Kinetics and Thermal Characterization of Epoxy-Amine

Systems

MANGENG LU, SANGWOOK KIM

Department of Chemical Engineering, The University of Seoul, Seoul 130-743, Korea

Received 12 May 1998; accepted 12 September 1998

ABSTRACT: The curing behavior of epoxy resins was analyzed based on a simple kinetic
model. We simulated the curing kinetics and found that it fits the experimental data
well for both diglycidylether of bisphenol A-4,4'-methylene dianiline and diglyci-
dylether of bisphenol A—carboxyl-terminated butadiene acrylonitrile—4,4’-methylene
dianiline systems. The kinetic results showed the curing of epoxy resins involves
different reactive process and reaction stages, and the value of activation energy is
dependent on the degree of conversion. By analyzing the effect of vitrification, at low
curing temperature, we found the curing reaction at the later stage was practically
diffusion-controlled for unmodified resin, and the rubber component did not markedly
decrease T, at the early stage of reaction as would be expected. © 1999 John Wiley & Sons,

Inc. J Appl Polym Sci 71: 2401-2408, 1999
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INTRODUCTION

Epoxy resin is one of the most important poly-
meric materials, as polymer matrices for compos-
ite materials, and as adhesives. Curing kinetics of
epoxy resins has been studied with different tech-
niques. However, the reaction of curing epoxy res-
ins is normally very complex because many reac-
tive processes occur simultaneously, and there
are other parameters that increase the complex-
ity of the curing process, such as the phenomena
of gelation and vitrification, the change from
chemical kinetic control to control by diffusion in
the advance of the curing.'?

The kinetics of curing epoxy resins has been
widely studied using isothermal or dynamic ex-
periments with differential scanning calorimetry
(DSC); experimental data are analyzed by the
homogeneous reaction model, normally using au-
tocatalytic or n order equation.>® In these mod-
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els, the whole reaction of curing was only consid-
ered as a single kinetic process, regardless of the
different reactive processes or the different stages
evolved in the system. When the profile of the rate
curves is simple, this procedure normally gives a
good fit of experimental data.

Recently, we analyzed the curing process of
epoxy resins based on a morphological model,®’
where the kinetic parameters obtained were in
good agreement with those reported in the liter-
ature. Several widely accepted models were used
to evaluate the kinetic parameters and analyze
the curing process for zeolite-filled epoxy sys-
tems.®

In the present work, we use an experimental
model that does not require the knowledge of
reaction rate equation f(a) and give the curing
behavior at a different content of conversion for
modified and unmodified epoxy resins. We found
that the results simulated by this proposed model
fit the experimental data better than that by the
autocatalytic model, especially for a high-curing
temperature and a low degree of conversion. The
activation energy of curing is practically depen-
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dent on conversion. Moreover, the effects of vitri-
fication on the curing reaction will be discussed.

THEORETICAL ANALYSIS

All kinetic studies can start with the basic equa-
tion that relates the rate of conversion at constant
temperature to some function of the concentra-
tion of reactants:

da

ar = kf(a) (1)

or in the integrated form:

I R @)
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where d a/dt is the rate of cure, « is the fractional
conversion at any time ¢, k is the Arrhenius rate
constant, and f(«) is a function form of a that
depends on the reaction mechanism.

Assuming the heat of reaction released at any
time is proportional to the number of moles re-
acted at that time, the extent of cure « at any time
is defined as:

AH

= AH, + AH, 3

o

where AH is the partial area under the DSC curve
up to the point of interest, AH; is the total iso-
thermal heat of cure, and AH, is the heat evolved
due to the residual isothermal reactivity of the
sample at temperature T (it is determined by a
dynamic postcuring after each isothermal exper-
iment).

For the kinetic study, many authors consider
that, during the curing process, the reaction
mechanism does not change and the equation f(«)
in eq. (1) has the same form. As previously de-
scribed, the curing process in epoxy resins is com-
plex and, in many cases, it is not correct to con-
sider that the reaction mechanism remains con-
stant during the whole process, or that there is a
single activation energy associated with it.

