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Abstract. The curing kinetics and mechanism of epoxy novolac resin (DEN) and modified epoxy novolac resin (MDEN)
with methanol etherified amino resin were studied by means of differential scanning calorimetry (DSC), Fourier transforminfrared (FT-IR) spectroscopy and chemorheological analysis. Their kinetics parameters and models of the curing were
examined utilizing isoconversional methods, Flynn-Wall-Ozawa and Friedman methods. For the DEN mixture, its average
activation energy (Ea) was 71.05 kJ/mol and the autocatalytic model was established to describe the curing reaction. The
MDEN mixture exhibited three dominant curing processes, termed as reaction 1, reaction 2 and reaction 3; and their Ea
were 70.05, 106.55 and 101.91 kJ/mol, respectively. Besides, Ea of reaction 1 was similar to that of DEN mixture, while Ea
of reactions 2 and 3 corresponded to that of the etherification reaction between hydroxyl and epoxide group. Moreover,
these three dominant reactions were nth order in nature. Furthermore, their curing mechanisms were proposed from the
results of DSC and FTIR. The chemorheological behavior was also investigated to obtain better plastics products via optimizing the processing schedules.
Keywords: rheology, autocatalytic kinetic model, curing mechanism, activation energy

1. Introduction

still attracts great interest for both fundamental and
applied chemistry areas. Meanwhile, in the curing
reaction of epoxy resins, amino resins are widely
used as hardeners but the curing mechanism is still
not completely revealed [4–6]. Yong Lv et al. [7]
studied the curing kinetics of a diglycidyl ether of
bisphenol A with a methanol etherified amino resin,
but they did not discuss the origin of proton, which
is important to methanol etherified amino resin.
Besides, the curing process is related to the rheological behavior. The viscosity of curing system varies
not only with temperature and flow conditions but
also with reaction time. Therefore, in order to optimize the properties of the cured product, it is important to understand the relationship between the curing kinetics and rheological behavior of the entire
epoxy system.

Epoxy resins have been widely applied in many
areas such as aerospace and electronics industries in
the form of surface coatings, structural adhesives,
advanced composites and packaging materials due
to their well-balanced properties. For example,
epoxy resins possess excellent thermal stability,
moisture resistance, chemical stability, superior
electrical and mechanical properties and good adhesion to many substrates [1–3]. As well as known
properties, such as, the superior mechanical and
chemical properties of epoxy polymers are profited
from the complicated curing processes, in which a
low molecular weight oligomer is transformed into
an infinite molecular weight polymer forming a
three-dimensional network structure. Therefore, elucidation of the reaction mechanism of epoxy curing
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The curing kinetics analysis was conducted by a TA
Q20-1173 DSC thermal system (TA instruments,
New Castle, USA) with heating rates of 2.5, 5, 10,
and 15°C/min, respectively, and ranging from 50 to
300°C. Nitrogen gas was purged at a flow rate of
about 50 mL/min.
The chemorheological behavior was measured using
an Anton Paar MCR302 rheometer (Anton Paar
GmbH, Graz, Austria) with a heating rate of
2.5°C/min and ranging from 40 to 280°C.

Many efforts have been done to determine the appropriate models to describe the curing kinetics distinctly [8–12]. Because of the complex nature of
thermosetting reactions, phenomenological models
are the most popular for these systems. The simplest
models are those based on nth order kinetics. Another
widely used model is the autocatalytic expression.
Regarding rheological behavior, an advance was
made from the correlation between viscosity and
temperature that include kinetics and/or structure
information [13, 14]. However, there are few studies
to investigate the kinetic model from chemorheological behavior.
In our previous work, novolac epoxy resin of DEN
431 (abbreviated as DEN) was modified by phydroxybenzoic acid (PHBA). The modified novolac
epoxy resin (MDEN) was cured with amino resin to
prepare cured composites with superior thermal,
mechanical and dielectric properties [15]. In this
work, the curing kinetics, curing mechanism and
chemorheological behavior of DEN/amino resin
and MDEN/amino resin systems were further investigated to discuss their differences. The curing kinetics of the studied systems was examined by dynamic
differential scanning calorimetry (DSC) at different
heating rates, and the curing mechanism was proposed by the aid of the results of DSC and Fourier
transform-infrared (FT-IR) spectra. Simultaneously,
the chemorheological behavior was further investigated to optimize the process schedule.

