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Synopsis

An analysis of the cure kinetics of several different formulations composed of bifunctional
epoxy resins and aromatic diamines was performed. A series of isothermal differential scanning
calorimetry (DSC) runs (at higher temperature) and Fourier transform infrared spectroscopy
(FT-IR) runs (at lower temperature) provided information about the kinetics of cure in the
temperature range 18-160°C. All kinetic parameters of the curing reaction, including the
reaction rate order, activation energy, and frequency factor were calculated and reported.
Dynamic and isothermal DSC yielded different results. An explanation was offered in terms
of different curing mechanisms which prevail under different curing conditions. A mechanism
scheme was proposed to account for various possible reactions during cure.

INTRODUCTION

Epoxy resins are widely used as adhesives and as the matrix material for
high performance composites in the aerospace industry. Linear epoxy resins
are converted into a three-dimensional cross-linked thermoset network dur-
ing cure. Various chemical reactions that take place during cure determine
the resin morphology which, in turn, determines the properties of the cured
formulation. An understanding of the mechanism and rate (kinetics) of cure
is needed to establish processing-morphology—property relationships in
thermosets and their composites.

An excellent review of the kinetics of cure of thermosetting resins has
been written by Prime.! Various other studies, using different experimental
techniques, report efforts to evaluate the rate and mechanism of cure. The
cure kinetics have been described by both nt* order'—® and autocatalytic
mechanisms.”-1!

Differential scanning calorimetry (DSC) has been the most commonly used
experimental technique for curing studies. The objective of this study is to
utilize both isothermal and dynamic DSC as well as Fourier transform
infrared spectroscopy (FT-IR) to evaluate the mechanism of cure of epoxy
formulations. When combined with graphite fibers, the formulations studied
herein become promising candidates for filament wound structures in aero-
space applications.
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BASIC APPROACH

The curing reactions were investigated by differential scanning calorim-
etry (DSC) under both isothermal and nonisothermal conditions. The heat
released during cure, measured as a function of time and temperature, was
assumed to be directly proportional to the rate of reaction & (1):

a = da/dt = (1/Q,,,) (dQ/dt) (1)

The extent of reaction o was taken as the heat evolved at a certain time
(@,) divided by the total heat of reaction (Q,,,):

o, = Q/Qux (2)

Systems cured isothermally below the T,.. showed an incomplete cure due
to vitrification;'? therefore, the total heat of reaction was taken as:

Qult = Qiso + Qres (3)

where @,., is the heat evolved during the isothermal cure and @, is the
residual heat released during the dynamic run of the sample after the iso-
thermal cure.

During the isothermal studies, the curing reaction shows a marked au-
tocatalytic behavior, as reported in the literature.® The curing reaction may
be successfully described by the following kinetic equation:”!!

& = da/dt = (k; + kea™)(1 — a)” 4)

where k, and %, are kinetic rate constants and m +n the overall reaction
order. The overall reaction order is assumed to be two thus expressing a
pseudosecond order mechanism which takes place in systems where the
concentration of OH groups is fairly high.'? This equation can successfully
describe the autocatalytic behavior shown during cure when the amounts
of amine hydrogens and epoxide groups are in the vicinity of the stoichio-
metric ratio.

Curing kinetics were also investigated by nonisothermal (dynamic) DSC
at different heating rates. The activation energy (E,), frequency factor (A),
and order of reaction (n) were calculated using the Borchardt-Daniels method4
applied to the following kinetic equation:

& = do/dt = Aexp (—E/RT)(1 — )" (5)

where r is the reaction rate order.

The extent of conversion of the epoxy resin was also followed as a function
of the time and temperature of cure by FT-IR monitoring the disappearance
of the 915 em ! band characteristic of the epoxy ring, normalized to an
internal reference band at 1184 ¢cm™!. Details of this procedure are given
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elsewhere.!® Using this technique plots of the conversion as a function of
time were drawn for several isothermal runs in the range 18-120°C.

EXPERIMENTAL

The formulations used in this study were based on an 80/20 mixture of a
DGEBA resin (diglycidyl ether of bisphenol A, Shell’s Epon 826) containing
a small amount of higher oligomeric fractions (8.7%), and a DGBE-reactivity
epoxy diluent (diglycidyl ether of 1,4-butanediol, Celanese’s Epirez 5022)
containing pure GBE (51.2%) and higher oligomeric fractions (n = 1,34.3%;
n = 2,92%; n = 3, 4.3%). The DGEBA/DGBE mixture was cured with a
mixture of aromatic di- and polyamines (meta-phenylenediamine, 42%;
methylenedianiline, 42%; 2,4-bis(aminobenzyl)aniline, and oligomers, 16%).

