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Abstract

Isothermal and dynamic differential scanning calorimetry (DSC) was exploited to study the curing behavior of diglycidyl
ether bisphenol-A epoxy resin with various combining ratios of dicyandiamide (DICY) and nadic methyl anhydride
(NMA). Curves of prepared samples indicated that the enthalpy of the reaction decreased with increasing the molar ratios
(NMA/DICY) up to 40% after which an exothermic peak peculiar to the effect of anhydride appeared at a higher
temperature. The curing behavior examination of the samples containing the aforementioned molar ratio of NMA/DICY
(= 40%) was carried out using isothermal condition at different temperatures (130—145 °C) and dynamic condition DSC at
various heating rates (2.5-20 °C min~"). Under the isothermal condition, by constructing a master curve, the values of
activation energy (E,) and pre-exponential factor (A) were calculated 89.3 kJ mol 'and 1.2 x 1072 571, respectively. The
activation energy of the curing reactions in a dynamic mode was obtained 85.32 kJ mol™' and 88.02 kJ mol~" using
Kissinger and Ozawa methods, respectively. Likewise, pre-exponential factors were also calculated 3.35 x 10™® and
7.4 x 10 ™ 57! respectively. The overall order of reaction for both conditions was found to be a value around 3.
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Introduction high-performance epoxy composites. DSC analysis is a
thermo-analytical technique that relates the heat flow

For unique mechanical, chemical and heat-resistant prop-  changes with the reaction rates of the resin during the

erties, epoxy resins are widely used in prepregs composite
applications. Epoxy resins belong to polyether families
having more than one epoxy group capable of reacting with
a curing agent to form three-dimensional cross-linked
structures [1, 2]. The final properties of the product are
strongly influenced by the degree of cure which, in turn, is
largely determined by curing conditions (such as curing
time and temperature) [3—6]. For this reason, determining
the curing kinetic parameters and finally selecting an
optimal curing cycle is a key factor for manufacturing
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curing process [3, 4, 7]. Isothermal and dynamic DSC
modes are two different approaches that could be applied to
examine the cure kinetics of an epoxy resin. During
isothermal scanning, the sample is maintained at a constant
temperature for various time intervals, whereas dynamic
measurements involve heating the sample at a constant rate
over a desired temperature range [4, 5]. Dynamic DSC
measuring the sample heat flow and total heat flow rates as
a function of temperature provides more reliable informa-
tion than the isothermal mode [1, 8]. In general, the degree
of cure, a, is generally proportional to the ratio of the heat
released by cross-linking at given time (AH;) to the total
amount of heat generated during a complete reaction,

ie (O( = Aé[l!-l:l) [9, 10]. The heat of curing reaction is

achieved by integrating the total area of the heat flow
curve. Isothermal heat flow data are obtained either by the
residual heat or by the reaction heat at a particular time
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[11, 12]. N-order and autocatalytic mechanisms are two
kinetic models in DSC cure analysis which are able to
anticipate the characteristic features of the curing system
for a given cure cycle. Among several proposed models to
characterize the curing conversion-dependence function,
the simplest one is f(a) = (I — )" for nth order and
f(o) =o™(1 — )" for autocatalytic systems [8, 11, 12].
The values of m and n indicate the symmetry and shape of
the observed reaction rate curve, respectively.

The maximum rate of an nth order reaction will take place
at the beginning of the reaction, whereas the autocatalytic
reaction will exhibit its maximum rate in the intermediate
conversion stage of the reaction [2, 11]. Curing kinetic
parameters of n-order could be obtained from both the
isothermal and dynamic methods, in contrast, in the case of
autocatalytic order reactions, they should be manipulated
solely by isothermal method [13]. In an isothermal approach,
the conversion-dependent part of the rate equationf (o),
could be determined by transforming the experimental data
obtained from different temperatures into a master curve
according to the following equation [11, 13]:

(%)
do diy =0l

—=——="f(a) (1)
dr,  f(om)

where dimensionless time ¢, is the ratio of a particular time
of the reaction (¢) to the time () in which the maximum
reaction rate (o,) appears.