2.3. Theoretical calculations
The heat flow measured in DSC is proportional to
both the overall heat release and the curing rate, as
shown by Equation (1) [16]:
dQ
da
5 Qthr 5 Qthrk1T 2 f1a2
dt
dt

(1)

where dQ/dt is the heat flow, Qthr is the total heat
released when an uncured material is brought to complete cure, da/dt is the curing rate, a is the extent of
reaction, k(T) is the rate constant, T is the temperature, and f(a) is the reaction model. For epoxy curing, f(a) is usually taken in the form of (1 – a)n (nthorder reaction) or of am(1 – a)n (autocatalytic
reaction). The explicit temperature dependence of the
rate constant is introduced by replacing k(T) with
the Arrhenius equation (Equation (2)):
da
E
5 Aexp a 2
b f1a 2
dt
RT

2. Experimental
2.1. Materials

(2)

where A is the pre-exponential factor, E is the activation energy, and R is the gas constant. When a sample is heated at a constant rate, the explicit temporal
dependence in Equation (2) is eliminated through
the transformation shown by Equation (3):

Novolac epoxy resin of DEN 431 with epoxy equivalent weight of 177–200 g/mol (Dow Chemical Company, Russellville, Arkansas, USA), methyl etherified amino resin of Cymel 303 (HMMM) (Cytec
Industry, Penfield, NY, USA) and 2-ethyl-4-methylimidazole (EMI-24) (Shanghai Chemical Reagent
Factory, Shanghai, China) were used as received
without further purifications. Modified DEN (MDEN)
was prepared according to our previous study [15].
These chemical structures were presented in Figure 1.

A
E
da
5 exp a 2
b f1a 2
dT
b
RT

(3)

where ! = dT/dt is the heating rate. Kinetics analysis of a nonisothermal resin-cured system can be
performed by the multiple !. Two different isoconversional methods employed in this study were as
follows, and the advantage of the two kinetics methods is that they do not assume a particular form of
the reaction model.

2.2. Characterization
The FT-IR spectra were recorded on a Bruker Vertex 70 spectrometer (Bruker Optik GmbH, Ettlingen, Germany) in the range of 4000–400 cm–1.

2.3.1. Flynn-Wall-Ozama method
The isoconversional integral method was also proposed independently by Flynn, Wall and Ozawa
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using Doyle’s approximation of the temperature
integral [17, 18]. This method is based on Equations (4) and (5):
lnb 5 ln aA
g1a2
g1a 2 5

a

ln3
Af1a2 4 5 ln c
ln3Af1a2

da

(5)

0

where g(a) is the integral conversion function.
This method has been used in present computations
of the activation energy at different values of conversion. Thus, for a constant a, the plot of (ln!) vs.
(1/T) obtained from DSC thermograms using various heating rates, should render a straight line where
the slope allows the determination of the apparent
activation energy. The experimentally evaluated values of the activation energy were used to determine
the appropriate kinetic model which best described
the conversion function of the process studied.

3. Results and discussion
3.1. Reaction activities of DEN and MDEN

The reaction activities of DEN and MDEN were
investigated by non-isothermal DSC with HMMM
and EMI-24 as curing agent and accelerator, respectively. It can be seen from Figure 2 that there was
no obvious exothermic peak appearing in the mixture of DEN/HMMM, which indicated that the reaction activity of the system was pretty low without
cross linking reaction happening. Besides, in the mixture of DEN/HMMM, one sharp endothermic peak
at about 155°C can be ascribed to the evaporation
of residual solvent in DEN or HMMM, such as an
ether. In contrast, there was a broad exothermic
peak existing in MDEN/HMMM system between
85 and 275°C, which implied that the reaction activity of MDEN/HMMM system was higher than that
of DEN/HMMM system. Interestingly, adding EMI24 into the DEN/HMMM system, one obvious exothermic peak at about 150°C with much narrower

