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ABSTRACT: The curing behavior and kinetics of epoxy
resin with diaminodiphenylmethane (DDM) as the curing
agent was studied by many researchers, however all of
them prepared the system at a high-temperature condition
(i.e., T � 80�C). In this study, a mixture of epoxy/DDM
was prepared at ambient temperature and its curing char-
acteristics were studied by using differential scanning cal-
orimetry (DSC). The autocatalytic model was used to
calculate the kinetic factors in the dynamic experiments.
The kinetics of the curing reaction was also evaluated by
two different isoconversional models; namely Friedman
method and the Advanced Isoconversional method pro-
posed by Vyazovkin to investigate the activation energy
behavior during the curing reaction. The activation energy
of the curing reaction was found to be in the range of 48

6 2 kJ/mol and might be considered to be constant during
the curing. In fact, our findings were different from the
result reported by other researchers for the system which
was prepared at elevated temperature. Therefore, it seems
that the preparation temperature of the samples influenced
considerably on the curing behavior of epoxy with DDM.
Finally, a time–temperature–transformation (TTT) diagram
was established to determine the cure process and glass
transition properties of the system. VC 2010 Wiley Periodicals,
Inc. J Appl Polym Sci 118: 2092–2099, 2010
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INTRODUCTION

Epoxy resins are among the most versatile thermo-
setting systems, because of their outstanding proper-
ties and wide range applications. These resins usu-
ally out-perform most other resin types in terms of
great chemical, moisture and solvent resistances,
good thermal and dimensional stabilities, high adhe-
sion strength to most substrates and superior electri-
cal properties, which leads to their almost exclusive
use in industrial coatings, adhesives, electronics, and
high performance composites.1–5

Epoxy resins can be cured with different kinds of
curing agents. Among these, the amine cured epoxy
resin systems are frequently used in many applica-
tions so these systems attract great interest.6

Both aromatic and aliphatic amines are widely
used as curing agents for epoxy resins. Aromatic
amines are usually dedicated to composites, molding
compounds, and castings. They offer cured epoxy
structures with good heat and acid resistance. The
primary advantages of aromatic amines over ali-

phatic amines for curing epoxy resins are the longer
pot life as well as the development of higher heat re-
sistance and greater chemical resistance; however,
most of them are solids at room temperature and
generally require heat for processing as well as for
cure. The added heat required for mixing and cure
increases the dermatitis and toxicity potential by
releasing irritating vapors. On the other hand, it is
not possible to fulfill any preheating process for the
mixing of epoxy-based compounds with curing
agent for most coating application methods. In this
study, we investigated the effect of the temperature
at which an epoxy resin was mixed with an aromatic
amine before curing reaction on its cure
characteristics.
4,40-Diaminodiphenylmethane (DDM) has been

considered as an aromatic amine component to react
with diglycidyl ether of bisphenol A (DGEBA) and
to form a thermoset structure. In thermoset systems,
the kinetic features usually influence on the struc-
ture-property-processing relationships and therefore
the material manufacturing and its utilization.7

Hence, there are several studies on the curing behav-
ior of DGEBA/DDM system and its properties. Liu
et al.7 have investigated the curing kinetics of
DGEBA/DDM curing system and proposed a mech-
anistic model. Seo and Kim8 and Bajaj et al.9 studied
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the curing behavior of an epoxy composite system
composed of DGEBA with DDM. In both studies, it
was found that the curing rate of the DGEBA/DDM
system increased more or less with the increasing of
filler content. Mercado et al.10 have compared the
DGEBA/DDM curing system with the curing system
of DGEBA with two phosphorus-containing amine
compounds. Schawe11–13 evaluated the curing of
DGEBA/DDM by using a temperature-modulated
differential scanning calorimetry. It was shown, due
to the vitrification process, the kinetics change from
chemically-controlled to diffusion-controlled and
also a new relationship for the conversion depend-
ence of the glass transition temperature was derived.
In the other researches, the effect of curing condi-
tions on the glass transition temperature of cured
DGEBA/DDM system was studied,14–17 and the rela-
tionship of the glass transition temperature with the
extent of conversion was derived.

