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ABSTRACT: The curing process of epoxy prepreg was studied by means of differential
scanning calorimetry analysis. The dynamic, isothermal, and combinations of dynamic
and isothermal measurements were done over selected temperature ranges and iso-
thermal cure temperatures. The heats of reaction for dynamic and isothermal cure were
determined. The results show that the heat of the isothermal-cure reaction increased
with the increment of temperature. The degree of cure was calculated from the heat of
the isothermal-cure reaction. The complete cure reaction could be achieved at 220°C
within a very short cure time. The changes of cure rate with time were given for the
studied isothermal cure temperatures. To simulate the relationship between the cure
rate and degree of cure, the autocatalytic model was used and the four parameters were
calculated. Except in the late stage of the cure reaction, the model agrees well with the
experimental data, especially at high temperatures. To account for the effect of diffu-
sion on the cure rate, a diffusion factor was introduced into the model. The modified
model greatly improved the predicted data at the late stage of cure reaction. © 2002 John
Wiley & Sons, Inc. J Appl Polym Sci 83: 1074–1083, 2002

Key words: epoxy prepreg; cure kinetics; autocatalytic model; DSC

INTRODUCTION

Epoxy resins and epoxy prepreg are important
thermosetting polymers. Their applications as
composite materials are under continuing devel-
opment in many fields. Various composite prod-
ucts are produced from epoxy prepregs. Epoxy
prepregs are the fiber-reinforcing materials im-

pregnated with epoxy resin, which are to be
molded to the desired shape according to the
needs of the final products, and cured by the ap-
plication of heat.

A number of methods have been used to study
the curing process of epoxy resin and epoxy
prepreg.1–4 Differential scanning calorimetry
analysis was frequently reported in recently pub-
lished studies.5–7 It is assumed that the cure re-
action heat equals the total area under the heat
flow–time curve. The degree of cure is then deter-
mined from the cure reaction heat.

The simple model applied to the DSC data is
the model from the nth order reaction mecha-
nism. This model gave good fit to the experimen-
tal data only in the limited range of degree of

Correspondence to: S.-S. Pang.
Contract grant sponsor: NASA; contract grant number:

NAG8-1536.
Contract grant sponsor: Louisiana Board of Regents;

contract grant numbers: LEQSF(1998-01)-RD-B-06 and
LEQSF(2000-03)-RD-B-05.
Journal of Applied Polymer Science, Vol. 83, 1074–1083 (2002)
© 2002 John Wiley & Sons, Inc.
DOI 10.1002/app.10053

1074



conversion.8 A more complicated model for iso-
thermal cure reaction assumed the autocatalytic
mechanism.9,10 The autocatalytic model may
have different forms depending on whether the
value of initial cure rate is zero or not. The results
from the DSC analysis showed that the cure re-
action of an epoxy resin system could be better
described by an autocatalytic model.11,12

The studies on epoxy prepreg as joints to com-
posite pipe systems by a heat-activated method
were previously reported.13 We are presently
working to join composite-to-composite pipes with
different joint configurations. To optimize the cur-
ing process for this application, it is necessary to
understand the cure mechanism of epoxy prepreg
in more detail. In this study, we analyzed the
isothermal cure process of epoxy prepreg with the
autocatalytic model at a series of cure tempera-
tures with and without diffusion control.

EXPERIMENTAL

Materials

The commercial prepreg used as a sample in this
study was 8552 Epoxy Matrix, which is an amine-
cured epoxy resin system. It was supplied by Hex-
cel Corp. and contains about 33% resin with rein-
forcement of carbon fiber.

Methods

A differential scanning calorimeter (Seiko, Japan)
was used to measure the heat flow change during
the curing process. To prepare the samples, the
prepreg was cut into very small pieces and put
into an aluminum pan, after which the pan was
sealed. By the recommendation of the Seiko in-
strument, the amount of sample was in the range
of 7 to 10 mg. A larger sample size could increase
the signal of the heat flow, but it would increase
the temperature gradient inside the sample. The
reference was an empty aluminum pan with
cover. The purging gas was nitrogen. The flux of
nitrogen was set to 100 mL/min. The sampling time
was set to 6 s for all the isothermal runs in the
temperature range between 100 and 200°C. The
sampling time for the remaining runs was set to 3 s.