2.3.2. Friedman method
The Friedman method is also used to determine a
kinetic model of the curing process [19]. The method
is based on Equation (6):
ln

Ea
da
da
5 lnb
5 ln3Af1a 2 4 2
dt
dT
RT

(7)

The value of ln[Af(a)] can be obtained from the
known values of ln[da/dt] and Ea/RT. Therefore, the
plot of ln[Af(a)] and ln(1 – a) yields a straight line
where the slope corresponds to the reaction order
(n). The intercept is the natural logarithm of the frequency factor if the reaction mechanism is nth-order
kinetics. Otherwise, for autocatalytic process, the
Friedman plot would reveal a maximum of ln(1 – a)
approximately around –0.51 to –0.22 which is equivalent to degree of curing (a) of about 0.2–0.4. This
is due to the autocatalytic nature that shows the maximum reaction rate to be at 20–40% conversion.

Ea
Ea
b 2 lng1a 2 2 5.331 2 1.052 a b (4)
R
RT

# f1a2

Ea
da
d 1
5 lnA 1 nln11 2 a2
dt
RT

(6)

In case of the nth-order reaction, Equation (6) was
transformed into Equation (7):

Figure 1. Chemical structures of HMMM, EMI-24, DEN
and MDEN

Figure 2. DSC curves based on the systems of DEN mixture and MDEN mixture at 10°C/min
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temperature zone was present in the DSC curve.
The higher reaction activity of MDEN was resulted
from the phenol hydroxyl which could offer the
acidic environment.

In order to verify the origin of the low temperature
peaks identified with arrow, the curing of DEN/
EMI-24 systems was also traced at the same heating
rates as shown in Figure 3b. It could be seen that
the peak temperatures of DEN/EMI-24 were the
same as these of DEN/HMMM/EMI-24 at lower
temperature area at respective heating rates. Generally, imidazole with low content was used to catalyze and study the etherification. Heise and Martin
[21] found that the –OH-adduct reaction occurred
only for 1-unsubstituted imidazoleles (such as EMI24) with a shoulder on the main exothermic peak at
low EMI-24 concentrations. However, for the 1substituted imidazoles, the OH-adduct reaction did
not occur; only the O¯-adduct reaction occurred
through 3-N with the epoxide ring without similar
shoulder. Regrettably, Heise and Martin [21] did
not explain why OH-adduct reaction could form a
shoulder and O¯ adduct reaction could not form a
shoulder. These observations were consistent with
the results of Ooi et al. [4]. The curing mechanism
of DGEBA/EMI-24 was studied by Chen and Liu
[22] and they revealed that the whole curing reaction
was divided into two independent stages. OHadduct reaction and O¯-adduct reaction were
responsible for the first exothermic peak and etherification reaction led to the second exothermic peak.

3.2. Non-isothermal reactions of
DEN/HMMM/EMI-24 and MDEN/HMMM
The non-isothermal DSC curves for the epoxy resin
system examined in the study at different heating
rates ranging from 2.5 to 15°C/min were shown in
Figures 3a, 3b and 3c. It can be found that two exothermic peaks were observed in the curing process
of DEN/HMMM/EMI-24 as shown in Figure 3a.
This phenomenon was conflicted with the curing
reaction of common epoxy-amine system. For example, according to previous work of Sbirrazzuoli et
al. [20], only a single exothermic peak was found in
the stoichichiometric epoxy-amine system and the
epoxy system with excess of amine. Besides, the
onset, peak, and final cure temperature of exothermic
peaks shifted to higher temperature area with
increasing heating rates. This result can be ascribed
that lower heating rates offered longer time for the
reaction of chemical groups. However, at higher
heating rates, there was not enough time for curing
and therefore the DSC curves shifted to a higher
temperature to compensate for the reduced time.