The epoxy-amine mixtures were prepared at room temperature in the
amine/epoxy ratios of A/E = 1.0 (Fermulation A) and 1.1 (Formulation B)
by adding the curing agent while continuously stirring until a homogeneous
solution was obtained. The solution was then degassed under vacuum and
samples (7—9 mg) were prepared, sealed in hermetic aluminum pans, and
tested immediately. Samples aged even a few hours at room temperature
gave unreliable results due to the onset of a slow curing reaction.

A Du Pont 1090 Thermal Analyzer connected to a 910 DSC module was
used to measure the heat flow as a function of time after calibration with
high purity Indium (Du Pont thermometric standard). Dynamic experiments
were run in the range — 60 to 300°C. Isothermal experiments were conducted
in the temperature range 70-150°C. Isothermally cured samples were then
quenched and scanned from —60 to +300°C at a heating rate of 10°C per
minute to measure Q...

A steady isothermal baseline was established at the preset curing tem-
perature using two empty sample pans. The sample pan was then introduced
in the DSC cell and the data acquisition initiated. Thermal equilibirum
between sample and reference pans was achieved in less than one minute
from the start of reaction. The reaction was considered to be complete when
the rate curve levelled off to the baseline. Data collected by DSC were
processed by a Digital PDP-1170 computer to obtain the rate & and extent
of cure a as a function of time.

The kinetic parameters of Eq. (4) were calculated using a nonlinear regres-
sion of the reduced reaction rate @(1 — o)” over a™ in a range of conversion
where there is no influence of the diffusion control on the rate of reaction.
The inaccuracy of the measurement of ¥),_, due to the lack of thermal
equilibrium during the first stage of analysis is taken into account and
corrected. Finally, using data collected during cure at different tempera-
tures, the activation energies, frequency factors, and temperature depen-
dence of the order of reaction are determined.

The flowchart of the computer program used for these purposes is shown
in Figure 1.

The curing kinetics at low temperatures where DSC measurements are
affected by an experimental error were also investigated by FT-IR by fol-
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Fig. 1. Flowchart of the computer program used to calculate kinetic parameters of the
curing reaction.

lowing the change in the absorbance ratio Ag;5/A4,54.1° In the FT-IR case
the study of the curing reaction was based on the determination of time to
reach a conversion of 50%.

RESULTS AND DISCUSSION

A series of isothermal reaction rate curves for formulation A are shown
in Figure 2. With a decrease in cure temperature a decrease in the peak
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Fig. 2. Rate of reaction as a function of time at several isothermal temperatures. Formu-
lation A.

value of the reaction rate (&,) and its shift to longer times were observed.
The extent of reaction (o) was next plotted as a function of curing time and
the resulting curves are shown in Figure 3. The sigmoidal shape of these
curves suggests the autocatalytic curing kinetic mechanism in these sys-
tems. Both formulations studied, A and B, show similar behavior. The ob-
served differences in the temperature dependence of values of rate constants
(k1,k;) and of the time to 50% conversion are summarized in Tables I and
IL.

Plots of reduced reaction rate vs. extent of reaction (Fig. 4) were used to
calculate &, and k,, from the intercept and the slope of the linear part of
the curve, respectively, using Eq. (4). Figure 4 also shows that curing re-
actions are quenched by vitrification when the system is cured below the
glass transition temperature of the fully cured system (T,.). T,.. is defined
as the temperature of transition from the liquid or rubbery state to the
glassy state for a fully cured system and it was found to be in the range
105-115°C in our study. Both kinetic rate constants k, and k, obey the
classical Arrhenius form as shown in Figure 5. As previously stated, the
overall order of reaction (m+ n) was assumed to be two. The value of (m)
appears to pass through a maximum between 90° and 110°C as seen in
Figure 6, contrasting with some results reported earlier where a linear or
exponential dependence of (m) was observed.®
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Fig. 3. Extent of reaction as a function of time at several isothermal temperatures. For-
mulation A.