To the best of our knowledge, the works which
have considered on the DGEBA/DDM system, pre-
pared their samples at elevated temperatures (i.e.,
higher than 80�C). In this work, we have studied the
curing behavior of a sample of liquid epoxy resin (i.e.,
DGEBA), which mixed with DDM at room tempera-
ture. The cure kinetics of the system was performed
by nonisothermal differential scanning calorimetry
(DSC). The experimental results were analyzed by iso-
conversional and model fitting method.

EXPERIMENTAL

Materials

The materials used in this investigation were a
DGEBA-based epoxy resin and diaminediphenylme-
thane (DDM) as curing agent. The epoxy equivalent
weight (EEW) of the epoxy resin which was sup-
plied by Huntsman was about 190. DDM was
obtained from BASF. The materials were used as
received. The chemical structures of the raw materi-
als are shown in Figure 1.

Sample preparation

Two processes were used to prepare the samples. In
the first method, a stoichiometric amount of the ep-

oxy resin and DDM was mixed at room temperature
named as RTM. The second method was a melt pro-
cess in which the curing agent was melted at 80�C
and then mixed with the epoxy in a stoichiometric
ratio, which was named elevated temperature mixed
(ETM) sample. Finally, the sample was cooled to the
room temperature.

Characterization

To investigate the curing behavior of the epoxy-
amine systems, a Perkin-Elmer Pyris 6 instrument
was used. The experiments were carried out under
nitrogen flow of 50 mL/min. The samples weight
used in these experiments ranged from 2–3 mg. In
dynamic modes, the samples were heated from 25 to
270�C at four different heating rates (i.e., 2.5, 5, 7.5,
and 10�C/min) to follow the heat evolution due to
the chemical reaction occurring in these conditions.
The isothermal experiments were conducted at four
temperatures namely 90, 110, 130, and 150�C. In the
case of isothermal experiments, the thermal program
was imposed by jumping to the cure temperature
using a heating rate of 60�C/min. After the comple-
tion of curing, the samples were cooled to 20�C at
10�C/min to minimize the enthalpy relaxation in the
next heating rate. Finally, the last scan was per-
formed at 10�C/min heating rate to investigate the
glass transition behavior of cured systems and to
determine the residual heat of reaction.
Optical microscopic studies were performed with

a Leitz DMR polarizing microscope, to study the
homogenity of the samples before the curing step.
To study the structure of the samples, FTIR and

H-NMR analyses were carried out. FTIR spectra of
the samples were prepared using a Perkin-Elmer
Spectrum One instrument. H-NMR spectra were
measured at room temperature on a Brucker AV400
spectrometer operating at 400 MHz, using deuter-
ated dimethylsulphoxide (DMSO-d6) as a solvent.
The gel point of the system was determined by

using a MCR300 (Anton Paar) equipped with paral-
lel plates with a 1 mm spacing. The measurement
was done in dynamic mode with a heating rate of
10�C/min, a strain of 10%, and an oscillating fre-
quency of 1 Hz.

Figure 1 The chemical structure of the raw materials.
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Dynamic mechanical data were obtained using a
DMA2980 TA instrument. Shear moduli were meas-
ured in oscillating bending, at a frequency of 1 Hz
and strain amplitude of 1% of the length of the sam-
ples. Epoxy samples were heated from 30�C to
250�C using 5�C/min steps. Sample dimensions for
DMA testing were 12 mm � 16 mm � 3 mm. In
addition, the average molar mass between crosslinks
was determined from DMA data by using eq. (1),18

Mc ¼ qqRT
Ge

(1)

where Mc is the number average molar mass between
crosslinks, q is the front factor (usually equal to 116), q
is the density at temperature T (K), Ge is the equilib-
rium modulus in the rubbery region at temperature
T, and R is the universal gas constant.