Figure 3. Non-isothermal DSC curing behavior of (a) DEN/HMMM/EMI-24, (b) DEN/EMI-24, (c) MDEN/HMMM and
(d) their curing reaction rates at the heating rate of 5°C/min
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However, the common results of previous work
were that the first exothermic peak got smaller and
smoother with the decrease of the concentrations of
1-unsubstituted imidazoles. In the previous study
reported by Ooi et al. [4], it was difficult to observe
that the lower temperature peak or shoulder was
present at 1 wt% of 2-PhI. Therefore, it was understandable that no lower temperature peak or shoulder occurred in the DEN/EMI-24 system and the
corresponding curing mechanism has now been
generally accepted without debate. From Figure 3a
and 3b, it could be concluded that the first exothermic
peak was attributed to the reaction between DEN
and EMI-24, and the main peak was due to the reaction between DEN and HMMM.
Figure 3c represented the dynamic thermograms of
MDEN/HMMM system. Each of the DSC runs
showed a broad exothermic peak with shoulders,
which likely suggested that the non-isothermal
reaction can be considered as a combination of different kinetics process from a statistical viewpoint
[23]. Compared to DEN/HMMM/EMI-24, the value
of heat flow was relatively low and stable during
the whole curing process, which indicated the curing reaction was relatively mild. It would need
much more time to complete the curing and decrease
the internal stress during curing. This curing reaction behavior was further verified as shown in Figure 3d. For curing of DEN/HMMM/EMI-24 at the
heating rate of 5°C/min, the maximum curing rate
reached 0.004 s–1, which was fivefold than that of
MDEN/HMMMM (about 0.0008 s–1). On the other
hand, it needed about 2000 s to complete the curing
reaction for the system of MDEN/HMMM at the
above condition.

form for the reaction model, these methods allow
for evaluating Ea as a function of conversion (a). This
Ea-a correlation usually corresponded to change of
reaction mechanisms; it may reflect relative contributions of parallel reaction channels to overall reaction kinetics [24, 25]. In this work, Flynn-WallOzawa method was employed to analyze the mechanism of the non-isothermal reaction. Based on
Equation (4) through linear fitting of ln(!) versus 1/T,
the values of Ea were obtained for a particular a.
The variation of Ea with the conversion (a) and that
of conversion with temperature were shown in Figure 4. It could be observed that the values of Ea varied with the increase of a and exhibited a significantly changing characteristic during the curing
reaction. For DEN/HMMM/EMI-24, the curing
process was characterized by a decrease in Ea from
!80 to !50 kJ/mol. The decrease of Ea implied that
the rate determining step of curing changed to a
process with smaller Ea [26]. The curing rate was
generally controlled by the rate of chemical reaction and the diffusion of reactants. When the molecular motion was hindered and molecules only experienced a series of diffusion jumps to engage in a
chemical reaction, the diffusion became a rate determining factor. Therefore, the decrease in Ea was
attributed to diffusion control [20]. An interpretation of this behavior of Ea variation with conversion
was an apparent decrease in molecular mobility and
the polymer gels or due to a kinetic compensation
effect has been reported [23]. To eliminate these
effects, the mean value of the Ea at the conversion
of curing in ranges of 0.1–0.5, was found to be
71.05 kJ/mol, which was quite typical for epoxy/
amine copolymerization [25]. However, for the sys-

3.3. Kinetic model
From the aforementioned DSC results, it could be
seen that MDEN had wider temperature range to
complete the curing reaction, which indicated that
their curing mechanisms were also different. In
order to reveal their differences, the kinetic model
was examined utilizing isoconversional methods. It
was known that the reaction activation energy (Ea)
represented the potential barrier and the evolution
of the curing reaction [8]. As shown previously for
epoxy curing, model-free iso-conversional kinetics
analysis could allow one to yield reliable kinetics
parameters as well as to accomplish agreement with
isothermal data. Without assuming a particular

