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Abstract

By employing differential scanning calorimetry (DSC) we have studied the kinetic of the cure
reaction for a system containing a diglycidyl ether of bisphenol A (DGEBA) and 1,3-bisami-
nomethyleyclohexane (1,3-BAC) as a curing agent, using an isothermal approach over the tem-
perature range of 60-110°C,

We have determined the reached conversions at several cure temperatures and the reaction
rates. The results showed that this cure reaction is autocatalytic. The experimental data were
compared with the autocatalytic model proposed by Kamal, which includes two rate constants
and two reaction orders. This model gives a good description of cure kinetics up to vitrification
point. The activation energies for these rate constants were 44—57 kJ mol™!.

From the gel time measurements the value obtained for the overall activation energy was
49.5 kJ mol ™.
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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 mate-
rials as reinforced composites.

Cure kinetic models are generally developed by analyzing experimental re-
sults obtained by different thermal analysis techniques. Excellent reviews on
these topics are available [1, 2]. Differential scanning calorimetry (DSC) has
been used extensively to characterize cure kinetics of thermosetting systems for
a wide variety of applications regarding shelf-life predictions and optimization
of processing conditions.

Two important aspects of the curing reactions of thermoset resins are gela-
tion and vitrification. Gelation corresponds to the incipient formation of an in-
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finite network during the epoxy curing reaction and the vitrification is related
to the transformation from liquid state to glassy state as a result of increase in
molecular weight. Therefore, the cure kinetics of the thermoset resins is com-
plicated by the relative interaction between the chemical kinetics and the chang-
ing of physical properties [3].

The work described here was part of a larger study of the curing charac-
teristics and structure property relationships of DGEBA/1,3-BAC epoxy system
[4]. The objective of this part of the project was to study the cure reaction of
this system.

Experimental

The epoxy resin used was a diglycidyl ether of bisphenol A (DGEBA), Epik-
ote 828 of Shell and the curing agent was 1,3-bisaminomethylcyclohexane (1,3-
BAC) manufactured by Mitsubishi Gas Chem. Co. Both components were
commercial products, and were used as received without purification. The for-
mulation is 100 g DGEBA for 18.5 g 1,3-BAC. Mixture was stirred at room
temperature no more than one minute and then samples were enclosed in alu-
minium capsules. DSC measurements were performed with a Perkin Elmer
DSC-7 supported by a Perkin Elmer Computer.

Isothermal and dynamic-heating experiments were conducted under a nitro-
gen flow of 40 ml min™' using samples about 56 mg size. For isothermal ex-
periments, the instrument was stabilized at —10°C, then the sample pan was
placed in the DSC cell and heated at high rate to experimental temperature,
ranging from 60 to 110°C with'a 10°C temperature increment.

For dynamic heating experiments, four different heating rates were investi-
gated: 2.5, 5, 7.5 and 10°C min™' from —10 to 200°C.

Gelation times were measured by curing samples at five different tempera-
tures: 60, 70, 80, 90 and 100°C and determining the solubility in tetrahydro-
furan (THF). Gelation was ascribed to the incipient formation of an insoluble
fraction.

Results and discussion
Kinetics of the cure

If the cure reaction is the only thermal event, then the reaction rate do/dz is
equal to the heat flow, dH/d¢, divided by the overall heat of reaction AH,

da  dH/dt (1)
dr 7 AH,
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Fig. 1 DSC curves in the dynamic mode at different heating rates

Figure 1 shows the DSC curves characterizing the reaction at various heat-
ing rates. The overall heat evolved in the reaction has been determined as the
average value of heat calculated in each thermogram. The corresponding value
found for the DGEBA/1,3-BAC system was AH,=495.5J g™,

Isothermal DSC curves are shown in Fig. 2. The position of the peaks at # > 0
characterizes all the experimental curves, suggesting an autocatalytic kinetic be-
haviour.

