heat decreased with increas-
ing temperatures of isothermal curing. Moreover, the
peak in the dynamic exotherm curve was not constant;
in particular, the peak increased for the higher isother-
mal curing temperature at the same heating rate of
10°C/min. This result is possibly because the higher
isothermal temperature increased the degree of cure.
So, thermal elimination and the residual heat became
smaller at the higher isothermal temperature.

The relation between the conversion and time, de-
termined from the cumulative heat at time t, H;, and
the residual heat, H,, is plotted in Figure 4. The time to
reach conversion (« = 0.5) at 100,110, 120, and 130°C
for all epoxy nanocomposites with different amounts
of Org-MMT, are listed in Table I.. The rate of cure
during the curing process was accelerated by increas-
ing the temperature. As a result, for the same amount
of Org-MMT in the nanocomposite, the higher tem-
perature, the less time was needed to reach a = 0.5.
Lan" suggested that during the process of curing
epoxy nanocomposite systems, both inter- and extra-

gallery polymerizations occur. The change of the lat-
tice spacing is determined by the difference of the
curing rates. In this study, at the higher temperature,
the time needed to reach conversion increased with
increasing amounts of Org-MMT. In contrast, at the
lower temperature, the time changed little with the
change in amount of Org-MMT. Hence, the lower
temperatures made the curing rate change little in
comparison with pure epoxy resin-imidazole systems.
It may be reasoned that the change of temperature had
an effect not only on the curing rate, but also on the
velocity of epoxy molecular movement in the gallery
of organic clay. For neat epoxy systems, crosslinking is
dominant during early periods of the curing reaction.
As the reaction proceeds, the systems become dense,
which results in a marked increase in viscosity and
decrease in the curing rate. In comparison, for the
epoxy—Org-MMT systems, the curing rate includes the
curing rates of extra- and intergallery polymerizations
and the rate of epoxy molecular movement in the
gallery of Org-MMT, and is affected by the appear-
ance of vitrification. The higher the temperature, the
shorter the time to vitrification and the more obvious
the effect. The epoxy molecular movement in the gal-
lery was space-restrained by vitrification, and the cur-
ing rate of intergallery polymerization was also re-
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Figure 3 The dynamic curing curve at various isothermal temperatures of the epoxy-imidazole- Org-MMT nanocomposite

with different amounts of Org-MMT.

strained. As a result, at the higher temperature (130°C),
the curing rate was considerably decreased and the time
to reach & = 0.5 was prolonged when Org-MMT was
added. However, there was little difference between 5
and 10 phr epoxy—Org-MMT systems.

The values of da/dt and « can be determined for the
complete course for each isothermal temperature. The
estimation of k; has been proposed previously. In this
study, other parameters were estimated without any
constraints by a least squares method. Sometimes,
however,® an iterative procedure was repeated to
determine k,, m, and n until the apparent convergence
of m and d values. The activation energies E; and E,
could be obtained for all the systems with the kinetics
constants k, and k, using Eq. 7

E
Ink=InA-—-=

The experimental curve and autocatalytic model
curve are plotted in Figure 5, and the results are listed

in Table I. The parameters m and n decreased with the
addition of Org-MMT compared with those for the
neat resin. The cure rates for autocatalytic nature had
the maximum rate of conversation after the start of the
reaction, which is similar behavior to that described in
the literature.®® The results in Figure 5 also demon-
strate that the presence of Org-MMT in the epoxy
resin does not vary the autocatalytic nature of the
nanocomposite. However, the four parameters values
were modified by the presence of Org-MMT in the
epoxy-imidazole-Org-MMT nanocomposites. The
curve fitting shown by the lines in Figure 5 confirms
that the autocatalytic model fit the data well only for
the initial creation of the epoxy network. In addition,
the parameters were affected inversely by the presence
of Org-MMT (ie.,, the parameters decreased as the
amount of Org-MMT increased). The cure rates were
also affected by the rate at which the epoxy resin moved
in the gallery of Org-MMT. Moreover, the progress of
the cure reaction towards o = 1.0 is obviously stopped
by the vitrification, so the extent of cure is limited.
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Figure 4 Conversion—-time curves for epoxy resin-imidazole-Org-MMT at different curing temperatures.