Figure 4. Variation of Ea on the conversion and the dependence of the conversion on temperature at the heating rate of 5°C/min for DEN/HMMM/EMI-24
and MDEN/HMMM systems
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tem of MDEN/HMMM, the Ea of the curing process
increased to !106 kJ/mol from the value of
!61 kJ/mol. The increase in Ea indicated that chemical reaction was still a rate determining factor.
Although, increase of the conversion resulted in the
higher glass transition temperature (Tg) of the polymer products, as soon as the actual experimental
temperature rose above the Tg, which did not result in
the appearance of glass transition effect [27]. In
MDEN/HMMM system of Figure 3d, the curing rate
was so low that the curing did not increase the Tg
obviously, and then the influence of chemical reaction on Ea outweighed that of the diffusion, which
resulted in the increase of Ea. Besides, for MDEN/
HMMM system, the mean value of Ea can be calculated as mentioned above method as 77.44 kJ/mol.
From the curve of conversion vs. temperature, it
can be seen that the extent of conversion in DEN/
HMMM/EMI-24 was higher than that in MDEN/
HMMM at the same temperature. This was consistent with the difference in the Ea and higher Ea
value would lead to higher barrier [24].
To construct the kinetic model, the kinetics analysis
of DSC curves was carried out by separating of the
three dominant overlapping exothermic peaks using
Gaussian distribution equation and analyzing the distinct characteristic of each exothermic peak. As an
example of MDEN/HMMM, the DSC thermogram
(solid line) and the calculated data (dashed line)
with three resolved peaks were illustrated in Figure 5a, at a heating rate of 5°C/min [23, 28]. According to Flynn-Wall-Ozawa method, the variation of Ea
for the three reactions at different conversion was
shown in Figure 5b. It can be seen that the Ea values
tended to increase with the increase of conversion
for reaction 1 and the Ea values kept at a more comparative steady state for reactions 2 and 3. Besides,

the mean Ea value (70.05 kJ/mol) for reaction 1 was
almost the same as that (71.05 kJ/mol) of DEN/
HMMM/EMI-24. This implied that the mechanism
of reaction 1 was similar or same as the reaction of
DEN/HMMM/EMI-24. By the aid of the catalyst
(H+), the –OCH3 reacted with epoxide group and
hydroxyl group as shown in Figure 9. Meanwhile,
the mean Ea values for reactions 2 and 3 were
106.55 and 101.91 kJ/mol, respectively, which were
in excellent agreement with those reported for
etherification by Cole et al. [29] (101.4 kJ/mol) and
Sbirrazzuoli et al. [30] (104 kJ/mol). This corresponding etherification was shown in Figure 9.
Because the constancy of Ea indicated a single limiting process, reaction 2 was attributed to the ringopening reaction of epoxide with phenol hydroxyl,
and reaction 3 resulted from the ring-opening reaction of epoxide with hydroxyl activated by neighboring carbonyl group. From the chemical structure
of MDEN, it could be seen that etherification may
occur intramolecularly, which was influenced somewhat by diffusion.
In our case, the average Ea value obtained from
Flynn-Wall-Ozawa method was used for the determination of the reaction order of the DEN/HMMM/
EMI-24 and MDEN/HMMM. In general, the mechanisms of thermoset curing were classified into two
major kinetic reactions, an nth-order and an autocatalytic reaction. Friedman method was usually
employed to construct kinetic model. Figure 6
depicted Friedman plots as an exemplification of
DEN/HMMM/EMI-24, the reactions 1, 2 and 3 of
MDEN/HMMM at a heating rate of 5°C/min. For
DEN/HMMM/EMI-24, since ln[Af(a)] and ln(1 – a)
were not linearly related and evidently showed a
maximum in the range of the degree of conversion
mentioned above. All the results suggested that cur-

Figure 5. (a) DSC thermograms of MDEN/HMM recorded at 5°C/min and (b) values of the Ea of MDEN/HMMM obtained
from Flynn-Wall-Ozawa method at different conversion of curing
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ing reaction was autocatalytic in nature. The autocatalytic nature can be explained by the transformation of protons. For reactions 1, 2, and 3, ln[Af(a)]
and ln(1 – a) were perfectly linearly related in the
range of the degree of conversion mentioned above,
which indicated that all reactions were nth order in
nature.
For the nth-order model, the kinetics parameters n
and A could be obtained by the slope of the linear
dependence ln[Af(a)] vs. ln(1 – a), according to the
Equation (7). The results of the kinetics parameters
for reaction 1, reaction 2 and reaction 3 were listed
in Table 1.
For the autocatalytic model, Equation (6) was transformed into Equation (8):
ln3
ln 3 Af1a2 4 5 ln c

Ea
da
d 1
dt
RT

5 lnA 1 nln11 2 a2 1 mln1a
mln1a22

(8)

Equation (8) can be solved by multiple linear regression, in which the dependent variable was ln(da/dt),
and the independent variables were ln(a), ln(1 – a)
and 1/T. The results of the multiple linear regressions analysis for DEN/HMMM/EMI-24 were listed
in Table 2. It can be seen that the variations of A, m,
and n with the heating rate were in the same ranges
as those reported by Hardis et al. [13].