RESULTS AND DISCUSSION

Heat Flow Change with Time and Cure
Reaction Heat

During the curing process, the instrument
records the heat flow change with the cure time

based on the sample size. For the purpose of com-
parison, the heat flow for each run was normal-
ized. Both dynamic and isothermal measure-
ments were done to obtain more information
about the curing process. For dynamic measure-
ments, the sample was scanned with different
heating rates from 25 to 300°C. Figure 1 gives
the heat flow change at the heating rate of 2°C/
min in the temperature range from 30 to 300°C.
Figure 1(a) shows the difference between the first
and second runs, as well as their changes with
temperature. The sample for the second run was
from the sample in the first run after it was cured.
It was indicated that the appreciable cure reac-
tion took place at about 110°C. Figure 1(b) shows
the change of heat flow with time for the sample
in the first run. A linear baseline between the
onset and ending temperatures of the polymeriza-
tion was selected relative to the peak, and the

Figure 1 Dynamic cure from 30 to 300°C with heat-
ing rate of 2°C/min. (a) Heat flow as a function of
temperature; (b) heat flow as a function of time.
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area under the peak for the first run was then
integrated by software. We assumed that the
value of the area equals the reaction heat of dy-
namic cure. The dynamic reaction heat thus ob-
tained is about 174.2 J/g, a value that is close to
the reaction heat cured isothermally at 220°C
(discussed later).

With information from the dynamic cure, a se-
ries of isothermal measurements were performed,
starting from 110°C. Two runs were made on each
sample. To achieve almost constant heat flow in
the late cure stage, the measurement time was
set long enough, from 100 min at 220°C to 720
min at 110°C. After the first run, the sample was
left in the cell of the instrument to cool naturally
to room temperature. The second run at each
temperature was repeated with the same proce-
dure and cure condition as for the first run. The
heat flow was plotted against cure time for the
first and second runs at each cure temperature.
As shown in Figure 2, each curve for the first run
exhibits a peak and finally becomes horizontal,
whereas the curve for the second does not. Similar
dynamic behavior between the two samples is
seen in Figure 1. Except for the start-up of the
isothermal measurement, the curve for the sec-
ond run is almost horizontal over the whole cure
time. This indicates that the isothermal cure re-
action is almost complete after the first run at
each cure temperature. The curve for the second
run can be used as the baseline to the first run to
integrate the area under the peak of the first run.
This area is thought to be the isothermal cure
reaction heat. The values for the isothermal cure
reaction heat are also given in Figure 2.

It must be mentioned that the curve for the
second run in Figure 2, at each temperature, was
shifted along the heat flow axis and used as the
baseline for the purpose of the calculation of the
cure reaction heat only. Usually the curve for the
second run needs to be shifted to have the same
heat flow as the first runs at the end of their cure
reactions. The experimental points in the last 10
min for both runs were averaged and the differ-
ence of the average values was calculated. The
curve for the second run was then shifted up or
down, depending on whether the average value in
the last 10 min for the second run was greater or
less than that for the first run. The magnitude of
the shift at each temperature was different, rang-
ing from 21.2 to 1.5 3 1023 W/g or from 22.9 to
5.9% of the value to be shifted. Reasons to shift
the curve for the second run are as follows:

● At the end of the first run, the curve becomes
almost horizontal; this means that the curing
reaction is almost complete at the end of the
first run at that temperature.

Figure 2 Isothermal cure of epoxy prepreg at differ-
ent temperatures for varying times: (a) 120°C for 600
min with reaction heat of 120.4 J/g; (b) 160°C for 260
min with reaction heat of 145.5 J/g; (c) 220°C for 100
min with reaction heat of 177.5 J/g.
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● For the second run, the sample has already
been cured. The cured sample at the end of
the first run should be the same as the sam-
ple in the second run, so they should have the
same heat capacity and heat flow so long as
the temperature profiles are the same.