When Org-MMT was added, the values of m and n
decreased in comparison to those for the pure epoxy.
It is believed that the Org-MMT changed the cure rate
during the process of the polymerization reaction. For
a given amount of Org-MMT, the values of k increased
with an increase in temperature (Table I). This rela-

tionship means that the rate constant is dependent on
temperature. The activation energies for different
amounts of Org-MMT (0, 5, and 10 phr), are 116.6,
113.0, and 104.5 kJ/mol, respectively. Huang>
pointed out that increasing temperatures give an ad-
vantage to reactions with the higher activation energy.

TABLE 1
Autocatalytic Model Constants for Epoxy Resin—-imidazole-Org-MMT Nanocomposites
Org-MMT Temperature tos k, X 10? k, X 102 E; E,
(phr) O (s) ™ s m n (k] /mol) (kJ/mol)
100 285 0.082 1.753 1.23 2.36
110 125 0.161 3.293 1.32 2.32
0 120 80 0.397 3.914 0.99 2.19 116.6 49.2
130 46 1.374 2.25 0.77 1.88
100 294 0.078 1.323 1.12 1.77
110 160 0.173 2.138 1.06 1.82
5 120 104 0.502 2.074 1.09 2.32 1130 277
130 54 1.113 0.972 0.48 1.39
100 284 0.084 1.368 1.16 1.58
110 159 0.188 1.963 1.06 1.57
10 120 101 0.501 2.814 1.04 2.25 104.5 43.9
130 65 0.981 1.318 0.72 1.63
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Figure 5 Conversion of experimental data with model predictions: reaction rate (da/dt) versus conversion () at four
different temperatures for all the blends. Key: (symbol) experimental; (line) autocatalytic model.

In this study, the results (Table 1) indicate that the acti-
vation energy decreased a little with the addition of
Org-MMT. Gradually, at a given temperature, the rate
constant k, of the reaction with the higher activation
energy is higher than that of reaction with lower activa-
tion energy. But, the rate constants remained of the same
order, and initially the reactions fit well to the autocata-
lytic model. These results mean the reaction mechanism
is not affected by the addition of Org-MMT. At higher
curing temperatures (Table I), the values of m and n
decreased with the addition of Org-MMT, which indi-
cates attainment of the curing conversion a = 0.5. These
results are also in good agreement with the curing rate
found for epoxy resin-imidazole-Org-MMT systems
that include the curing rates of extra- and intergallery
polymerization and the velocity of epoxy molecular
movement in the gallery of Org-MMT.

Cure kinetics of epoxy—-imidazole-Org-MMT
nanocomposite according to the Avrami equation

The crystallization kinetics is described by

a(t) =1 — exp(—kt") (8)

where «aft) is the degree of crystallization at time ¢, is
the Avrami rate constant, and 7 is the Avrami expo-
nent. If eq. 8 is extended to the analysis of isothermal
curing, a(t) is the degree of cure at time ¢ and 7 is the
curing reaction order. The logarithmic conversion of
eq. 8 results in the following equation:

In[-In(1 —a)]= Ink+nlint (9)

Based on eq. 9, a plot of In[—In(1 — «)] versus In
t (min) should yield a linear relationship for nth-
order reactions, where the slope and intercept (nand
In k, respectively) are under each isothermal tem-
perature. Then, a line can be obtained between the
reciprocal of temperature (1/T) and (In k)/n:

lnk_1 A E
T MATRT (10)

The activation energy E and frequency factor A can
be obtained from the slope and the intercept, respec-
tively.
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Kinetic parameters can be obtained with the Avrami
equation and data from observing the cure process at
each isothermal temperature. A plot of In[—In(1 — «)]
versus In(t/min) at different temperatures is given in

1

0- Org-MMT: Ophr

4]