Figure 6. Plots of ln[Af(a)] vs. ln(1 – a) of DEN/HMMM/
EMI-24 and MDEN/HMMM based on the Ea
from Flynn-Wall-Ozawa method at a heating rate
of 5°C/min

3.4. Isothermal FTIR analysis
To elucidate the cross-linking mechanism, FTIR
spectroscopy could be employed to track the changes
of chemical bonds during the process of curing
reaction. The rotation and vibration information was
very specific to the chemical bonds, and the peaks
in the spectrum corresponded to certain chemical
bonds allowing simple identifications. The relative
intensity of peaks was also directly proportional to
the relative concentration of the components in a
sample [31–33]. Isothermal FTIR analysis of the curing of DEN/HMMM/EMI-24 and MDEN/HMMM

Table 1. The kinetics parameters evaluated and their standard deviation (SD) for the curing of MDEN/HMMM system

Reaction 1

Reaction 2

Reaction 3

Heating rate
[°C/min]
2.5
5
10
15
2.5
5
10
15
2.5
5
10
15

E/SD
[kJ/mol]

ln!A
[s–1]
16.14
15.96
16.34
16.57
23.91
24.38
24.31
24.45
20.10
20.03
19.94
20.11

70.05/5.85

106.55/1.57

101.91/0.37

Mean/SD

16.25/0.26

24.26/0.24

20.04/0.08

n

Mean/SD

1.31
1.21
1.25
1.20
1.43
1.61
1.64
1.62
1.28
1.23
1.27
1.27

1.24/0.05

1.58/0.10

1.26/0.04

Table 2. The kinetics parameters evaluated and their standard deviation (SD) for the curing of DEN/HMMM/EMI-24 system
Heating rate
[°C/min]
2.5
5
10
15

E/SD
[kJ/mol]
71.05/4.24

ln A
[s–1]
17.90
17.73
18.11
17.52

Mean/SD

n

17.82/0.25

2.13
2.11
2.59
2.33

101

Mean/SD

m

Mean/SD

2.29/0.22

1.18
1.13
1.48
1.21

1.25/0.16
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with definite curing temperatures (160 and 200°C)
and different curing time (0, 30, 45 and 60 min) were
shown in Figures 7a, 7b and 7c, respectively. To the
three samples, the specific peak at 1550 cm–1 attributed to stretching vibration of triazine ring remained
unchanged throughout the curing reaction and could
be considered as an internal standard. Meanwhile,
their corresponding changes of group intensity at
various times were also depicted in Figures 7d, 7e
and 7f. The peaks at 915 cm–1 were corresponded to
the epoxide group and the intensity was observed to
decrease over time during the curing reaction. The
decrease can be explained by the opening of the
epoxide group in the curing process. Besides, it can
be found that the characteristics peak at 1385 cm–1

assigned to –CH3 stretching vibration in amino
resin also decreased due to its reaction with epoxide
group and hydroxyl group. Surprisingly, the peaks
at 3447 cm–1 assigned to –OH stretching vibration
increased over time in DEN/HMMM/EMI-24 system, which was due to the higher reaction activity
of epoxide than that of hydroxyl, and the produced
–OH was more than the consumed –OH, and these
–OH increased the polar of cured polymer [34–37].
The relative high polarity of –OH resulted in high
dielectric constant and water absorption, and the
results were consistent with our previous works [15].
While in MDEN/HMMM system, the –OH decreased
over time, and the higher curing temperature
improved the conversion rate of reactive groups.

