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SYNOPSIS 

By employing differential scanning calorimetry, DSC, we have studied, under isothermal 
conditions, the kinetics of the cure reaction for a system containing a diglycidyl ether of 
bisphenol A (DGEBA) and 1,3-bisaminomethylcyclohexane (1,3-BAC) as a curing agent, 
over the temperature range of 60-110°C. We have determined the conversions reached at 
several cure temperatures and the reaction rates. The experimental data, showing an au- 
tocatalytic behavior, were compared with the model proposed by Kamal, which includes 
two rate constants, k,  and k2, and two reaction orders, m and n. This model gives a good 
description of cure kinetics up to the onset of vitrification. The activation energies for 
these rate constants were 44-57 kJ/mol. The reaction orders present a moderate change 
but their sum is in the range 2.5-3. Diffusion control is incorporated to describe the cure 
in the latter stages (postvitrification region). By combining the autocatalytic model and a 
diffusion factor, it was possible to predict the cure kinetics over the whole range of conversion. 
0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

The properties of a thermosetting polymer depend 
on the extent of reaction. The understanding of the 
mechanism and kinetics of cure is essential for a 
better knowledge of structure-property relationships 
and for the usage of these materials as structural 
adhesives, coatings, and as matrices in fiber-rein- 
forced composites. 

Curing kinetic models are generally developed by 
analyzing experimental results obtained by different 
thermal analysis techniques. Differential scanning 
calorimetry, DSC, both in the isothermal and dy- 
namic mode, has been used extensively, assuming a 
proportionality between the heat evolved during the 
cure and the extent of reaction. 

In  general, the  curing reactions show complex 
kinetics characterized by an  initial acceleration 
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due to  autocatalysis, while the later stages may 
exhibit retardation due to  the onset of gelation. 
As cure proceeds and the resin crosslinks, the glass 
transition temperature, Tg, of the curing resin in- 
creases. For cure temperatures well above Tg, the  
rate of reaction between the epoxy and hardener 
reactive groups is chemically kinetically con- 
trolled. When Tg approaches the curing temper- 
ature, the resin passes from a rubbery state t o  a 
glassy state and the curing reactions become dif- 
fusion controlled, and will eventually become very 
slow and finally stop.' 

In  this study, the cure kinetics of an  epoxy sys- 
tem containing diglycidyl ether of bisphenol A 
(DGEBA) and 1,3-bisaminomethylcyclohexane 
(1,3-BAC) as  curing agent were investigated by 
differential scanning calorimetry under the iso- 
thermal mode. This work was part of a larger study 
of the curing characteristics and structure-prop- 
erty relationships of the DGEBA/1,3-BAC epoxy 
system.2 The  objective of this part is concerned 
with an  accurate description of the kinetics of cure 
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Figure 1 DSC thermograms in the dynamic mode at  different heating rates. 

not only in the first stages of cure reaction but 
also in the later stages where the vitrification effect 
is dominant and the reaction is controlled by dif- 
fusion instead of chemical kinetics. 

EXPERIMENTAL 

The epoxy resin used was a diglycidyl ether of bis- 
phenol A (DGEBA), Shell Epikote 828, and the cur- 
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Figure 2 Reaction rate, daldt, vs. time curves for different curing temperatures. 
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Figure 3 Reaction rate, duldt, vs. conversion, a, curves at different temperatures. 

ing agent was 1,3-bisaminomethylcyclohexane (1,3- 
BAC), manufactured by Mitsubishi Gas Chemical 
Co. Both components were commercial products, 
and were used as received without purification. The 
stoichiometric ratio amine/epoxy is 1. Formulation 
is 100 g DGEBA for 18.5 g 1,3-BAC. The mixture 

was stirred at  room temperature, and samples of 
about 5-6 mg weight were enclosed in aluminum 
capsules. DSC measurements were performed with 
a Perkin Elmer DSC-7 supported by a Perkin Elmer 
Computer for data acquisition. The DSC was cali- 
brated with high-purity indium. 
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Figure 4 Estimated values of m and n at different curing temperatures. 
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Figure 5 Arrhenius plot of rate constants, k, and k,. 