The results of our kinetic analysis indicate the presence of more than one
type of kinetic mechanism. The primary reaction occurs with an activation
energy of about 13.5 kcal/mole and a kinetic exponent (n) in the range 1.1—
1.3. This reaction may be described as a catalytic ring opening by the pri-
mary amino groups, involving a ternary transition state amine-epoxide-
hydrogen donor present in the reaction medium.
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Fig. 4. Reduced reaction rate o/(1 — )" as a function of o™ for several isothermal tem-
peratures.
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TABLE I

Temperature Dependence of the Kinetic Parameters for Isothermal Cure Analysis of
Formulation A (DGEBA/DGBE (80/20) Mixture Cured with Tonox 60/40. A/E = 1.0)

Kinetic Temperature Correlation
parameter dependence coefficient
k, 1.03*10%*exp(13.5/RT) .9965
ko 7.26%105*exp(11.9/RT) 9933
tso 5.21*10 "*exp(13.1/RT) .9996
TABLE II

Temperature Dependence of the Kinetic Parameters for Isothermal Cure Analysis of
Formulation B (DGEBA/DGBE (80/20) Mixture Cured with Tonox 60/40. A/E = 1.1)

Kinetic Temperature . Correlation
parameter dependence coefficient
ky 1.16*10%*exp(13.6/RT) .9990
ky 9.63*105*exp(12.0/RT) 9971
tso 8.26*10 " "*exp(12.7/RT) .9998
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Fig. 6. Temperature dependence of the kinetic exponent m; Formulation A A; Formulation
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As reported in the literature,!® the epoxide ring opening follows a second-
order mechanism with aliphatic amines. A reaction order between one and
two is observed in the ring opening by acidic media, where the attachment
of the weaker nucleophile is assisted by protonation of the oxirane.!® In case
of aromatic amines, usually weaker than aliphatic, the ring-opening reac-
tion appears to be catalyzed by hydrogen donor groups present in the system,
thus being similar to the reaction discussed above and explaining the value
obtained for the kinetic exponent (n). The second type of reaction has an
activation energy of about 12 kcal/mole. This subsequent reaction most
likely comprises a catalytic ring opening due to the secondary amine formed
with the transition state similar to the one described above, and a true
autocatalytic ring opening involving a secondary amine, an epoxide and a
hydroxyl group formed in situ by the opening of the first epoxy ring.

The transition state of this last reaction may be arranged in a seven-
member ring, thus explaining the lower activation energy.

These two different reactions take place to a different extent depending
on the curing temperature and are responsible for the convex shape of the
curve describing the temperature dependence of the kinetic constant k,,
shown in Figure 5, the reaction being faster when a higher fraction of the
subsequent reaction follows the autocatalytic path. The kinetic exponent
(m) represents the quantitive measure of how much of the subsequent curing
reactions follow the autocatalytic path. The observed complicated depen-
dence of k, and m on the curing temperature, with a maximum in a relatively
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narrow temperature range, points out the difficulty in forming a large amount
of the low energy cyclic transition state. This is true at both low and high
temperatures.

A departure from the stoichiometric ratio (Formulation B) increases the
rate of the curing reaction; however the difference in the values of 2, and
k, was quite small and a considerable overlap occurred. Hence, data from
Formulation B were not plotted in Figure 5. The E, value does not change
to a large extent while A, increases by increasing the concentration of amino
groups. E, values are also similar for the two formulations and A, increases
by increasing the A/E ratio.

As seen in Figure 4, the onset of the diffusion control of curing reactions
in the vicinity of the gel point slows down the rate of reaction. This is a
consequence of the formation of a cross-linked network characterized by the
presence of rigid aromatic rings which exist both in the epoxy resin and in
the curing agent. It is worth mentioning here that our results contrast with
studies done on similar resin systems”!? but cured with more flexible ali-
phatic diamines, where the rate of reaction was not found to decrease after
the gel point.

In systems cured above T',. the @, evolved during cure did not change
as a function of temperature outside the error range of the technique. Sys-
tems cured below 7', showed lower T, and an amount of @, which is related
to the inverse function of the curing temperature.

Q... is assumed to be the heat of reaction not released by the system when
the vitrification prevents the curing reaction from going to completion and
it is measured as reported'® and described in the experimental part.

