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a b s t r a c t

Curing reactions of three cycloaliphatic epoxy resins with methyltetrahydrophthalic anhy-
dride (MTHPA) was investigated by differential scanning calorimetry at different heating
rates. Activation energy was calculated based on Kissinger method and varied in the range
of 67–72 kJ/mol depending on sample. The curing kinetic behavior was well described by
Sestak–Berggren (SB) model and the order of the curing reaction is observed to be from
0.02 to 2.11 according to sample.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy resins are one of the most widely used thermo-
setting polymers in aerospace, automobile industries and
electronic applications as adhesives, coatings and matrices
of high performance composite materials. These advanced
applications demand outstanding material properties
which are dependent on the chemical structure of the
epoxy resin as well as the curing agent and ultimately on
the network achieved after curing process [1–3]. The pro-
cessing of thermosetting epoxy resins with curing agent
involves the exposure of the materials to varying levels
of curing profiles which are dependent on the curing kinet-
ics. Therefore knowledge of the curing kinetics is of great
importance to achieve optimum material properties.

Cure kinetics of epoxy resins can be studied by various
techniques, such as differential scanning calorimetry
(DSC), infrared spectroscopy, dielectric spectroscopy [4]
and dielectric thermal analysis [5]. Of these techniques
. All rights reserved.
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DSC is the least complicated and can measure the heat of
polymerization directly and requires only small quantities
of samples (normally below 20 mg) and can obtain kinetic
data in a relatively short period of time. The use of DSC to
investigate the cure kinetics of thermosetting polymers
was previously reported [6–10]. Isothermal DSC analysis
have been utilized but pre heating of samples to required
temperatures involve considerable reaction which might
lead to erroneous interpretation of the kinetics of reaction
therefore in this study dynamic DSC analysis was utilized
[11,12].

Cycloaliphatic epoxy resins have low viscosity proper-
ties comparable to bi-functional type epoxy resins which
enable incorporation of large amounts of fillers while
achieving high glass transition temperature properties
with appropriate curing agents. This enables fabrication
of various composite materials for high temperature appli-
cations [13,14]. As such the use of cycloaliphatic epoxy res-
ins has a long history in the electronic industry for
applications such as electric insulation and encapsulation
but not much information is available on their cure kinet-
ics [15,16]. In the present work the dynamic DSC technique
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is applied to study the curing kinetics of various cycloali-
phatic epoxy resins with methyltetrahydrophthalic anhy-
dride (MTHPA) as curing agent and their curing kinetic
properties are investigated.

2. Kinetic models

Most curing kinetics studied by dynamic DSC analysis
can be described by Eq. (1) [17].

da=dt ¼ Ae�Ea= RT f ðaÞ ð1Þ

where a is the fraction of conversion, t is the curing time,
da/dt is the rate of conversion, A is the preexponential fac-
tor, Ea is the activation energy, R is the gas constant, T is the
absolute temperature and f(a) the function representing
the kinetic model. The most frequently cited basic kinetic
models are summarized in Table 1. As can be seen in Ta-
ble 1 there are various kinetic models describing the curing
kinetics. In order to determine the most suitable kinetic
model knowledge of the activation energy (Ea) is prerequi-
site [22–24]. The Ea can be obtained by Kissinger [24]
method shown in Eq. (2).

½dðln U=T2
pÞ�=dð1=TpÞ ¼ �Ea=R ð2Þ

where U is the heating rate (�C/min) and Tp is the maxi-
mum point from the dynamic DSC analysis curve. From
the slope of the plot of ln U=T2

p versus 1/Tp, Ea can be
estimated.

Once the activation energy has been determined it is
possible to find the kinetic model which best describes
the measured set of dynamic DSC analysis. For this purpose
a y(a) function was employed as defined by Malek [25].

yðaÞ ¼ Af ðaÞ ¼ ðda=dtÞeEa=RT ð3Þ
da=dt ¼ H=DHT ð4Þ

where H is heat flow (mW/mg) which is the measured data
from dynamic DSC analysis curve, DHT is the total heat of
reaction of curing which is the total area of the dynamic
DSC analysis curve. As shown in Eq. (3) the function y(a)
is proportional to f(a) therefore by determining the shape
of the function y(a) it is possible to identify the shape of
the f(a) which leads to selection of the most suitable ki-
netic model.