Herein, we consider that f(a) has the same
form, regardless of the temperature for the same
degree of conversion «. By integrating eq. (2) for a
curing time of ¢ = 0, where o = 0 to a time ¢ with
a degree of curing «, we obtain

fla)
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where C is a constant. Equation (4) shows us how
the time is inversely proportional to the reaction
rate constant k£ for an «, regardless of the f(a) at
a given temperature.

The dependence of the reaction constant on the
temperature follows Arrhenius’ Law:

E
k= k(,exp(—RT) (5)

By replacing eq. (5) in eq. (4) and taking loga-
rithms, we will have:

1 _E A
nt—ﬁ-i- (6)

where A is a constant. Equation (6), which makes
a linear relation between the logarithm of the
time needed to reach a conversion « and the in-
verse of temperature, will be used to study the
curing kinetics of epoxy resins. The values of ac-
tivation energy can be obtained from the slope of
eq. (6). By extrapolating with these equation val-
ues outside the experimental range of tempera-
tures, it is convenient to predict the time needed
to reach a given conversion, and thus simulate
curing kinetics.

EXPERIMENTAL

Materials

The epoxy resin systems used in this study consist
of a diglycidylether of bisphenol A (DGEBA) resin
(Shell Chemicals, Epon 828) and 4,4'-methylene di-
aniline (MDA) hardener (Fluka Chemie Co.) and a
low molecular weight carboxyl-terminated buta-
diene-acrylonitrile (26%) copolymer (CTBN) (Kukdo
Chemical Co.). These materials were used as sup-
plied without further purification. The epoxide
equivalent weight of the resin was taken as 184 and
the concentration of CTBN is 10%. The resin was
cured using stoichiometric quantities of diamine.
The two systems are referred to as DGEBA-MDA
and DGEBA-CTBN-MDA, respectively. The epoxy
resin was mixed with CTBN and melted MDA un-
der good stirring ~ 80°C, then cooled rapidly to



room temperature. The resulting material was kept
in a freezer at —20°C.

DSC Characterization

Samples consisting of the 4—8 mg mixture are
placed in aluminum DSC pans and run on a
SEIKO I-5000 series. In the isothermal scans,
samples were heated to the test temperature at
100°C min~ ! and measured at five temperatures
between 80°-120°C. After all the isothermal cur-
ings, a dynamic scan is conducted from 20°-300°C
at a heat rate of 10°C min ' to determine the
residual heat. Samples for measurement of glass
transition temperature were placed in a thermo-
static oven at different curing temperatures for
various periods of curing time, or cured inside the
DSC module if the curing time was < 3 h. DSC
scans were conducted from —100 to 300°C, at a
heat rate of 10°C min~'. The carrier gas is nitro-
gen at a flow of 50 mL min . More details about
the calibration procedure and thermal conditions
can be found elsewhere.®

RESULTS AND DISCUSSION

Kinetic Analysis

The curing isotherms for the DGEBA-CTBN-
MDA system was shown in Figure 1. A similar
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Figure 1 Degree of conversion versus curing time at
different temperatures for the DGEBA-CTBN-MDA
system.

KINETICS OF EPOXY-AMINE SYSTEMS 2403

=
£ g
: o
£ 24 4
v
*
+ .
b X a=07
* «=0.8
- =09
0 : : ; : :
24 2.6 2.8 3.0

103T (K1)

Figure 2 Correlation of the logarithm of time versus
the inverse of the temperature for different conversions
for the DGEBA-MDA system.

result was obtained for the DGEBA-MDA system.
As would be expected, there is a higher extent of
cure at the given curing temperature and time for
the DGEBA-CTBN-MDA system. This kind of be-
havior has been frequently observed by other re-
searchers®!? and showed that the cure reaction
was accelerated at the early stage of cure due to
the existence of CTBN. In our previous work, an
appropriate interpretation was given by analyz-
ing phase change theory.®