KINETIC ANALYSIS

The reaction rate equations based on power law
model usually consist of two different functions,
namely temperature function [k(T)] and fractional
conversion function [f(a)] as showed in eq. (2),19

da
dt

¼ f ðaÞkðTÞ (2)

The dependency of the rate constant, k, on the
reaction temperature is traditionally described by
Arrhenius equation. The function of fractional con-
version [f(a)] is usually estimated by terms of an
autocatalytic mechanism.20,21 The autocatalytic
expression is proposed as in eq. (3)22:

da
dt

¼ A exp
�E

RT

� �
amð1� aÞn (3)

where A is the pre-exponential factor, E is the activa-
tion energy, R is the gas constant, T is the absolute
temperature, m and n are reaction orders. To take
into account the autocatalytic reaction, where the ini-
tial reaction rate of the autocatalytic reaction is not
zero, Kamal proposed the generalized expression
that is shown in eq. (4)7:

da
dT

¼ ðA1 exp
E1

RT

� �
þ A2 exp

E2

RT

� �
amÞð1� anÞ (4)

In addition, isoconversional methods are usually
used to study the activation energy behavior of the
curing reaction precisely. These models allow us to
evaluate the effective activation energy as a function
of the extent of reaction. If changes in the cure
mechanism are associated with the changes in the

activation energy, they can be detected by using an
isoconversional method.8,23 The isoconversional prin-
ciple states that the reaction rate at a constant extent
of conversion is only a function of the temperature.24

Isoconversional models can be treated in two differ-
ent ways i.e., integral method and differential
method.25 In differential method, the common equa-
tion proposed by Friedman can be expressed as in
eq. (5)26:

ln b
da
dT

� �
a;i

¼ ln½Aaf ðaÞ� � Ea

RTa;i
(5)

where b is the heating rate, the subscript i denotes
to the ordinal number of nonisothermal experiments
conduced at different heating rates and the subscript
a denotes the quantities evaluated at a specific con-
version degree. In this method, Ea is calculated from
the slope of lnðb da

dT) versus 1/T plot at a specific
value of a.
One of the most accurate equations based on inte-

gral method is the advanced isoconversional
method, which is proposed by Vyazovkin.27,28 In
this method, the reaction model is assumed to be in-
dependent of the heating program. According to this
assumption, the J-integrals in each value of a are
equal for all experiments that carried out under dif-
ferent arbitrary temperature programs, Ti(t). The Ea

value is determined as a value that minimizes the
function u [i.e., eqs. (6) and (7)],

uðEaÞ ¼
Xs

i¼1

Xs

i 6¼j

JðEa;TiðtaÞÞ
JðEa;TjðtaÞÞ (6)

where

JðEa;TiðtaÞÞ ¼
Z ta

ta�Da

exp
�Ea

RTiðtÞ
� �

dt (7)

where the subscript i and j denote different heating
rates, s is the total number of heating rates.24

RESULTS AND DISCUSSION

Kinetics parameters

In this work, the kinetic parameters of RTM sample
curing were investigated, and the results were com-
pared with the parameters were reported for ETM
samples curing. DSC curves of the RTM sample
cured at different heating rates are shown in Figure
2. The total curing heat is evaluated by the integra-
tion of exotherm peaks because the second heating
of the cured samples did not show any residual heat
of reaction, and the curing reactions could be
assumed to be completed. The cure characteristics of
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RTM samples are shown in Table I. As can be seen,
the total heat of reaction at different heating rates
are almost the same and with increasing the heating
rate, the onset temperature of reaction (Tonset), the
termination temperature of reaction (Tend), and the
temperature of exothermic peak (Tp) shift to higher
temperatures.