● If there is a difference of heat flow between
the end of the first run and the second run, it
should result from the different initial condi-
tions. It is difficult to control all conditions
such that the same initial heat flow value
will occur, even if all of the operating proce-
dures at the start of the first and second runs
are practically the same.

At different cure temperatures, the isothermal
cure heat is different and its value increases with
the increment of temperature. When the cure
temperature was raised to 220°C, the cure heat
was 177.5 J/g. This value is thought to be the total
reaction heat of the isothermal cure because it is
very close to the isothermal cure heat of 177.1 J/g
at 210°C, which means that no additional cure
heat was released and the cure reaction was com-
plete at 220°C. This is supported by the experi-
mental results from a combination of dynamic
and isothermal cures, discussed next. All of the
other values for reaction heats cured isothermally
below 220°C were considered as the partial iso-
thermal reaction heats. Figure 3 shows the rela-
tionship between reaction heat and cure temper-
ature. The data were averaged from at least three
separate measurements.

The experimental result obtained by the iso-
thermal cure was confirmed by the combination of
dynamic and isothermal cures. Several measure-
ments with the combination of dynamic and iso-

thermal cures were done. The sample was first
heated to the desired temperature at the rate of
1°C/min, held at that temperature for 80 min to
allow the sample to achieve complete isothermal
cure, then cooled down to 20°C, and finally re-
heated to 300°C at the same heating rate. Figure
4 shows the heat flow change with time. Each one
has four or five positive peaks and three negative
peaks. The first positive peak is from the normal
cure reaction, which is an exothermic peak. The
fifth positive peak, if it exists, comes from the
residual cure reaction, which is also an exother-
mic peak. The other positive and negative peaks
result from the sudden changes of the heating
rate, which consequently cause the sudden
changes of the heat flow. So they are not actually
the exothermic or endothermic peaks. The resid-
ual reaction heat was calculated by integrating
the area under the peak with the linear baseline
between the onset and ending temperatures of
polymerization. The sample after the isothermal
cure at 180°C has the residual reaction heat of
18.6 J/g. This value is very close to 18.1 J/g, the
difference of isothermal reaction heats at 180 and
220°C. The residual reaction heats after cure at
190 and 200°C are 12.3 and 6.1 J/g, respectively.
The differences of isothermal reaction heat at 190
and 200°C to that at 220°C are 10.4 and 5.3 J/g,
respectively. After isothermal cure at 220°C, the
residual reaction heat is zero. This proves that
the complete isothermal cure reaction could be
achieved at 220°C and that the cure reaction heat
obtained by the above method is reliable.

Degree of Cure and Cure Rate

The curing process is an exothermic reaction. The
cumulative heat generated during the process of
reaction is usually related to the degree of cure. It
is assumed that the degree of cure is proportional
to the reaction heat. One commonly used method
assumes that the degree of cure equals the ratio of
the difference between total and residual reaction
heat to the total reaction heat. The sample is
prepared and partially cured for a series of times
at a certain temperature before measurement. Its
residual heats are then measured. This method
takes much time to prepare the partially cured
sample. In our experiments, the sample used was
fresh and uncured. Its reaction heat at each sam-
pling time was determined by integrating the
curve of heat flow from the beginning to the de-
termined time, so the degree of cure can be di-

Figure 3 Heat of reaction for isothermal cure of ep-
oxy prepreg as a function of temperature.
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rectly calculated from the partial reaction heat. It
is expressed by the following14:

a 5
DHt

DHtotal
(1)

where a is the degree of cure, DHt is the partial
heat of reaction at time t, and DHtotal is the total
heat of reaction. As discussed earlier, the total
reaction heat of the studied sample was 177.5 J/g.