From Figure 1, we can obtain the curing times
for a given degree of conversion, and it is possible
to correlate the logarithm of curing time against
the inverse of the temperature by using eq. (6).
Figure 2 was a typical curve In ¢ versus 1/T.. For
each degree of conversion at different tempera-
tures for both systems, the values of activation
energy can be obtained from the slope of these
straight lines. Table I and Fig. 3 showed the com-
parative results of activation energies for both
systems. As can be seen, the values of activation
energy are not a constant, as supposed in many
works throughout the whole curing process. At
the early stage of cure reaction, the activation
energy takes a maximum value, then decreases
slightly, and remains practically constant—fi-
nally showing a certain tendency to decrease.
However, some differences, especially in the early
stage of cure, can be observed for DGEBA-CTBN-
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Table I Activation Energy at Different Degrees of Conversion for the DGEBA-MDA and DGEBA-

CTBN-MDA Systems

E (kJ mol ')

Conversion (%)

10 20 30 40 50 60 70 80 90 Average
DGEBA-MDA 39.4 42.7 42.9 43.0 42.5 41.9 40.9 39.8 37.2 41.1
DGEBA-CTBN-MDA 46.1 44.8 45.1 45.5 45.4 44.9 43.4 42.1 39.8 44.1

MDA. The difference can be attributed to the so-
called autocatalysis caused by the initial hydroxyl
concentration and the addition of catalysts, such
as the impurities. It is consistent with the results
reported in the literature.®!? It is worthy to note
herein that such autocatalysis only affects the
curing reaction through the Arrhenius frequency
factor, such as increasing the reaction rate, but
not decreasing the activation energy as observed
in many catalytic reactions. Detailed mechanisms
are still not clear. This catalysis can also result
from some kinds of fillers in epoxy resins.'’!? It
was attributed to the presence of chemical com-
plexes. In fact, a further investigation will be
necessary to elucidate the curing reaction respon-
sible for these observed experimental effects. The
decrease in activation energy at the final period of
cure obviously represented the change of curing
mechanism from chemical kinetic control to con-
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Figure 3 Activation energy versus degree of conver-
sion for both systems.

trol by diffusion due to the phenomena of gelifi-
cation, vitrification, and high viscosity existed in
the reaction medium. Similar results have been
frequently observed in heterogeneous reactions.'?
Therefore, in a more pragmatic sense, the activa-
tion energy is a time-temperature factor and as
such it is useful in predicating behavior of ther-
mosets in real processes.

For a special case, the given extent of cure is
50% and the time ¢,,, that often used as a param-
eter to analyze the reaction kinetics can be ex-
pressed as:

For the DGEBA-CTBN-MDA system

45.4 x 10°
ti0=1.06 X 10’5exp T RT (7
For the DGEBA-MDA system
42.5 X 10®
tip=3.7T2 X 10’5exp T RT (8)

Normally, it is to be expected that the reaction
rate decreases with time, because the concentra-
tions of reactive species decrease as the conver-
sion increases. But, in this type of process, the
reaction rate increases as the reaction advances
due to the effect of autoacceleration. At higher
conversions, the rate may decrease again due to
the effect of vitrification, which is very pro-
nounced at low-curing temperatures. This effect
may overlap with the sharp increase in viscosity
at high conversions, which also leads to the de-
crease in the reaction rate.'*

In fact, whether due to the viscosity of the
medium, to the phenomenon of vitrification, or to
the process of the end of the reaction, the decrease
of reaction rate has been detected at the high
degree of conversion. This can be seen in Figure 4,
which shows the reaction rate according to the
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Figure 4 Reaction rate versus degree of conversion at
different temperatures for DGEBA-MDA.

degree of conversion for the DGEBA-MDA sys-
tem. Similar results can also been observed in the
DGEBA-CTBN-MDA system.

