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a b s t r a c t

A novel nanocomposite was synthesized by curing of glycerol diglycidyl ether (GDE) and 3,3-
dimethylglutaric anhydride (DGA) in the presence of alumina nanoparticles. Kinetics of GDE/DGA/nano-
Al2O3 cure was studied by DSC measurements at dynamic and isothermal states. It was shown that the
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reaction kinetics could be described well by the Horie model. The advanced isoconversional method
developed by Vyazovkin is utilized to describe the curing behavior of the nanocomposite. A technique of
predicting isothermal cure time from the sole dependence of Ea on ˛ was then considered and compared to
the experimental results. The structure of the nanocomposite was characterized by X-ray diffraction anal-
ysis and scanning electron microscopy imaging. The SEM images showed that the nanocomposite has the
morphology of homogeneous dispersion of alumina nanoparticles. It was shown by TGA measurements

nano
orphology that the incorporation of

. Introduction

Epoxy resins are the most important class of thermosetting
olymers that widely used as matrices in reinforced composites,
dhesives in the aerospace industry, and surface coatings [1]. These
esins have good thermal, electrical and mechanical properties,
ut they are brittle and have poor resistance to crack propagation
2]. Epoxy resins could be polymerized in the presence of amine
nd anhydride reagents. Anhydride curing agents were used in the
ost important applications of epoxy resins, particularly in casting

nd laminates. Anhydride cured epoxies provide a lower exotherm
uring cure and generally give better thermal stability, electrical

nsulation, and transparency [3,4]. They are less poisonous, absorb
ess water, and undergo cure shrinkage [5]. On the other hand, non-
atalyzed epoxy-anhydride mixtures are very low reactive and the
uring reaction should be carried out at higher temperatures. So,
he anhydride ring must first be opened by a compound having
ctive hydrogen such as water and hydroxyl compounds. The use
f a dispersed second phase in epoxy resin [6–14] serves two main
urposes: (1) to reduce the cost of a component by incorporating

easonable percentage of low-cost material and (2) to impart some
esired property to the system. Various inert and active organic
nd inorganic fillers at micro and nano scales were used to produce
einforced composites. Metal nanoparticles exhibit novel physical

∗ Corresponding author. Tel.: +98 11252 42025; fax: +98 11252 42002.
E-mail address: omrani@umz.ac.ir (A. omrani).

040-6031/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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-Al2O3 into GDE/DGA matrix results in thermal resistance improvement.
© 2011 Elsevier B.V. All rights reserved.

and chemical properties due to their small size, surface, quan-
tum size and quanta tunnel effects. Nanoalumina is an enormously
important engineering material due to compact crystal structure,
excellent mechanical strength, highly thermal and chemical stabil-
ity [15,16]. For the epoxy based composites, a good model enables
to predict how the system will behave during cure. The most impor-
tant component of such a model is a description of the kinetics of
cure.

By starting a series of studies, our final aim is to design new
nanocomposites based on low viscous diglycidyl ethers cured with
various anhydrides which are useful in electronic industry with
improved arc and track resistances. As it was necessary to synthe-
sis the samples for electrical properties assessments at optimum
conditions, the present work was aimed at studying the cure kinet-
ics, thermal, and morphological properties of glycerol diglycidyl
ether (GDE)/3,3-dimethylglutaric anhydride (DGA) system rein-
forced with alumina nanoparticles. Study on electrical properties
of the produced nanocomposites using electrochemical impedance
spectroscopy (EIS) technique is out of scope of the present paper
and it will be presented as an independent work in the future.
However, depending on the curing temperature, time, and for-
mulation of the compositions for a same system, it is possible
to obtain different thermal, mechanical, and electrical properties
of the macromolecular structure at the end of the polymeriza-

tion. Cure kinetics models are generally progressed by analysing
experimental results obtained by differential scanning calorimetry
(DSC) [17–19]. The DSC technique was extensively used for several
applications in various industries and in determination of reaction

dx.doi.org/10.1016/j.tca.2011.01.024
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:omrani@umz.ac.ir
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Fig. 1. DSC curves of the GDE/DGA/nanoalumina system at various isothermal tem-
peratures.
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inetics, degree of crystallinity, melting point and glass transition
emperature of polymers and nanocomposites.