Figure 7 shows the amount of .., released by the subsequent dynamic
scans of isothermally cured systems and their T,’s. For the formulation A
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Fig. 7. T, and @, released by Formulation A after isothermal cure.
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(A/E = 1.0) T,.. (onset, 105°C) is slightly lower than that of Formulation B
(A/E = 1.1 onset, 115°C). It is also worth noting that T, as a function of
the conversion approaches T, more rapidly for formulation B. Also, @, of
samples of B cured below 7', has a higher value and increases more quickly
as an inverse function of the isothermal curing temperature when compared
to the samples of Formulation A. The higher reaction heat evolved during
cure of Formulation B above the T,., and a different dependence of T, on
conversion, indicate the formation of a tighter cross-linked network in this
case.

In the next series of experiments, dynamic differential scanning calorim-
etry was employed to study the curing kinetics of Formulation A. Interest-
ingly, it was found that when the system is tested in the dynamic mode a
unique activation energy is sufficient to describe the cure process [Eq. (5)].

Our measurements yield an activation energy of 22.3 + 0.2 kcal/mole
and a reaction order of 1.45. The summary of kinetic parameters obtained
from a series of dynamic runs is given in Table III. The values of E, and n
are slightly lower than those reported for similar systems.”-1°

The results obtained from nonisothermal runs may be explained by the
occurrence of a noncatalytic ring-opening mechanism, probably because of
the difficulty of formation of the ternary complex amine-epoxide-hydrogen
donor”1° due to the constant flow of thermal energy furnished to the system.
An FT-IR spectrum of the band characteristic of the epoxy ring at 915 em 1
(Fig. 8) shows the peak shifted to lower wavelengths when the system is
cured isothermally versus dynamically. This result suggests that some hy-
drogen bonding takes place during the isothermal cure but not during the
dynamic cure.

Next, data obtained from both the integral DSC plots shown in Figure 2
and from the FT-IR spectra were reduced to calculate the activation energy
of the curing reaction for Formulation B in the temperature range 18—160°C.
Assuming an Arrhenius relationship, a semilogarithmic plot of time to reach
a certain conversion versus 1/7 shall have a slope equal to Ea/R (Fig. 9).
Activation energies of 13.1 and 12.7 kcal/mole were measured for Formu-
lation A and B, respectively and both techniques yield agreeable results.

TABLE III
Results from Dynamic Cure Analysis of Formulation A (DGEBA/DGBE (80/20) Mixture
Cured with Tonox 60/40. A/E = 1.0). Data reduction performed in the conversion range 6—

65%.
Heating Ea A
rate kcal/mole min~? n
2 22.3 3.69*10 1.55
4 22.2 1.66%10%! 1.45
8 224 1.40*10" 1.40
10 22.1 7.67*10° 1.45
12 22.6 1.02%101* 1.40
16 22.3 5.48*101° 1.40

20 22.3 4.98*10° 1.40
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Fig. 8. FT-IR spectra of the 915 cm ™! oxirane band during isothermal O and dynamic A
cure.

The techniques described, where only the extent of reaction can be measured
with high accuracy, calculate a global activation energy and do not distin-
guish between different types of reaction. However, using low curing tem-
peratures where the autocatalytic nature of the reaction decreases, a unique
kinetic parameter can describe cure with sufficient accuracy.

The analysis of the results obtained in this study suggests that the curing
reaction may follow different paths depending on the curing conditions. A
proposed mechanism for various possible curing reactions is shown in Figure
10.
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CONCLUSIONS

The results of this study suggest the presence of several different mech-
anisms during cure of an epoxy formulation. Thermal analysis data, inte-
grated by an appropriate mathematical treatment, allowed us to distinguish
between different kinetic mechanisms. Kinetic parameters, including the
order of reaction, activation energy, and frequency factor were calculated.
The occurrence of different curing mechanisms under different conditions
was used to explain the discrepancy between results obtained in isothermal
vs. dynamic DSC. Phase transitions also have a strong influence on the
curing mechanism.

FT-IR studies provided useful information about cure at lower tempera-
ture and yielded results in good agreement with DSC. Furthermore, as the
autocatalytic mode of the reaction decreases at lower curing temperatures,
the distinction between primary and subsequent reactions becomes less pro-
nounced. Then the curing kinetics can be successfully described by only one
reaction rate constant obtained from measurements of conversion as a func-
tion of time.
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Fig. 10. Proposed cure mechanisms of epoxy resins and aromatic diamines.
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