Due to the good linearity obtained in the curves
In ¢ versus 1/T (see Fig. 2), it is possible to calcu-
late the time needed to reach a given temperature
inside or outside the range of experimental mea-
surements, thus to simulate the curves’ degree of
conversion versus curing time. Figure 5 compares
the curves simulated with the kinetic model and
the results obtained experimentally with DSC for
the DGEBA-MDA system. Similar results can
also be obtained for the DGEBA-CTBN-MDA sys-
tem. To establish the kinetics of the process ac-
cording to eq. (6), we used a range of experimental
temperatures between 80° and 120°C. As can be
seen in Figure 7, in this interval of temperatures,
the fit between the experimental and calculated
values is very good. At temperatures of 60° and
150°C, outside the range of temperatures used to
establish the kinetic equation, the fit is also quite
good at the low-curing temperature. However, in
the case of high temperature, the fit is not very
good, probably due to the fact that, at this tem-
perature, the curing process is too rapid and some
of the reaction heat is released before the calorim-
eter can detect it. In these cases, we think that
the simulation shows more correct results than
the experimental ones. Therefore, the isothermal
method used in this work may be very useful to
predict curing kinetics and curing times for rapid
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Figure 5 Comparison between experimental curves
and data from extrapolation of the kinetic equation for
DGEBA-MDA.

process at high temperatures, where the calorim-
eter does not have time to detect the start of the
reaction.'® From Figures 5 and 6, we can find that
the results simulated by extrapolation of the eq.
(6) fit the experimental data better than that by
autocatalytical model, especially for high-curing

t (min)

Figure 6 Comparison between experimental curves
and data from the autocatalytic model for DGEBA-
MDA.
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Figure 7 Plots of reduced rate against degree of con-
version for DGEBA-MDA at different temperatures.

temperature and a low degree of conversion. We
compared the experimental curves with data cal-
culated from a simple autocatalytical model*®:

da
% = (k1 + kya)(1l — ) 9)
or
1 da btk
T-adr e (10

Figure 7 shows that a linear relationship be-
tween the reduced rate and extent of reaction exists
up to ~ 70% conversion for neat resin in our exper-
iment. Similar curing behavior was observed for the
sample contained in the CTBN component. Values
of the preexponential factor and activation energy
can be obtained. The kinetic parameters of the au-
tocatalytic model was given as:

For the DGEBA-MDA system

b = 458 X 107 65.5 X 103

1= . X eXp - RT

k, = 3.86 X 10* 34.8 X 10° 11
9 = O. X exp _T 11)

For the DGEBA-CTBN-MDA system

b 586 % 10fey| 224X 10’

1= O. X exp —R7T

b — 4% 10° 24.4 X 10° 12
9 = 7.84 X 10 exp _R7T (12)

It is interesting to note that there is no falloff
in reduced rate observed as described by many
researchers due to the onset of vitrification. After
~ 70% conversion, the curves deviated from the
model equation. At higher curing temperatures,
the graphs shows a slight retardation in rate fol-
lowed by a sudden increase in the gradient. With
decreasing the curing temperature, this deviation
appears early. It may be attributed to the differ-
ences in the relative reactivities of primary and
secondary amines or may be ascribed to the reac-
tion no longer fitting the autocatalytic model.

Effect of Vitrification

As described previously, the reactive system can
vitrify for the low-curing temperatures, which
dramatically affects the progress of the curing
reaction, because the reaction process becomes
practically diffusion-controlled.