Figure 7. FTIR spectra of three samples at various curing time and their relative intensity change of different reactive
groups: DEN/HMMM/EMI-24 at 160°C a, d; MDEN/HMMM at 160°C (b, e); MDEN/HMMM at 200°C (c, f)
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3.5. Mechanism of DEN/HMMM/EMI-24 and
MDEN/HMMM
According to the above results of DSC, FTIR and
other relative studies [7, 21, 22, 38], the mechanisms of DEN/HMMM/EMI-24 and MDEN/HMMM
were proposed as shown in Figures 8 and 9. From
Figure 8, it could be seen that the transformation of
proton can afford the acidic environment to assist
the reaction between DEN and HMMM. Besides,
due to the higher activity of epoxide, the produced
–OH was more than the consumed –OH. Therefore,
these mechanisms could explain that the kinetic
model was autocatalytic and the cured DEN resin
had higher dielectric constant and water absorption.

Furthermore, from Figure 9, it was observed that
phenol hydroxyl can afford the acidic environment,
therefore, the phenol hydroxyl and the hydroxyl activated by carboxyl could attack the epoxide and
methoxy group, which made the cross linking in
intermolecular and intramolecular simultaneously.
Compared with DEN/HMMM/EMI-24, the viscosity had less effect on the reaction in MDEN/
HMMM, which could illustrate that the Ea increased
with conversion.

3.6. Analysis of chemorheological behavior
In order to relate the viscosity of the reactive system
to the reaction kinetics, the oscillatory shear flow

Figure 8. Proposed mechanism for the cure of DEN/HMMM/EMI-24

Figure 9. Proposed mechanisms for the cure of MDEN/HMMM
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measurements were performed under non-isothermal condition as the thermocalorimetric measurements. The complex viscosity and the conversion as
function of the temperature were plotted in Figure 10. At the beginning, the complex viscosity
decreased with temperature, and then a lowest viscosity was obtained at a certain temperature. Thereafter, a very rapid increase of the viscosity was
observed with obvious gelation. The following
plateau in complex viscosity with temperature
appeared ascribing to the dynamic modulus [14].
Besides, for DEN/HMMM/EMI-24, when the conversion (a) was below 0.2, the low complex viscosity cannot hinder the diffusion of molecule chains.
Therefore, the curing was controlled by chemical
reaction in this region. Meanwhile, when the conversion (a) was above 0.2, the viscosity increased
rapidly with conversion, the diffusion of molecule
chains got difficult, and the curing reaction was controlled by diffusion. Oppositely, for MDEN/HMMM,
even the conversion (a) reached to 0.9, the viscosity
was too low to hinder the diffusion of molecular
chains. Therefore, the cure reaction was controlled
by chemical reaction during almost the whole
process. All these results were consistent with Ea.
Moreover, the lowest viscosity can be considered as
the watershed in control mechanism of viscosity.
Before the watershed, the viscosity was sensitive to
temperature and could be controlled by temperature. Therefore, this mode was called physical mechanism of viscous falling. After the watershed,
increased temperature could only change the trend
in viscosity increase and not decrease the viscosity

of reactive system; this mode was called chemical
mechanism of viscous increase. These control mechanism could conduct us to obtain better plastics
products during resin molding [39, 40].

4. Conclusions

The curing kinetics of epoxy novolac resin (DEN)
and modified epoxy novolac resin (MDEN) with
methanol etherified amino resin were studied. The
curing reaction of DEN resin mixture was autocatalytic in nature, due to the transformation of protons
and its average Ea was calculated to be 71.05 kJ/mol.
The curing of MDEN resin mixture was consisted
of three dominant reactions (reactions 1, 2 and 3),
as evidenced by the presence of two shoulders in
the DSC thermograms. Thereinto, the activation
energy value of the reaction 1 was similar to that of
the DEN resin curing; the activation energy values
of reactions 2 and 3 were almost constant (106.55 and
101.91 kJ/mol, respectively), which were close to
those of etherification. The reaction 2 was attributed
to the ring-opening reaction of epoxide with phenol
hydroxyl, and the reaction 3 was resulted from the
ring-opening reaction of epoxide with hydroxyl
activated by neighboring carbonyl group. Their possible mechanisms were proposed via the results of
FTIR and DSC. At last, chemorheological behavior
was also characterized to instruct us preparing better plastics products via controlling viscosity.
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