Once the partial reaction heats at each sam-
pling time and temperature have been measured,
the degree of cure can be easily calculated by eq.
(1). Its relationship to cure time at the tempera-
ture range from 110 to 220°C is shown in Figure

5. Compared to the value of 1 at 220°C, the final
degree of cure at 110°C is only about 0.64. The
time needed to reach the final degree of cure is
also much different, depending on the isothermal
cure temperature.

The cure rate at each sampling time and tem-
perature can be calculated by differentiating the
degree of cure to time. The changes of cure rate
with time at each isothermal temperature from
110 to 220°C are shown in Figure 6. In the early
stages of the cure reaction, the cure rate at a
higher temperature is faster than that at a lower
temperature; in the late stages, however, the cure
rate is slower at the higher cure temperature.
Note that for the lower temperature range of 110

Figure 4 Combinations of dynamic and isothermal cure of epoxy prepreg at different
isothermal temperatures: (a) Cure from 30 to 180°C (heating), holding 80 min, 180 to
30°C (cooling), and 30 to 300°C (reheating); (b) cure from 30 to 190°C (heating), holding
80 min, 190 to 30°C (cooling), and 30 to 300°C (reheating); (c) cure from 30 to 200°C
(heating), holding 80 min, 200 to 30°C (cooling), and 30 to 300°C (reheating); (d) cure
from 30 to 220°C (heating), holding 80 min, 220 to 30°C (cooling), and 30 to 300°C
(reheating)
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to 160°C, the slope of the cure rate curve is neg-
ative near time zero. This agrees with the auto-
catalytic model (to be discussed next) when the
reaction order m is greater than 1.

Cure Reaction Modeling

The autocatalytic model for the cure reaction is as
follows10:

r 5 ~k1 1 k2a
m!~1 2 a!n (2)

where r is the cure rate, m and n are the orders of
cure reaction, and k1 and k2 are the rate con-
stants. The different methods to calculate kinetic
parameters in eq. (2) were previously report-
ed.6,8,11,15

Equation (2) can be differentiated to give eq.
(3):

dr
da

5 ~1 2 a!~n21!@mk2a
~m21!~1 2 a!

2 n~k1 1 k2a
m!# (3)

If m . 1 and a 5 0, we have

dr
da

5 2nk1 (4)

The rate constant k1 can be obtained by extrapo-
lating the curve of cure rate versus degree of cure
and its value equals the cure rate at a 5 0. From
eq. (4), we know that the value of nk1 equals the
negative derivative of cure rate to degree of cure
when the degree of cure is zero. Thus the reaction
order n can be easily calculated. Theoretically, if
the cure reaction order m is greater than 1, the
derivatives of cure rate to degree of cure should be

Figure 6 Cure rate as a function of time at different
isothermal temperatures: (a) 110–160°C; (b) 170–
220°C.

Figure 5 Degree of cure as a function of time at
different isothermal temperatures: (a) 110–160°C; (b)
170–220°C.
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negative. Our experimental data indicate that in
the low-temperature ranges from 110 to 160°C,
the derivatives of cure rate to degree of cure are
indeed negative when the degree of cure nears
zero.

Once the rate constant k1 and reaction order n
are known, eq. (2) can be expressed as follows:

F r
~1 2 a!n 2 k1G 5 k2a

m (5)

By eq. (5), we make a logarithmic plot of {[r/(1
2 a)n] 2 k1} to the degree of cure. The rate con-
stant k2 and reaction order m can be easily ob-
tained.

With the above method, we analyzed the exper-
imental data at 160°C. The rate constant k1
equals 3.40 3 1024 6 2.1 3 1026 s21. The deriv-
ative of cure rate to degree of cure at a 5 0 is
28.20 3 1024 6 2.6 3 1026 s21. The value of the
cure reaction order n was then calculated to be
2.41. The relationship between {[r/(1 2 a)n] 2 k1}
and the degree of cure a, and their linear fitting
are given in Figure 7. The calculated values for
rate constant k2 and reaction order m are 2.63
3 1023 6 6.59 3 1026 s21 and 1.46 6 0.002,
respectively. It was found that the values of the
four parameters obtained by this method are close
to those obtained through nonlinear least-square
regressions, discussed next.