Vitrification involved a physical transforma-
tion from a liquid or rubbery state to a glass state
as a result of an increase in crosslinking density
of the sample. It is well known that this phenom-
enon occurs when the glass transition tempera-
ture, T, becomes equal to the curing tempera-
ture, T,.'>'7 For a given curing temperature, as
would be expected, the T, increases and the re-
sidual heat of curings decreases with the curing
time as a consequence of the increase in the de-
gree of crosslink. The higher the curing tempera-
ture, the shorter the time required to reach the
maximum glass transition temperature, 7,~, of
the resin will be. Figure 8 is a plot of 7', to curing
time at curing temperatures of 80°C and 120°C.
The reaction time and degree of conversion re-
quired to reach T, = T, is defined as vitrification
time ¢, and «,,. The values of ¢, at different 7', can
be obtained from T, versus time as shown in
Figure 8, and «, was calculated from the residual
heat involved at ¢,. It is clear from Table II that
vitrification was practically involved in the curing
temperature of 80°C, because the degree of cure is
only ~ 0.76 when vitrification occurs. For the
high-curing temperature, vitrification is negligi-
ble because the curing reaction at ¢, is approxi-
mately completed, although the curing tempera-
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Figure 8 Dependence of T, on curing time at differ-
ent temperatures for both systems.

ture is still lower than the maximum glass tran-
sition temperature, 7' -.

In the rubber (CTBN)-modified epoxy system,
microphase separation usually occurs before gela-
tion and vitrification (reaction-reduced phase sepa-
ration).'®'® A decrease in glass transition tempera-
ture was observed because part of the rubber re-
mained dissolved in the matrix at the end of the
phase separation (i.e., complete exhaustion of the
rubber was not possible). However, from Figure 8
and Table II, we can find, for the DGEBA-CTBN-
MDA system, the glass transition temperatures at
the different curing temperatures are higher than
that in DGEBA-MDA at the early stage of reaction,
especially at the low-curing temperature. This re-
sult certified that the rubber component (CTBN)
markedly accelerates the curing reaction as de-
scribed previously, thus increasing the crosslinking
degree. Meanwhile, as shown in Table II, the glass
transition temperatures (7,-) under isothermal

Table II Effect of Curing Conditions on Vitrification
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Figure 9 Logarithm of time to fixed T, versus 1/T..

scans were always lower than that by dynamic cure.
It can be attributed to the slight degradation of
samples cured in isothermal conditions, because a
relatively long time is necessary to complete the
final cure.

Correlation between curing time and corre-
sponding curing temperature for a given glass
transition was obtained by DSC scans of partially
cured samples. A log plot curing time ¢ as a func-
tion of curing temperature is given in Figure 9.
The observed dependence of ¢ and T, can be de-
scribed by the following exponential equation.
The same relationship between T, and curing
temperature 7', was also observed.

t="7.76 X 10 "exp(3.67 X 10%RT,) (11)

T,=1.32 X 10%%xp(—2.86 X 10YRT,) (12)

CONCLUSIONS

In this work, the isothermal cure behavior has
been investigated for the DGEBA-MDA and

80°C 100°C 120°C
Dynamic
T o T, Condition
°C) a, a, (&) a, T, (°C)
DGEBA-MDA 116.4 0.76 134.2 0.89 155.2 0.96 165.4
DGEBA-CTBN-MDA 113.5 0.86 123.6 0.93 149.4 0.97 156.5
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DGEBA-CTBN-MDA systems. The results lead to
the following conclusions.

The kinetic results showed that curing of epoxy
resins involves different reactive processes and re-
action stages for both systems. The value of activa-
tion energy is dependent on the degree of conver-
sion. Although a single activation energy as a de-
scriptive parameter of the kinetics of the curing
process is obtained, the autocatalysis and the
change in mechanism from chemical kinetic control
by diffusion can be reflected in the results obtained
from this proposed model. Moreover, the curing ki-
netics fit the experimental data well and can predict
the values of curing time for a given conversion
inside or outside the range of experimental temper-
atures, and makes it possible to characterize the
curing in the different stages through which it
passes even if at a high-curing temperature. The
rubber component did not decrease T, as generally
expected at low-curing temperatures, especially at
the early stage of reaction, because it effectively
accelerates the curing reaction and increases the
crosslinking degree.

This work was supported by Jeong Moon Information
Co. Ltd., and Kuk Dong Publishing Co., Inc., in Korea.
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