If one assumes that the extent of reaction, e, is proporttonal to the heat gen-
erated during reaction, the reaction rate can be expressed as a function of con-
version and temperature:

%= D) flo @)

where k(7) is the Arrhenius rate constant and f{et) is a function that depends on
the reaction mechanism. The Arrhenius rate constant has been described by

K(T) = A exp (‘RETJ 3)

being A the pre-exponential factor, E the activation energy, T the absolute tem-
perature and R the gas constant.
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Fig. 3 Reaction rate do/dz, vs. conversion, o, curves at different temperatures
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Fig. 2 Reaction rate do/dz, vs. time curves for different cure temperatures
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To model the kinetics, it has been applied the so-called autocatalytic model
with two kinetic constants, K;, K> and two reaction orders, m and n, which em-
bodies the experimental observations (Fig. 2) that the peak in the exotherms oc-
cur at some ¢ > ( and that the rate of reaction at =0 is nonzero,

%‘; — (K, + K™ (1 — ) 4)

The introduction of four parameter, K, K2, m and # makes it possible to ob-
tain a good fit to experimental data, and the equation has found successful ap-
~ plication for similar epoxy systems [5-8].

Figure 3 shows DSC data on the DGEBA/1,3-BAC system plotted as do./ds
vs. o at different temperatures. Curves were fitted to the autocatalytic model us-
ing a least squares method up to 30-50 % of the conversion depending on the
curing temperature (Fig. 4a) to estimate the kinetic parameters during the first
portion of the cure because in this study it is assumed that diffusion is the lim-
iting factor in the later portions of the cure and the reaction rate mechanism
subsequently changes. Typical comparison between experimental data and pre-
dictions of the autocatalyzed model (Eq. 4) are shown in Fig. 4b.

A good agreement is observed up to 45% conversion, after which significant
deviations are observed due to the onset of gelation. Values of model parameters
are present in Table 1. From the data in this table, the obtained values for acti-
vation energies of the rate constants were 44 and 57 kJ mol™, in good agree-
ment with values obtained by other authors for similar systems [9-11]. The
orders of reaction m and n, lightly change with temperature but their sum is in
the range 2.5-3.

Table 1 Kinetic parameters of the autocatalytic model

T/°C Ki/s™ Kafs™ m n
60 0.00066 0.0021 0.98 2.1
70 0.00120 0.0021 0.72 2.0
80 0.00250 0.0034 0.52 2.1
90 0.00360 0.0071 0.57 2.1
100 0.00380 0.0160 0.49 2.1
110 0.00540 0.0240 0.59 2.3
Gelation

Gel times, f#,.1, were defined as the cure time at constant temperature leading
to an incipient gel in tetrahydrofuran. Figure 5 shows Arrhenius plots of experi-
mental values of f,y vs. 10°/T. An activation energy equal to E=49.5 kJ mol™’
resulted, in excellent agreement with the activation energies of the rate con-
stants.
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Fig. 4 Typical isothermal experiment at the cure temperature of 80°C. (a) Experimental data
fitted to the autocatalytic model up to 45% of the conversion. (b) Comparison be-
tween experimental data and predictions of the autocatalyzed model over the entire

range of conversion
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Fig. 6 Conversion at gelation vs. temperature
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For stoichiometric blends the theoretical conversion at gelation may be cal-
culated according to the expression [12].

_ 1
agel - \[(—fa_:"i’)‘(E"_T) (5>

where a,. is the fractional conversion of epoxide at gelation and £, and f; are the
functionalities of the amine and epoxide respectively. In our case oy is 0.58.
By combining the gel time measurements and DSC data results the experimental
values for fractional conversion at gelation were obtained and there are shown
in Fig. 6. It can be seen that o, increases lightly with temperature but the Ar-
rhenius plot for gelation showed a good linearity indicating that a point of con-
stant conversion was being measured. Experimental values obtained differ more
and more from the value predicted by gelation theory when increasing tempera-
ture. It could be due to the different sizes of the samples used both in DSC and
gel time measurements [13].

Conclusions

A phenomenological kinetic model has been used in this work to describe
the cure kinetics of DGEBA/1,3-BAC epoxy system over the temperature range
of 60-110°C. '

We have determined the reached conversions at several cure temperatures
and the reaction rates. The experimental data, showing an autocatalytic behav-
iour were compared with the model proposed by Kamal. ‘This model gives a
good description of cure kinetics up to the onset of vitrification. The values for
activation energies of the rate constants were 44-57 kJ mol ™.

- The value for the overall activation energy calculated from gel time measure-
ments was 49.5 kJ mol™ in excellent agreement with the activation energies of
the rate constants.
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work.
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