Another easier and efficient way to analyze the
data is by the nonlinear regressions of the exper-
imental data. In our data analysis, we employed
Origin software to do nonlinear least-squares
curve fitting to the experimental data. To success-
fully obtain the four parameters in the autocata-
lytic model, the selection of initial values for the
parameters and ranges of experimental data is
very important. During the process of nonlinear
regressions, the sum of the squares of the deriva-
tions of the theoretical values from the experi-
mental values, which is called x2, decreases and
the parameters change. The nonlinear regres-
sions stop when x2 values are minimum and the
parameters do not change with additional itera-
tions. The values for the parameters thus ob-
tained are the best values for the model to de-
scribe the experimental data. Figure 8 provides
the fitting curves and experimental data at differ-
ent isothermal temperatures. Except for data in
the late stage of cure reactions, the fitting curves
agree well with the experimental data. The val-
ues for the rate constants and reaction orders at

different temperatures are listed in Table I. The
cure reaction orders m and n decrease with the
increment of temperature. The rate constants k1
and k2 increase with the increment of tempera-
ture and can be expressed by the following Arrhe-
nius equation:

k 5 Ae2~Ea/RT! (6)

By eq. (6), the plots of ln(k1) versus 1/T and ln(k2)
versus 1/T with their linear regression curves,
shown in Figure 9, are provided. From the inter-
cepts and slopes of the regression curves, the pre-
exponential factors A1 and A2 and activation en-
ergies Ea1 and Ea2 can be determined. Their val-
ues are also given in Table I. The cure
temperature has more effect on rate constant k1
than it does on k2.

In the late stage of the curing process, the
sample approaches the solid state. The movement
of the reacting groups and the products is greatly
limited and thus the rate of reaction is not con-
trolled by the chemical kinetics but, rather, by the
diffusion of the reacting groups and products.
From Figure 8, it is noticed that there exist large
derivations of theoretical values from experimen-
tal data in the late cure stage, especially at low
temperatures. To account for the effect of the
diffusion on the rate of cure reaction, the diffusion
factor introduced by Chern et al.16 is included in
the expression of the cure rate. Thus the total rate
of reaction is expressed as follows:

r 5 f~a!~k1 1 k2a
m!~1 2 a!n (7)

where f(a) is the diffusion factor, which may be
expressed in the following form:

Figure 7 Logarithm plot of {[r/(1 2 a)n] 2 k1} against
a at 160°C, where k1 5 3.40 3 1024 s21 and n 5 2.41.
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f~a! 5
1

1 1 exp@C~a 2 ac!#
(8)

where C and ac are the two empirical constants,
which are temperature dependent. ac is called the
critical degree of cure.

By combining eqs. (7) and (8), eq. (2) with
diffusion control can be reexpressed by the
following:

r 5
1

1 1 exp@C~a 2 ac!#
~k1 1 k2am!~1 2 a!n (9)

There are six parameters in eq. (9). In the data
analysis using eq. (9), the rate constants k1 and k2
and the reaction orders m and n have already
been determined. To determine the remaining
two constants C and ac, we again used the same
software to do the nonlinear least-square regres-

Figure 8 Comparisons of experimental data with those of the autocatalytic model at
select isothermal cure temperatures: (a) 120°C; (b) 140°C; (c) 160°C; (d) 180°C; (e)
200°C; (f) 220°C.
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sions. During the regression process, x2 values
decrease and C and ac are kept to change only
until x2 values, C, and ac remain unchanged with
more iterations of regressions. The regression
curves with diffusion factor at different tempera-
tures are also provided in Figure 8 for compari-
sons. It can be observed that the model with a
diffusion factor has very good agreement with the
experimental data.