. Experimental

.1. Materials

Glycerol diglycidyl ether (GDE), molecular weight 204.22 g/mol,
nd alumina nanoparticles with an average size of 50 nm were pur-
hased from Aldrich chemical company (Germany). The purity of
s received nanoalumina is greater than 95%. The hardener was
,3-dimethylglutaric anhydride (DGA) having molecular weight
f 142.15 g/mol was obtained from A Johnson Matthey Ltd.
Germany). Triethylamine (TEA) was purchased from Merck and
sed as initiator. The materials were used without further treat-
ents.

.2. Sample preparation and optimum formulation

Glycerol diglycidyl ether (1 g) is added to the anhydride curing
gent at stoichiometric ratio (Xep = 0.33, that Xep is epoxy molar
atio.) and then fixed amount of nano-Al2O3 sol (i.e., 1, 2.5, 5, 10,
nd 15 phr) was incorporated into the above mixture. The mixtures
ere further homogenized by ultrasonic treatment for a period

f 2 h at room temperature. In the final stage, the initiator was
dded at XTEA = 0.0188 (respect to the total mass of the epoxy and
nhydride) and ultrasonicated for additional 5 min. To determine
he optimum composition, the effect of nano-Al2O3 content on the
eaction enthalpy was investigated by calorimetry measurements.
ccordingly, 10% level of nano-Al2O3 loading was found to be the
est composition as the result of maximum reaction heat.

.3. Characterizations

DSC measurements were performed on a Perkin Elmer DSC-7
ifferential scanning calorimeter in dry nitrogen atmosphere (flow
ate of 50 ml/min). The calorimeter was calibrated using high purity
ndium. Samples were placed in the hermetically aluminum pan,

eighted around 14 mg, and then covered by an aluminum lid prior
o undergoes a specific cure program depend on the mode of mea-
urement. Dynamic DSC scans were conducted in the temperature
ang of 25–280 ◦C at five different heating rates of 2.5, 5, 7.5, 10
nd 15 ◦C/min. Isothermal experiments were carried out at 110,
20, 130 and 140 ◦C in this work. The glass transition temperature
Tg) of the cured sample was measured based on the second scan.

The structures of the neat GDE system and its nanocomposite
ere analysed by a Philips advance powder X-ray diffractometer

XRD) with Cu K� radiation source (� = 0.1542 nm) and a curved
raphite crystal monochromator under 40 kV and 50 mA condi-
ions. The scanning rate was 2◦/min.

Also, to observe the phase structure of the cured materials,
he samples were fractured under cryogenic condition using liquid
itrogen. The fracture surfaces were coated with thin layers of gold
f about 100 Å. All specimens were characterized for the surface
orphology and superficial elemental composition at some points

f interest, using a scanning electron microscope (SEM) (VEGA
ompany TESCAN).

Thermal stability of the neat GDE system and GDE nanocom-

osite was examined by a thermogravimetric analyzer (TGA) on
Polymer Lab TGA-1500 (London, UK) ramped at 10 ◦C/min from
5 to 700 ◦C under nitrogen. The flow rates were maintained at
0 and 90 ml/min for the balance part and for the furnace area,
espectively.
a Acta 517 (2011) 9–15

3. Results and discussion

3.1. Calorimetry study

To select suitable temperatures for the isothermal experiments,
a dynamic DSC scan at 7.5 ◦C/min was obtained. Temperatures
above but near to the onset of curing reaction were chosen as
isothermal curing temperatures. Accordingly, isothermal calorime-
try experiments were conducted at 110, 120, 130 and 140 ◦C.

Fig. 1 shows DSC curves recorded at various curing temper-
atures. Clearly, the maximum rate of the cure exotherm was
increased by raising isothermal temperature while the time to
reach the maximum is decreased.