In order to determine the shape of the function y(a)
with respect to a calculation of a is needed. By integrating
dynamic DSC analysis curve peaks with respect to time a
can be calculated. Basis for calculation is that the measured
heat flow is proportional to the extent of conversion of the
epoxide group in the epoxy resin or the reactive group in
the curing agent. Values of y(a) value can be calculated
Table 1
The basic kinetic models.

Models Symbol f(a)

Johnson–Mehl-Avrami [18] JMA(n) n(1 � a)[�ln(1 � a)

Jander equation [19] D3 3/2(1 � a)2/3/[1 � (1
Reaction order [20] RO(n) (1 � a)n

Sestak-Berggren [21] SB(m,n) am(1 � a)n
by determining the da/dt value from measured data as
shown in Eq. (4) and multiplying by eEa=RT where predeter-
mined Ea value is substituted. After determination of the
shape of f(a) the most suitable kinetic model can be se-
lected and the kinetic parameters such as n, m and A are
calculated by the methods described in Ref. [25].
3. Experimental

3.1. Materials

Three types of cycloaliphatic epoxy resins were used in
this study. EHPE3150 (Daicel, molecular weight of 2234),
CEL2021P (Daicel, molecular weight of 252.3) and
YDH184 (Epotec, epoxide equivalent weight of 165–177).
The curing agent used was methyltetrahydrophthalic
anhydride (MTHPA), (Sigma–Aldrich) and catalyst was
N,N-dimethyl benzylamine (BDMA), (Sigma–Aldrich). The
materials were used as received from the manufacturers.
Table 2 shows the chemical structures of the cycloaliphatic
epoxy resins used in this study.

3.2. Sample preparation

Three samples were prepared. Sample A is a mixture of
EHPE3150, MTHPA and BDMA. Sample B is a mixture of
CEL2021P, MTHPA and BDMA. Sample C is a mixture of
YDH184, MTHPA and BDMA. The mass ratio of cycloali-
phatic epoxy resin to curing agent was set at 100:75 and
the amount of catalyst was set at 1wt% of curing agent.
Cycloaliphatic epoxy resin and curing agent were well
mixed until a homogeneous mixture was obtained. The
catalyst was added to the homogenous mixture and stirred
for additional 20 min to obtain uniform mixture.

3.3. Measurements

Dynamic DSC analysis was done by DSC 200F3 model
(Netzsch, Germany) which was calibrated with high purity
indium and zinc standards. Samples of 7.5–10.5 mg were
added to aluminum pans and analyzed dynamical with
heating rates varying from 5 �C/min to 40 �C/min, respec-
tively in a nitrogen atmosphere. Measurements were al-
ways carried out with an empty cell as reference from
25 �C up to 300 �C.
4. Results and discussion

Fig. 1 shows a dynamic DSC analysis curve measured for
sample A with four heating rates (U) 5, 10, 20, 40 �C/min in
Shape of function

]1�1/n When amax = 0, concave for n < 1, linear for n = 1,
when 0 < amax < ap maximum for n > 1

� a)2/3] When amax = 0, concave
When amax = 0, convex for n < 1, concave for n > 1
When 0 < amax < ap, maximum



Table 2
Cycloaliphatic epoxy resin chemical structures.

Product name Chemical structure Supplier

EHPE3150 Daicel

CEL2021P Daicel

YDH-184 Epotec
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the temperature range 50–300 �C. For samples B and C
similar curves were obtained. The main characteristics of
the dynamic DSC analysis taken into consideration in
obtaining information about the curing kinetics were as
follows, the initial curing temperature Ti, peak temperature
Tp, finishing temperature Tf, the area under the curve (total
and partial) and the cure time.

Using Eq. (2) the activation energies for the three sam-
ples were calculated. Obtained Ea values were 67, 70 and
72 kJ/mol for sample A, sample B and sample C accord-
ingly. This difference in activation energy value is attrib-
uted to the difference of the epoxide ring in the chemical
structure. From the calculated values of activation energy
it was determined that the reactivity of the cycloaliphatic
Fig. 1. Dynamic DSC curve for sample A at different heating rates of 5, 10,
20, and 40 �C/min.
epoxy resin EHPE3150 with MTHPA as curing agent was
higher than the other two types of cycloaliphatic epoxy
resins.