In[-In(1-a)]
N

120°C
130°C

4preon

Figure 7 and the results are listed in Table II. The plots
in Figure 7 indicate a good linear reaction for all epoxy
resin-imidazole-Org-MMT nanocomposites. Thus,
the results demonstrate that the modified Avrami
equation appropriately describes the curing dynamics
in this study. The Avrami rate constant was sensitive
to curing temperature, and k increased with rising
temperature (Table II). The rate constant of the epoxy
resin-imidazole-Org-MMT nanocomposite is, how-
ever, lower than that of the neat epoxy systems, indi-
cating that the values of k decreased when organic clay
was added. The curing rate of epoxy resin is limited
by the existence of the Org-MMT gallery. It is obvious
that the higher temperature set a limit on the rate of
epoxy molecule movement in the gallery and the re-
action of epoxy with imidazole; that is, there is agree-
ment between the results using autocatalytic model
and those determined with modified Avrami equa-
tions. The reaction order, n, decreased at the higher
temperatures (120 and 130°C), but changed only
slightly at lower temperature between the neat and
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Figure 7 Plots of In[—In(1 — )] versus In(t/min) for epoxy resin-imidazole-Org-MMT nanocomposites.
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epoxy resin-Org-MMT systems. This relationship be-
tween the reciprocal of temperature (1/T) and (Ink)/n
is shown in Figure 8.

The values of the activation energy listed in Table II,
calculated by the modified Avrami equation, were
lower for nanocomposites with different amounts of
Org-MMT than for the pure epoxy, but there was no
apparent decrease in activation energy. The reaction
activation energy is much lower when calculated with
the modified Avrami equation than when calculated
by the autocatalytic model because the relation be-
tween the curing conversion and curing time was only
considered with the former method. This discrepancy
between the activation energies determined by the
two methods may be explained by the occurrence of
gelation that makes the curing extent at the later po-
lymerization stage different, which was considered in
autocatalytic model but was not taken into account in
the modified Avrami model.

CONCLUSIONS

An autocatalytic model was employed to characterize
the isothermal curing reaction of epoxy resin—-imida-
zole-Org-MMT nanocomposite systems. The results
demonstrated that the curing kinetic model could be
analyzed with the modified Avrami equation. This
fact can be taken as an indication that the reaction
mechanism did not change in the presence of Org-
MMT. Some kinetic parameters (i.e., the curing rate
constant, the reaction order, and the activation energy)
were obtained by the two methods. The curing rate for
the epoxy resin-Org-MMT systems, which included
the curing rates of extra- and intragallery polymeriza-
tions and the rate of epoxy molecular movement in the
gallery of Org-MMT, was affected by the appearance
of vitrification. Activation energy also changed a little
when Org-MMT was added, and the values of activity

TABLE 1I
Kinetic Parameters Obtained from the Avrami Equation
at Different Isothermal Temperatures for Epoxy Resin—
imidazole-Org-MMT Nanocomposites

Org-MMT  Temperature k x 10? E
(phr) (°O) n Chb! (kJ/mol)

100 1.33 8.449
110 1.30 26.889

0 120 1.28 46540 69.2
130 0.85 86.703
100 1.42 5.611
110 143 15.397

5 120 1.14 36.240 69.6
130 1.11 70.893
100 1.42 6.361
110 1.41 16.203

10 120 1.24 26.901 61.6
130 1.08 61.263
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Figure 8 Plots of (In k)/n versus 1/T for epoxy resin—
imidazole-Org-MMT nanocomposites.

energy determined by the autocatalytic model were
higher than the values calculated with the modified
Avrami equation. The results using the autocatalytic
model were in good agreement with the experimental
data at the beginning of the curing reaction. The reac-
tion orders at higher temperatures (120 and 130°C)
were obviously greater than those at lower tempera-
ture (100 and 110°C), regardless of the amount of
Org-MMT. Moreover, although the reaction mecha-
nism of epoxy resin-imidazole-Org-MMT systems re-
mained the same as that of the pure system, at the
higher temperature, the initial cure rate decreased
with an increase in the amount of Org-MMT (as de-
termined with the Avrami equation). These results
indicate that the existence of an Org-MMT gallery
hindered the movement of the epoxy resin and the
intergallery polymerization reaction of the epoxy with
the imidazole. This obstructive effect was more obvi-
ous at higher temperatures.
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