The reaction kinetic parameters were determined
by fitting the dynamic DSC conversion data to the
autocatalytic equation [i.e., eq. (3)] by using the least
square regression method. The obtained kinetic pa-
rameters are compiled in Table II. As can be seen,
the activation energy and the overall reaction order
are 54 kJ/mol and 1.8, respectively. Excellent agree-
ment is observed between the calculated results and
the experimental data in a broad temperature range
as can be seen in Figure 3. In fact, this agreement
was expected because the initial rates of RTM curing
reactions at low temperatures were approaching to
zero. Other researchers used Kamal’s equation [eq.
(4)] for the systems prepared at high temperatures
(ETM).8 They reported two activation energies for
their ETM samples (i.e., 62 and 45 kJ/mol) and
found out that the overall reaction order was 2. We
also used Kamal’s Equation for the DSC data of
RTM sample. The kinetics behavior described by
Kamal’s equation does not agree with the experi-
mental data in the early and last stages of curing
reaction (Fig. 4). Therefore, it seems that the usual
autocatalytic model (with one activation energy) can
more accurately fit the experimental data. To investi-

gate the accuracy of the obtained result with respect
to the activation energy of RTM curing reaction,
Friedman and Vyazovkin methods were used to
evaluate the activation energy behavior during the
curing reaction.
Based on Friedman method, the activation ener-

gies at different conversions are obtained by plotting
lnðb da

dT) versus 1/T. Figure 5 shows this plot for our
RTM experimental data and as can be seen a linear
relationship is obtained, thus confirming the validity
of the proposed model (i.e., ordinary autocatalytic
model). Also, it can be observed that the activation
energies at all conversions are nearly the same (ca.
48 6 2 kJ/mol ) which is in good agreement with
the value obtained by using autocatalytic model.
In addition, the activation energy behavior was

determined based on Vyazovkin equation [eq. (6)].
The results are presented in Figure 6. It shows that
the activation energies in all fractional conversions
are about 47 6 2 kJ/mol which approves the Fried-
man results.
To find out the possible cause for the different

behavior of the two samples, an optical microscopy,
FTIR, and H-NMR analysis were carried out before
curing step. The first probability of this difference
could be related to the homogeneity of the system
prepared at room temperature, hence the polarized
optical microscopy was used for both samples and
the optical micrographs are shown in Figure 7. The
result revealed that the mixture was completely ho-
mogenous, the same as the ETM sample. It was
actually expected because the solubility parameters
of epoxy resin and DDM are the same [i.e., 20 (J/
cm3)0.5].29

Figure 2 DSC curves of the RTM sample cured at differ-
ent heating rates: (a) 2.5�C/min, (b) 5�C/min, (c) 7.5�C/
min, and (d) 10�C/min.

TABLE I
The Curing Characteristics of RTM Sample

Heating rate
(�C/min) Tonset (

�C) Tend (�C) Tp (
�C) DHtotal (J/g)

2.5 62.42 189.88 128 �656.5
5 74.22 220.11 147.35 �654.9
7.5 78.22 224.11 155.90 �656.6

10 104.76 242.02 165.51 �652.7

TABLE II
The Values of the Reaction Kinetic Parameters of RTM
Sample Obtained by Applying Autocatalytic Model

Kinetic
parameters k (s�1) Ea (kJ/mol) n m

5.36 � 10 7 54 1.3 0.5

Figure 3 Comparison of experimental data of RTM sam-
ple with the autocatalytic model at different heating rates.
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Another probability of this difference could be
related to the rearrangement of the chemical struc-
ture of the two samples during the preparation step.
The FTIR spectra of RTM, ETM, and DDM are
shown in Figure 8. By the comparison of RTM and
ETM spectra, one can notice a slight change in the
two regions of the wave number (about 1600 and
3400 cm�1) that are related to amine bonds. It can be
observed that the wave numbers related to amine
bonds shifted to a lower wave number for the ETM
sample. These shifts might be attributed to a hydro-
gen bond formation between DDM (NH-groups)
and epoxy resin (epoxide groups).30 In addition, for
supporting our claim, the H-NMR analysis was also
examined. The H-NMR spectra of RTM, ETM sam-
ples, DGEBA, and DDM are shown in Figure 9. It
can be observed that all the resonance signals have
been attributed to the corresponding protons of the
DGEBA and DDM structures. By the comparison of
RTM and ETM spectra, one can notice a slight
change in some regions that might be attributed to
NH-groups of DDM and epoxide groups. Because
the high temperature made the reactive groups
closer and facilitate the curing reaction of ETM. The