Fig. 2 shows the shape of function y(a) with respect to a
for the three samples. From the shape of the y(a) it was
determined that a maximum amax exists. The amax is the
maximum point in degree of conversion. As can be seen
from Table 1, two kinetic models JMA(n > 1) and SB(m,n)
fit the given condition. Furthermore as described by Malek
[22] for the case of JMA(n > 1) kinetic model the condition
of ap = 0.632 must be met where ap is the calculated value
of the maximum point from the dynamic DSC analysis
curve. In our experiment this condition was not satisfied.
Therefore it was determined that the autocatalytic model
SB(m,n) is the most suitable to describe the curing kinetic
behavior. For SB(m,n) model the curing kinetic parameters
m, n are expressed as in Eq. (5)

amax ¼ m=ðmþ nÞ ð5Þ

where amax is the maximum point of a from Fig 2.
Rewriting Eq. (1) using Eq. (5) and SB(m,n) kinetic model
function gives the following equation.

ln½ðda=dtÞeEa=RT � ¼ ln Aþ n ln½aðamax=ð1�amaxÞð1� aÞ� ð6Þ

Using Eq. (6), kinetic parameter n can be estimated from
the slope of ln½ðda=dtÞeEa=RT � versus ln½aðamax=ð1�amaxÞð1� aÞ�.
From the estimated n value kinetic parameter m value
can be calculated from Eq. (5). The kinetic parameters m,
n and ln A using the SB(m,n) model for each sample are
shown in Table 3. According to sample different kinetic
behavior was observed. For sample A with increasing heat-
ing rate (U), a maximum value shows for m parameter
whereas n parameter remains nearly unchanged. The other
two samples saw increased value of m parameter with



Fig. 2. The y(a) functions for the three samples at heating rate of 10 �C/min with conversion degree a. (a) Sample A, (b) Sample B, (c) Sample C.

Fig. 3. Comparison of experimental values (empty symbols) and calcu-
lated values (full symbols with lines) for sample A at various heating rates
(U). (h) 5 �C/min, (s) 10 �C/min, (4) 20 �C/min, (}) 40 �C/min.
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increasing heating rate (U). The different change trend of
kinetic parameter is probably due to the reactivity differ-
ence of the cycloaliphatic epoxy resin with curing agent
and also to the decrease of the concentration and the
mobility of the unreacted chemical groups of the cured re-
sin which in turn affect the curing kinetics.

The validity of the chosen kinetic model SB(m,n) was
evaluated by plotting in the curves of heat flow versus
temperature using the calculated data in Table 3 to Eq.
(1) and compared with the curves obtained by measured
data. A compared result for sample A is shown in Fig. 3.
A good fit was obtained up to the peak temperatures with
various heating rates. Re-plotting the computed curves
with lower values of activation energy than the calculated
values results in more optimal fit with measured thermal
data especially for the temperatures over the peak temper-
ature. This agrees with the fact that the activation energy
has a dependence on conversion as mentioned by various
authors [26,27]. The cause of the decrease of the activation
energy can be attributed to complex chemical reaction at
the near end of conversion by mass transfer processes such
as viscous relaxation and vitrification. That is the monomer
molecules become immobile in their positions in the glassy
state that results in the virtual cessation of polymerization
Table 3
Calculated kinetic parameters for each sample.

Heating rate (�C/min) Sample A Sam

m n ln A m

5 1.35 1.41 25.54 1.01
10 1.14 1.45 24.2 1.08
20 1.63 1.46 23.26 1.32
40 0.73 1.37 22.87 2.11
which would lead to the decrease of the activation energy
with increasing temperature.
ple B Sample C

n ln A m n ln A

0.97 22.47 0.02 1.18 24.67
1.04 21.19 0.33 1.04 24.34
1.08 21.31 1.01 1.46 24.62
0.95 20.68 1.03 1.43 24.49
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5. Conclusion

The dynamic thermal analysis has been applied to study
the curing kinetics of cycloaliphatic epoxy resin with
MTHPA curing agent. Kinetic parameters determined for
the three types of sample showed great influence of the
heating rate on the curing kinetics. With the calculated
Ea value all the kinetic behavior of the three samples were
well described with SB(m,n) kinetic model. Slight devia-
tions in the temperature region above the peak tempera-
ture were attributed to reduced Ea due to complex mass
transfer process. Fitting of calculated kinetic parameters
(Ea, m, n and A) with measured values obtained good agree-
ment for all the samples.
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