Isothermal and dynamic-heating experiments 
were conducted under a nitrogen flow of 40 mL/ 
min. For dynamic heating experiments, four differ- 
ent heating rates were investigated 2.5, 5, 7.5, and 
1O0C/min from -10°C to 200°C. In isothermal ex- 
periments, the DSC was stabilized to -1O"C, then 
the sample pan was placed in the DSC cell and 
heated at high rate to the experimental temperature, 
ranging from 60 to 110°C with a 10°C temperature 
increment. 

RESULTS AND DISCUSSION 

If the cure reaction is the only thermal event, then 
the reaction rate da/dt is equal to the heat flow, dH/ 
dt, divided by the overall heat of reaction AHo 

Figure 1 shows the DSC dynamic scans at differ- 

- 

2.5 

2 

1.5 

1 

80 "C 



ISOTHERMAL CURE KINETICS 1033 

0.8 

0.6 

CI 
0.4 

0.2 

0 
0 400 800 1200 

time (s) 

Figure 7 
time. 

Comparisons of experimental data with autocatalytic model: conversion, a, vs. 

ent heating rates. The overall heat evolved in the 
reaction has been determined as the average value 
of reaction heats calculated in each thermogram. 
The corresponding value found for the DGEBA/1,3- 
BAC system was AHo = 495.5 J/g. 

Isothermal DSC curves are shown in Figure 2, 
plotted as da/dt vs. time. 

If one assumes that the extent of reaction, a, is 
proportional to the heat generated during reaction, 
the reaction rate can be expressed as a function of 
conversion and temperature: 

where k(T) is the Arrhenius rate constant and f(a) 
is a function that depends on the reaction mecha- 
nism. 

Different models have been developed to describe 
the cure reactions of  thermoset^.^ The so-called au- 
tocatalytic model proposed by Kama14 

da - _  - (kl + kza")(l - a)" 
dt (3) 

has been applied in this work, where kl and kz are 
reaction rate constants with two different activation 
energies and preexponential factors; m and n, re- 
action orders, and, m + n, the overall reaction order. 
Equation (3) embodies the experimental observa- 
tions (Fig. 2) that the peak in the exotherms occurs 
at some t > 0, and that the rate of reaction at  t = 0 
is not zero and has found successful application for 
similar epoxy s y ~ t e m s . ~  

To compute Eq. (3) parameters from experimen- 
tal data, several methods have been proposed in the 

in many of them it was assumed that 
the total reaction order was 2, m + n = 2, restraining 
the range of application of the proposed model. 

In the present study, the parameters m, n, kl, and 
k2, were estimated without any constraints on them 
by fitting the experimental data shown in Figure 3 
to Eq. (3) in the first portion of cure (up to 30-5096 
of conversion, depending on the curing temperature) 
using a least squares method. The values of m and 
n obtained for each curing temperature are shown 
in Figure 4. The overall reaction order, m + n, is in 
the range 2.5-3 with n = 2 and m varying from 0.5 
to 1. Rate constants kl and k2 are shown as an Ar- 
rhenius plot in Figure 5, which yields the values of 
44 kJ/mol and 57 kJ/mol for the associated acti- 
vation energies in agreement with values reported 
for similar epoxy systems.g-" It is observed, however, 
that correlation for kl values (0.9657) is poor com- 
pared with that obtained for k2 (0.9899). This may 
be attributed to the fact that kl is computed only 
with the two or three first experimental data, which 
may lead to imprecise calculated values. 

Comparisons between typical experimental DSC 
data and predictions of the autocatalytic model, with 
values of model parameters determined above, are 
shown in Figures 6 and 7. Good fits are obtained for 
the initial stage of reaction. The model, however, 
predicts higher conversions and reaction rates for 
the latter stages of the cure reaction. Deviations ob- 
served are attributed to the reaction, becoming dif- 
fusion controlled at the onset of gelation. Differences 
between model predictions and experimental data 
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Plot of diffusion factor, f(a), vs. conversion at different curing temperatures. Figure 8 

are observed to be greater when curing temperature 
decreases. 