DSC results (Fig. 10) are also supporting justifica-
tion, because the onset reaction temperature of the
ETM sample was found to be lower (ca. 7�C) than
the one for RTM sample. Hence, the initial rate of
curing reaction of ETM is not zero, in contrast to the
one for RTM, and the best model for describing the
curing reaction can be Kamal’s equation.

PHYSICAL PROPERTIES AND
CURING PROCESS

In this section, the glass transition temperature of
the cured RTM sample is reported as one of the
most important physical properties and its depend-
ency on the conversion is revealed. Moreover, to
analyze and design the curing conditions of this

Figure 4 Comparison of experimental data of RTM sam-
ple with Kamal’s equation at a 10�C/min heating rate.

Figure 5 Friedman plots of lnðb da
dTÞ versus 1/T for

dynamic curing reaction of RTM sample.

Figure 6 The dependency of the activation energy on the
extent of conversion for the RTM sample from Vyazovkin
method.

Figure 7 The polarized optical micrographs of RTM and
ETM samples.
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system a time, temperature, transformation (TTT)
diagram is developed.

Glass transition temperature

During the curing of a thermoset resin, the glass
transition temperature, Tg, increases. Consequently,
Tg rises from the glass transition temperature of the
unreacted mixture to the glass transition tempera-
ture of the fully cured system. There is always a one
to one relationship between glass transition tempera-
ture and the extent of conversion. To determine the
relationship between the glass transition temperature
and the extent of reaction, a series of isothermal
DSC analysis were performed. In these experiments,
the samples were cured at different periods of time
(i.e., 1–13 min) and cooled to room temperature at a
rate of 10�C/min. Then these samples scanned in
the DSC setup from 25 to 250�C at the heating rate

of 10�C/ min. The results are shown in Figure 11.
As can be seen, the glass transition temperature of
fully cured samples prepared at ambient tempera-
ture is about 122.7�C, which is considerably less
than the one reported for ETM samples (i.e., 169�C).
The difference between the glass transition tempera-
ture of RTM and ETM samples is related to the dif-
ferent crosslinked structures of both samples. For
supporting our claim, the FTIR analysis was exam-
ined for both cured RTM and ETM samples and the
spectra are shown in Figure 12. As can be observed
the spectra have a significant difference at 1000–1300
cm�1 wavenumber that related to the ether bonds.
This result confirms that some etherification reaction
was occurred in the ETM sample, while this was not
happened for the RTM sample (it is in line with the
constant value of activation energy in the whole
range of conversion, based on isoconversional analy-
sis). Therefore the degree of crosslinking would be
higher for ETM sample in comparison with RTM
system. Worth mentioning that Tg can be attributed
to conversion by using the DiBenedetto equation
expressed in eq. (8)31:

Figure 8 The FTIR spectra of ETM, RTM samples, and
DDM.

Figure 9 The H-NMR spectra of ETM, RTM sample,
DGEBA, and DDM.

Figure 10 Comparison of DSC curves for RTM and ETM
samples at a 10�C/min heating rate.