The values for constant C and critical degree of
cure ac at different temperatures are listed in
Table II. The critical values for degree of cure
increase with the increment of temperature. Fig-
ure 10 shows the relationship between the diffu-
sion factor and the degree of cure at different
temperatures. It can be shown that the diffusion
factor remains almost unchanged with values
close to 1 in the early cure stage. In the late cure
stage, however, it decreases significantly until it
approaches zero.

CONCLUSIONS

The DSC measurement of epoxy prepreg is very
useful in elucidating the curing process and in
determining the kinetic parameters for the
model. Its results can be used to optimize the
curing process of epoxy prepreg in its applications
as joints to composite pipe systems. The dynamic
measurement shows that the appreciable cure re-

Figure 9 Rate constants k1 and k2 as a function of
temperature: (a) ln(k1) versus 1/T; (b) ln(k2) versus 1/T.

Table I Kinetic Parameters of the Autocatalytic Model Obtained from Isothermal Cure

Temperature
(°C)

k1

(31024 s21)
SE

(31027 s21)
k2

(31023 s21)
SE

(31025 s21) m
SE

(31022) n
SE

(31022)

110 0.36 1 1.22 2 1.98 0.73 3.97 1.3
120 0.55 2 1.40 3 1.87 1.01 3.60 1.69
130 0.85 5 1.76 4 1.77 1.38 3.34 2.00
140 1.40 7 2.04 5 1.68 1.39 3.02 2.02
150 2.02 0 2.51 4 1.53 0.72 2.82 1.23
160 3.45 0 2.77 4 1.50 0.60 2.45 1.11
170 4.47 0 3.11 6 1.25 0.85 2.25 1.23
180 6.27 0 3.58 7 1.16 0.86 2.08 1.40
190 9.03 0 3.76 9 0.99 1.05 1.82 1.61
200 10.3 0 3.88 4 0.66 0.53 1.68 0.58
210 14.3 0 4.09 2 0.52 0.26 1.51 0.28
220 19.4 0 5.14 16 0.47 1.18 1.47 1.70

Ea1

(J/mol)
SE

(J/mol)
A1

(s21)
SE

(s21)
Ea2

(J/mol)
SE

(J/mol)
A2

(s21)
SE

(s21)

5.73 3 104 1.05 3 103 2416 714.1 1.96 3 104 8.84 3 102 0.60 0.149
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action begins at about 110°C. The epoxy prepreg
was measured isothermally from 110 to 220°C.
The determination of cure reaction heat under
isothermal conditions can be improved by intro-
ducing the heat flow for the second DSC run as
the baseline to integrate the heat flow for the first
DSC run. The isothermal cure reaction heat in-
creases with the increment of cure temperature.
The maximum reaction heat of isothermal cure
can be achieved at 220°C. The results from the
isothermal cure process were partially supported
by the data from the combination of dynamic and
isothermal measurements. The degree of cure at
isothermal cure temperatures below 220°C is less
than 1. In the earlier stage of isothermal cure
reaction, the cure rate at the higher temperatures
is faster than the cure rate at the lower temper-
atures, whereas in the late cure stage, the cure
rate is lower at the higher temperatures. The
relationship between cure rate and degree of cure
was simulated by the autocatalytic four-parame-
ter model. Except in the late cure stage, the model
can provide a good predication in the large range
of experimental data, especially at a high isother-
mal cure temperature. The kinetic rate constants
k1 and k2 increase with the increment of cure
temperature, whereas the orders of reaction m
and n decrease. In the late stage of cure reaction,
the effect of diffusion on the cure rate is apparent,
especially at low isothermal cure temperatures.
The modified autocatalytic four-parameter model,
including the diffusion factor, was used to simu-
late the experimental data again. The simulated
results with the modified model were greatly im-
proved in the late cure stage.

This investigation was partially sponsored by NASA/
FAR program under contract number NAG8-1536 and
by the Louisiana Board of Regents BoR/ITRS program
under contract numbers LEQSF(1998-01)-RD-B-06
and LEQSF(2000-03)-RD-B-05.
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