To consider diffusion effect we have used a 
semiempirical relationship, based on free volume 
considerations, proposed by Chern and Poehlein" 
and applied successfully by Khana et al., for a cat- 

constant for chemical kinetics and k, the overall 
effective rate constant which, according to Rabi- 
nowich,14 includes the effect of both chemical 
kinetics and diffusion. This diffusion factor is 
given by 

alyzed epoxy-anhydride system.13 In this relation- 
ship, a diffusion factor, f(a), has been introduced 
and defined as the ratio, k,/k,, k, being the rate 

(4) 
ke 1 
k, 

f(a) = - = 
1 + exp[C(a - a,)] 

0 
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with C and a,, the critical conversion, being two em- 
pirical parameters. When a is much smaller than 
the critical value, a 4 a,, then f(a) approximates 
unity, the reaction is kinetically controlled, and the 
effect of diffusion is negligible. As a approaches a,, 

f(a) begins to decrease and approaches zero as the 
reaction effectively stops. Equation (4) corresponds 
to a rather abrupt onset of diffusion control a t  a 
= a,; however, the onset is more gradual, and there 
is a region where both chemical and diffusion factors 
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Figure 11 Comparisons of experimental data with model predictions: reaction rate, da/ 
dt, vs. conversion, a, at different temperatures. (-) experimental, (- - -) autocatalytic model, 
(-) autocatalytic model with diffusion. 
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Figure 12 Comparisons of experimental data with model predictions: conversion, a, vs. 
time, at different temperatures. (Oo0) experimental, (- - -) autocatalytic model, (-1 auto- 
catalytic model with diffusion. 

are controlling. The effective reaction rate at any 
conversion is equal to the chemical reaction rate 
multiplied by f(a). 

As in other studies,13 f(a) was obtained as the ratio 
of experimental reaction rate to the reaction rate 
predicted by the autocatalytic model in Eq. (3). Fig- 
ure 8 shows f (a) vs. conversion at different curing 
temperatures for DGEBA/1,3-BAC epoxy system, 
illustrating the behavior commented above. 

Values of a, and C obtained by fitting f(a) vs. a 
data to Eq. (4) are shown in Figures 9 and 10. An 
increase in a, of 29% when increasing temperature 
from 60 to llO°C is observed, but for the coefficient 
C, no discernible trend is found, in agreement with 
the studies of Cole et al. on epoxy-amine  system^.'^ 

Figures 11 and 12 show the results for each curing 
temperature where the experimental values of da/ 
dt are compared with those calculated by the auto- 
catalytic model, coupled with the diffusion factor, 
according to Eq. (4). Excellent agreement was found 
over the whole curing temperature range. 

CONCLUSIONS 

A phenomenological kinetic model, successfully ap- 
plied by other authors,13 has been used in this work 

to describe the cure kinetics of DGEBA/1,3-BAC 
epoxy system over the whole range of cure. 

In the first stages of the cure, where the experi- 
mental data show an autocatalytic behavior, the 
model proposed by Kamal, which includes two re- 
action orders, m and n, and two rate constants kl 
and k2, fits the experimental data well up to the vit- 
rification point. kl and k2 show a good Arrhenius fit 
to temperature yielding values of 44-57 kJ/mol for 
activation energies. The orders m and n calculated 
without imposing any constraint, present a moderate 
change, but the overall reaction order, m + n, is in 
the range 2.5-3, in agreement with values reported. 

In order to describe the cure in the latter stages 
of reaction (postvitrification region) a diffusion fac- 
tor has been introduced. With the introduction of 
this factor is possible to fit the experimental data 
well to the model and calculate with excellent pre- 
cision the degree of conversion over the whole range 
of cure temperature. 
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