Figure 11 The evolution of the glass transition tempera-
ture as a function of the extent of reaction for the RTM
sample.
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Tg ¼ Tg0 þ
ðTg1 � Tg0Þka
1� ð1� kÞa (8)

where a is the fractional conversion, Tg0 and Tg1 are
the glass transition temperatures of uncured and
fully cured system, respectively. This model employs
the ratio of segmental mobility for crosslinked and
uncrosslinked polymers, k, to fit the model curve to
the experimental data.32 When we fitted the experi-
mental results to this equation, the best value for k
was found to be 0.215, which is clearly lower than
the value of k reported for ETM sample (i.e., k ¼
0.485).7 The higher value of k (for ETM samples)
indicates that the mobility of uncrosslinked seg-
ments is lower or the mobility of crosslinked seg-
ments is higher. The decrease of uncrosslinked
segment mobility can be confirmed with formation
of hydrogen bonding as observed by FTIR results. In
addition, to investigate the mobility of crosslinked
segments, a DMA analysis was carried out for both
samples.

The obtained DMA curves for the samples are
shown in Figure 13. As discussed before, the average
molar mass between crosslinks was measured by

employing rubber elasticity theory [eq. (1)]. Based
on this equation, the values of Mc for RTM and ETM
samples were calculated to be 168.7 and 138.9 g/
mol, respectively, which confirmed the above men-
tioned claim. In addition, as can be observed, the
modulus of the rubbery region of RTM sample was
less than ETM sample. This reduction in the modu-
lus may be due to the reduction of matrix crosslink
density (XLD), which again approves the mentioned
justification and it can be assumed that about 20% of
crosslinked structure of ETM system is related to the
ether structure.

TTT diagram

To describe the different events (including gelation
and vitrification) occur during curing, a general con-
cept of a time, temperature, and transformation
(TTT) diagram was established and developed to
understand the curing process and glass transition
properties of the system. The TTT diagram that was
constructed for RTM sample is shown in Figure 14.
The isothermal curves of TTT diagram were
obtained from the isothermal DSC data which are
shown in Figure 15.
A rheological analysis was also used to determine

the gel point (Fig. 16). In this work, gelation was
assumed to occur when the dynamic complex

Figure 12 The FTIR spectra of cured ETM and RTM samples.

Figure 13 The DMA curves for RTM and ETM samples.

Figure 14 TTT isothermal cure diagram for RTM sample.

Figure 15 Conversion–time curves for RTM at different
curing temperatures.
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viscosity diagram had its inflection points. Combin-
ing the dynamic rheological data with the fractional
conversion data obtained by means of DSC, the
value for the fractional conversion at the gel point
was determined to be about 58% and consistent with
the amount that was calculated from Flory’s gelation
theory (i.e., 57%).

During the isothermal curing, vitrification conver-
sion (am) was calculated by using eq. (9), which is a
rearranged form of eq. (8). After the calculating of
am, the vitrification time was obtained by using the
conversion curve in isothermal DSC analysis (i.e.,
Fig. 15).

am ¼
Treact � Tg0

kðTg1 � TreactÞ þ ðTreact � Tg0Þ (9)

CONCLUSIONS

The obtained results revealed that the reaction
behavior of the epoxy/DDM system prepared at am-
bient and elevated temperatures was considerably
different from each other. The activation energy for
the samples prepared at ambient temperature was
found to be 54 kJ/mol (based on autocatalytic
model) and 48 6 2 kJ/mol (based on model free
kinetics). The Tg of the sample prepared at low tem-
perature was found to be 122�C which was clearly
less than the one for sample prepared at high tem-
perature (i.e., Tg ¼ 169�C). Also the value of k for
sample prepared at elevated temperature was found
to be higher than the one prepared at high tempera-
ture. The DMA results illustrated that the average
molecular weight between crosslinks of RTM sample
was more than that for ETM sample (168.7 and 138.9
g/mol, respectively) which is in agreement with the
results obtained for k. These results revealed that

the preparation temperature of epoxy/DDM samples
had a significant effect on the curing reaction behav-
ior and subsequently on the glass transition temper-
ature. Finally, critical temperatures such as Tg0, Gel
Tg, and Tg1 were evaluated and a complete isother-
mal TTT cure diagram of epoxy/DDM system was
constructed.
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