In non-isothermal DSC measurements carried out at
different heating rates, it is common to express the reaction
rate as a function of heating rate as the following equation
[11, 13]:

dot

dr
exp (lnA - ln(%)p—s—ln (oc;”(l - ozp)">> X (g—T)pexp(—%)f(a)

- ,B(ocgl(l focp)n)

[}

where ff = % and the subscript “p” stands for the maxi-
mum peak in DSC (7},) for each heating rate. This equation
relates the derivative of a degree of cure with respect to
temperature (g—%) to the heating rate and model parameters.
From the dynamic DSC measurements, the Arrhenius
parameters could be evaluated by the variable heating rate
method of Ozawa and Kissinger in which the activation
energy and pre-exponential factor are considered to be
constant [2, 11]. In these methods, kinetic parameters are
estimated with no knowledge of the degree of conversion
and conversion-dependant function as ensuing [2]:

E
In ﬁz = C — - Kissinger eq. (2)
T2 RT,

@ Springer

E
1 — /. a
) = ¢~

Ozawa eq. (3)

These methods, also, assume that more reliable data are
obtained merely for the peak maxima in DSC (T},) for each
heating rate. By plotting the left side of each equation
Tlp, activation energy could be calculated by the
slope of the linear plot.

Several works have been reported to specify the cure
reaction kinetic and monitor the curing process of either
dicyandiamide (DICY)-cured [14—-19] or Nadic methyl
anhydride (NMA)-cured [20-27] epoxy resins.

Sacher [14] investigated the effect of DICY on the cure
kinetics of epoxy resin based on bisphenol-A in a range of
temperatures exploiting DSC technique. Schneider [16]
studied the curing behavior of an epoxy resin containing
commercial DICY as a curing agent by differential scan-
ning calorimetry (DSC). The cure kinetics and synergistic
impact of NMA along with some certain mercaptans upon
the curing of epoxy resin were also studied [20]. The curing
behavior of epoxy glass-reinforced prepreg/DICY system
was examined by Hayati et al. [2, 11]. They reported the
apparent activation energy and overall reaction order
according to both isothermal and dynamic DSC methods.
No report, however, upon investigation of the curing
kinetic parameters of an epoxy resin based a mixture of
DICY and NMA has yet been published in the literature.
Therefore, the objective of this work is to study the effect
of NMA on the cure kinetics of epoxy/DICY applied for
prepreg composites. For this purpose, a series of epoxy
samples based on diglycidyl ether of bisphenol-A
(DGEBA), DICY and NMA were prepared. The curing
behavior of the samples was characterized by the utiliza-
tion of isothermally and dynamically obtained thermo-
grams. Under the isothermal condition, the two techniques
of isoconversion and a reduced plot was adopted to obtain
the cure kinetic parameters. The kinetic parameters of
epoxy resin in dynamic cure fashion are also derived by
fitting the data upon the Kissinger and Ozawa approaches.

versus

Experimental
Materials

Diglycidyl ether bisphenol-A (DGEBA, LY556, epoxy
equivalent = 183-189 geq™') was purchased from
Huntsman (Germany). The curing agents, dicyandiamide
(DICY) and nadic methyl anhydride (NMA) are supplied
by Sigma-Aldrich Co. and Korean Kukdo Co., respec-
tively. 2-Methyl imidazole as an accelerator supplied by
Sigma-Aldrich.
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Sample preparation

All samples utilized for thermal analysis were prepared at
room temperature as follows: The epoxy resin and the
DICY were mixed together in a vial for 5 min. The NMA
at different mole ratios of DICY/ NMA was added to the
mixture and mixed for 10 min to prepare the samples. The
mixing was slow enough to avoid air trapping. Table 1
represents the various mole ratios of DICY/ NMA
per 100 g of epoxy resin in different samples (coded by
ESs in which the index “x” represents the number of
samples). The upper limits for the amount of hardener (7 g
for DICY and 94 g for NMA) are selected based on several
works from the literature [3, 5, 28].

Differential scanning calorimetric (DSC) analysis

Isothermal and non-isothermal curing kinetics were carried
out using a DSC (Mettler toledo star, Swiss) instrument
which was calibrated via indium. 10-20 mg sample was
put into an aluminum pan, sealed and then placed in the
DSC chamber. An empty pan was used as a reference. The
experiments were performed under a constant flow of
nitrogen of 20 mL min~' used as purge gas. The sample
was quickly heated up to the desired cure temperature (130,
135, 140, and 145 °C) and then isothermally kept at that
temperature for various times. Following this scan, the
DSC cell was rapidly cooled down to room temperature
and then reheated to 275 °C at 10 °C min~"' to measure the
residual heat of the reaction. The dynamic DSC runs were
carried out at different heating rates ranging from 2.5 to
20 °C min~'. The curves were obtained and analyzed.

Results and discussion
Isothermal analysis

In order to study the curing behavior of the epoxy resins,
the first step is to investigate the effect of the addition of
NMA to DICY/epoxy by analyzing dynamic cure DSC
curves (over the temperatures in the range from 20 to
400 °C using heating rate of 2.5 °C min~'). Figure 1
shows the changes of the enthalpy of reaction versus the
moles of DICY/NMA. It could be seen that there is a

0 T T T T
0 20 40 60 80 100

Mole fraction of NMA/%

Fig. 1 The change in enthalpy of reaction with the mole fraction of
NMA in curing system

decrease in the heat of reaction (AH;) once the mole ratio
of DICY/NMA added in epoxy/DICY system is increased.

This could be explained by the endothermic nature of
reaction between the epoxy and anhydride groups accord-
ing to the following mechanism (Scheme 1).

As the mole ratio of DICY/NMA exceeds 40%, an
exothermic reaction heat (AH,) starts at a higher temper-
ature compared with that of (AH,). It reveals that the epoxy
samples containing the higher content of NMA demand a
post-curing operation. Consequently, an optimum mole of
NMA should be chosen such that the heat reaction peak at
the higher temperature (AH,) disappears. Hence, it is
expected that the breakpoint of the AH, curve with 40%
mole fraction of NMA should be selected as the optimal
sample (i.e., ECs).

A DSC dynamic scan in a heating rate of 5°C min™
(from 30 to 350 °C) was performed on this sample. It is
essential to select appropriate temperatures for isothermal
curing analysis. Table 2 presents the flow heat curve
characteristics of the dynamic DSC curve of the sample
with 40% mole fraction of NMA.

According to the table, the temperature, in which the
isothermal DSC experiment fulfilled, could be selected in
the first part of the exothermic peak, i.e., 130, 135, 140, and
145 °C. The cure integration of isothermal DSC experi-
ments at higher temperatures may be inaccurate due to a
significant fluctuation.

1

Table 1 Different mole ratios of DICY/ NMA for preparation of the sample

Samples ES[ ESz ES3 ES4 ES5 ESG ES7 ESS ESQ ES]O ES]] ES]2
Moles ratio of DICY/ 1/0 0.9/ 0.8/ 0.7/ 0.6/ 0.47/ 0.32/ 0.22/ 0.14/ 0.08/ 0.05/ 0/1
NMA 0.1 0.2 0.3 0.4 0.53 0.68 0.78 0.86 0.92 0.95
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Scheme 1 The mechanism of the reaction between epoxy group and anhydride groups in NMA

Table 2 The flow heat curve

. Initial temperature/°C ~ 120.02

characteristics of the sample
with the heating rate of Peak temperature/°C 157.14
5 °C min~" Final temperature/°C 238.40
Cure enthalpy/J ™" 446.17

The evolution of conversion data calculated by Eq. (1)
is shown in Fig. 2. It seems that the reactions at all four
temperatures are incomplete. As expected, the conversion
at any given time is increased with temperature. All curves
exhibit a typical sigmoid shape indicating an autocatalytic
curing kinetic mechanism in the epoxy samples.
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Fig. 2 The evolution of epoxy conversion with time at different
isothermal temperatures
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The rates of cure reaction are achieved by virtue of
differentiating the cure degree curve with respect to time.
Figure 3 demonstrates the reaction rate versus conversion
at various temperatures. As it is obvious, the reaction rates
pass through a maximum at a conversion about 20% and
then decreases with increasing curing degree. Such
behavior is characteristic of an autocatalytic reaction
mechanism in which initial reaction rate is zero.

The maximum value of the reaction rate is also found to
increase with an increase in temperature.

However, the maximum rate conversion, «,,, where the
maximum reaction rate is observed (~20%), remains vir-
tually unaffected by the changes of temperature. The

---130°C
401 L= ——135°C
TS 140 °C
/ TN —-—-145°C
/ RN
30 0N

Reaction rate/s™!

0.0 02 04 06 08 1.0
Conversion

Fig. 3 The epoxy reaction rate versus conversion at different cure
temperatures under isothermal condition
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activation energy values of the curing could be acquired
with the isoconversional method [29-31]. For this purpose,
the logarithm of the times (Ln(z)) required for reaching the
same conversion at various isothermal temperatures is
plotted versus % Such plots are given in Fig. 4.

As shown, the time to reach the same conversion
decreases in a linear fashion with increasing temperature.
The slope of each line provides the reaction activation
energy as given in Table 3.

It could be seen that the activation energies remain
approximately constant and are close to their average
value, i.e., 90.5 kJ mol~'. This activation energy is con-
sistent with the experimental values found in the literature
for different epoxy resin systems [8, 11, 13]. Extrapolating
these lines back to the In(f)-intercept could be utilized so as
to calculate the pre-exponential factor A. Prior to that, the
conversion-dependence function should be determined. In
this regard, the times illustrating the maximum reaction
rate (f,) at each isothermal temperature are obtained from
Figs. 1 and 2.

4.5

1.0

T T T
0.00238 0.00244  0.00246  0.00248

1/T/K-"

T T
0.00240  0.00242

Fig. 4 Iso- conversion times as a function of 1/T. The calculated
lines slope corresponding to activation energies is summarized in

Table 3

The do/df values are multiplied by t,, to acquire reduced
rate and construct single master curve. Figure 5 demon-
strates the experimental data obtained at different isother-
mal temperatures that are fitted onto a single curve (master
curve) reflecting conversion-dependence contribution of
the cure reaction (f(o)). In order to determine conversion-
dependence function, the values of o, =0.2 and
(S—Z)x:xm = 0.0092 are read from Fig. 5 and used in Eq. 1.

Using a linear data regression based on Levenberg—
Marquardt algorithm method, the reaction orders m=0.7,
n = 2.3 are determined to fit the experimental master
curve.

According to Eq. 2, the reaction rate (do/dr) has a linear
dependence on conversion-dependence function. Figure 6
indicates the linear plot of de/dt vs f(a) providing the
reaction rate constants from the slopes for the four
isothermal experiments.

Eventually, the kinetic parameters (E and A) are deter-
mined according to the Arrhenius equation by plotting the
obtained reaction rate constants against 1/T as shown in

Fig. 7. As a result, A = 1.2 x 10° and E = 89.3 kJ mol ™!
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0.008

Reduced rate
o
o
o
Q

o

o

o

=
1

0.002

0.000 T T T
0.0 0.2 0.4 0.6 0.8 1.0

conversion

Fig. 5 Reaction rate reduced time plot (master curve) of epoxy
composites with the reference time of maximum conversion
(0max = 0.2) compared with model Eq. (1)

Table 3 The epoxy system isoconversion times, activation energy, and total heat of reaction obtained from isothermal DSC experiments

Temperature/°C 10% 20% 30% 40% 50% 60% 70% 80% 90% AH;,

g
130 8.42 10.6 12.68 14.83 17.3 2025 242 31.37 65.75 337.05
135 6.08 7.6 9.2 10.85 12.73 15 18.09 23.5 452 347.7
140 3.95 5.07 6.15 7.35 8.78 10.57 12.95 16.8 28.6 356.4
145 3.8 4.7 5.6 6.6 7.8 9.3 11.3 14.6 25.05 358.8
Activation energy/kJ mol ™" 88.9 89.85 91.7 90.5 87.3 85.6 92.8 93.5 94.07

@ Springer



580

G. Gerami et al.

T
m 145°C
® 140°C
A 135°C
v 130°C

Rate/s™1

T T

T T T T T
0.00 0.05 0.10 0.15 020 025 030 035 0.40

f(a)

Fig. 6 The reaction rate as a function of conversion-dependent
function f(o) at various temperature; reaction rate constants can be
calculated from the slope of lines
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Fig. 7 Logarithmic value of reaction rate constant versus I//T; the
slope gives the activation energy of the model

are calculated from the intercept and the slope of the linear
plot, respectively.

Non-isothermal analysis

The heat flow diagrams obtained from DSC at different
heating rates versus time and temperature are shown in
Fig. 8.

By the integration of under-flow curves in Fig. 8a, the
reaction heat at each heating rate is calculated. The values
of total reaction heat and the major peak characteristics

((g—;)p,Tp,ocp,tp) contributing to model evaluation are

presented in Table 4.
From Fig. 8b, it is conspicuous that the temperatures,
where the beginning, the end and the maximum of

@ Springer
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Fig. 8 Heat flow changes in respect of time of curing (a) and
temperatures (b) in different heating rates

exothermic peak occur, increase with the heating rate. The
average cure reaction heat is calculated as 425.87 J g~
The heat evolved up to a certain temperature, (AH,),
divided by the total heat of reaction,

(total area under the heat flow curve = AH )

gives the extent of reaction, (o) and its derivative (&) for
different times/temperatures. The flow curve characteristics
are given in Table 4. While the estimated values for (g—;)p
are insensitive to heating rate, the o, is decreased.

A logarithm plot of the heating rate against the recip-
rocal absolute temperature peak is represented in Fig. 9.
From the slope of the well linear relationship between f3

and Tip, activation energy is calculated regarding the Ozawa

and Kissinger methods to be 88.015 and 85.32 kJ mol ™!,
respectively.

Figure 10 shows a number of isoconversional plots
obtained from plotting § against % Apparently, a series of
parallel lines is achieved up to the conversion of 70%
reflecting almost the same activation energies. At higher



Investigation of isothermal and dynamic cure kinetics of epoxy resin/nadic methyl anhydride... 581

Table 4 The values of total reaction heat and the major peak characteristics of the epoxy samples ((g—‘;)p, Ty, o, tp)

Heating rate/°C min™"' 2.5 5 10 15 20
AH /I~ 3822 446.17 435.61 443.26 422.12
Op 0.386 0.36 0.348 0.344 0.356
do/dT/K™! 0.0336 0.0268 0.024 0.0246 0.0261
Peak temperature (7;,)/°C 147.6 156.6 168.5 175.5 183.3
Peak time (#;)/min 49.05 26.27 14.3 10.03 7.9
‘ . . . conversions, however, the slope slightly deviates. From
3.0 - | Fig. 10, it is quite clear that the temperature required to
. reach the same conversion increases with increasing heat-
251 Ozawa method L4 ing rate. The apparent activation energies calculated from
§ 201 £=88.015 KJjmol o~ the slopes of the straight lines are evaluated to be
£ -6 & 84.98 kI mol .
g 1.5 4 E The reason for the deviation in slopes observed at higher
E o Gssger motos s -8 Zonversmn may be ac.cqunt for the ch?lnge in cure beh:emor
E ue to the more activity of anhydride groups at higher
054 \\ =10 temperatures.
The reduced pre-exponential factor (A;), pre-exponential
06900215 000220 0.00225 000230 0.00235 00021102 factor A and the orders of the cure reaction (m and n) were
T K calculated for Ozawa and Kissinger methods based on the

Fig. 9 The linear relationship between f§ and peak temperature for
different heating rates according to Kissinger and Ozawa methods
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304 = L R
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Fig. 10 Isoconversional plots obtained from plotting f against % at the
same conversions

Table 5 The values of the cure kinetic parameters obtained by the
isothermal, Kissinger and Ozawa methods

Method A E m n Total reaction order
Isothermal 12 x 10° 893 07 23 3

Kissinger ~ 33.35 x 10° 8532 0.7 2.6 343

Ozawa 74 x 10 88.02 0.73 27 33

Levenberg—Marquardt algorithm multiple nonlinear least
squares regression.

Data shown in Table 5 compare the average values of
the cure kinetic parameters obtained from three different
methods, i.e., isothermal, Kissinger and Ozawa. The E
value obtained with the Kissinger approach is differently
collated with the two other methods.

The lowest value for the overall reaction order was
obtained with the isothermal method, whereas the highest
value was given with the Kissinger method. The range of
obtained overall reaction order with these three methods
represents a third-order reaction.

Conclusions

The cure kinetics of an epoxy/ co-hardener system used in
prepreg application was investigated. The kinetic parame-
ters coupled with the conversion-dependent function were
determined by constructing an isothermal cure master
curve. An autocatalytic model (Kamal equation) was con-
sidered to describe the cure kinetics in the range of 130-
145 °C. The activation energy and pre-exponential factor
were determined as A = 1.2 x 10° and E = 89.3 kJ mol ™'
.The isoconversional method was also applied to calculate
the activation energy, 90.5 kJ mol ™", for a comparison. It
is found to be a desirable agreement between the obtained
results. The kinetic parameters of the cure reaction were
also investigated by a dynamic DSC technique using the

@ Springer
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Kissinger and Ozawa equations. Although the value of E
obtained from Kissinger method indicates a deviation
compared to other methods, it could be mentioned that
there is a favorable consistency between all of the methods
in predicting cure kinetic parameters of NMA/DICY/epoxy

resin. The overall reaction order (m + n ~

3) with these

three methods shows a third-order epoxy cure reaction for
the discussed system.
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