The total reaction heat values (obtained by integration of the
area between the peaks and the baseline), are in the range of
155.2–228.1 J/g; this fact shows that it is strongly depend on the
selected curing temperature. Moreover this confirms that the tem-
perature induces significant effects on the final properties of the
cured samples for this system. Our results showed that the reaction
heat was increased about 47% while the curing time decreased 5.2
times by increasing the isothermal temperature from 110 to 140 ◦C.
This could be interpreted based on an increase in the reaction rate
with temperature. Curves of conversion rate vs. conversion were
also obtained by numerically integrating of the heat flow curves and
then scaled by the total reaction enthalpy. These curves were shown
in Fig. 2. As expected, the reaction rate is promoted by selecting
greater values of isothermal curing temperature.

To get an idea about the glass transition temperature the isother-
mally cured sample at 130 ◦C was cooled to −30 ◦C and reheated at

◦ ◦ ◦
0

10.80.60.40.20

α

Fig. 2. Reaction rate as a function of conversion at various temperatures.
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Table 1
Values of k1, k2, m and n evaluated using the Kamal model.

Temperature(◦C) k1 k2 m n (m+n) E1 (kJ/mol) E2 (kJ/mol)
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Table 2
Values of k1, k2, and Ea evaluated using the Horie model.

Temperature
(◦C)

k1 (n-order) k2 (autocatalytic) k2/k1 Ea (kJ/mol)

n-order Autocatalytic

110 0.008 0.102 13.75

−Rd ln (d˛/dt)˛
110 0.0002 0.0615 0.556 0.582 1.138
120 0.0012 0.1252 0.508 0.611 1.119 221.920 82.284
130 0.0057 0.1625 0.473 0.608 1.081
140 0.0331 0.4566 0.642 0.729 1.371

.2. Model of cure kinetics in isothermal mode

The kinetic analysis in the present research is based on the
ssumption that the heat generated during the curing reaction is
qual to the total area under the heat flow-time curve. Over the past
ecades, a lot of studies suggested that the curing process of epoxy
ystems involve multiple steps with different activation energies
n various stages. Therefore, more complex models such as Kamal’s
quation are recognized to be suitable to model cure kinetics at
sothermal mode [20–27]. The Kamal autocatalytic kinetics was
xpressed according to the following equation:

d˛

dt
= (k1 + k2˛m)(1 − ˛)n (1)

here, ˛ is the conversion, k1 and k2 are the rate constants, m and
are the reaction orders of the autocatalytic and n-order reactions,

espectively. The constant k1 can be graphically estimated as the
nitial reaction rate at t = 0. Based on the curves in Fig. 1 and using
he Kamal model, the kinetics parameters were calculated by a
raphical method [25] and the results presented in Table 1. Also, the
verall reaction order is known to be 2 in the case of epoxy/amine
ystem but its value changes between 1 and 1.4 for the selected sys-
em. Obviously, the k1 and k2 values were increased with increasing
uring temperature.

From the plot of the rate constants against temperature (based
n the Arrhenius plot) straight lines were produced where the acti-
ation energies for the n-order and autocatalytic mechanism were
stimated and listed in Table 1. The calculated kinetic parame-
ers were used to predict curing behavior of the system at various
sothermal temperatures. A typical comparison of the experimental
ata to those predicted by the model was shown in Fig. 3. Accord-

ngly, the agreement between the two series data, i.e., experimental
nd predicted, is reasonable confirming suitability of the Kamal
odel to interpret GDE/DGA/nano-Al2O3 cure.
We have also examined our experimental data to the Horie

odel [17,28] which describes based on the following equation (by
ssuming m = 1):
d˛

dt
= (k1 + k2˛)(1 − ˛)n (2)

The introduction of the variable exponent of n, an adjustable
arameter, allows obtaining the best fitting of the experimental

ig. 3. Comparison of the experimental reaction rate with the predicted values using
he Kamal model at various temperatures.
120 0.018 0.218 12.11 100.96 75.67
130 0.027 0.322 11.92
140 0.091 0.609 6.69

data. To obtain the best value of n, the Horie equation was presented
in the following form:

˛0 = (d˛/dt)
(1 − ˛)n = k1 + k2˛ (3)

where, ˛0 is defined as reduced rate. Different values of n among
0.1–2 were checked to obtain the best linear fitting of the exper-
imental results. Our observations showed that the best fitting is
corresponding to the n = 1 at all the isothermal temperatures. Once
this value is found, it could be concluded that the overall reaction
order (m+n) is 2. Table 2 exhibits the rate constants corresponding
to the n-order and autocatalytic mechanisms at various temper-
atures. The activation energies corresponding to the two kinetic
mechanisms have also been obtained from the Arrhenius plots of
ln k vs. 1/T and the results are presented in Table 2.

To compare the applicability of the examined model to describe
curing behavior of GDE/DGA/nanoalumina system, we introduced
reaction rate vs. time plots. The kinetic parameters obtained above
were used to compute the theoretical curves shown in Fig. 4 and
compared to the experimentally obtained results.

From the graphs shown in Figs. 3 and 4, it can be seen that
while the calculated time–reaction rate relationships using the
Horie model are in better agreement to the experimental data, but
the fitting becomes more reasonable by increasing the isothermal
temperatures in the both cases. In other words, the disparity was
greater at the lower temperatures used. Evidently, the both mod-
els were not able to completely describe the curing process of the
GDE/DGA/nano-Al2O3 system, particularly at low curing tempera-
tures. In conclusion, we implied that the Horie model is the better
choice than the Kamal equation to interpret GDE/DGA/nano-Al2O3
cure.

We also produced the model Ea against conversion dependence
plots using the following equation:
Ea =
dT−1

(4)

The results were shown in Fig. 5. Solid circles in the Figure are
the experimental data which determined by Eq. (4). Models (1) and

Fig. 4. Comparison of the experimental reaction rate with the predicted values using
the Horie model at various temperatures.
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ig. 5. Dependence of the activation energy upon conversion, experimental data
solid circle) and theoretical values for different m (solid line).

2) can be utilized to further interpret the dependence of Ea on ˛.
ith respect to (4), Ea can be found from model (1) as

a = −Rd ln[(k1 + ˛mk2)(1 − ˛)n]
dT−1

= (k1E1 + ˛mk2E2)
(k1 + ˛mk2)

(5)

nd from model (2) as

a = −Rd ln[(k1 + ˛k2)(1 − ˛)n]
dT−1

= (k1E1 + ˛k2E2)
(k1 + ˛k2)

(6)

To fit our experimental data (solid circles), the numerical value
f m in the above equations was changed (Fig. 5) from 0.5 to 1.4
29].

The numerical values shown on each plot in Fig. 5 corresponds to
n arbitrary value of m. The initial value of m was fixed at 0.5 since
e obtained this amount of m using the kamal model. Interestingly,

he best fitting of the experimental data was achieved by m = 1.
learly, this value of m corresponds to the Horie model. Therefore,
e concluded that the best model describing the curing behavior

f the selected system is the Horie equation.
We also attempted to investigate the contribution of the n-

rder and autocatalytic pathways to the overall curing reaction by
omparing the ratio of the rate constants calculated by the Horie
odel at various temperatures. Curing reaction of GDE/DGA/nano-
l2O3 system tends to proceed through n-order mechanism with

ncreasing curing temperature (see Table 2). Clearly, as the isother-
al temperature increased the contribution of n-order mechanism

ecomes significant and is comparable to the autocatalytic path.

.3. Describe of the curing behavior using isoconversional
ethods

The isoconversional methods permit the effective activation
nergy of a thermal process to be unambiguously calculated as a
unction of the reaction progress. Analysis of the resulting Ea depen-
ence could provide important clues about changes in the reaction
echanism if these changes could be associated with the variations

n activation energy. Therefore, additional kinetic information may
e obtained using special techniques [30] for estimating the pre-
xponential factor whose value is also expected to vary with the
xtent of conversion.

.3.1. The Flynn–Wall–Ozawa method
The isoconversional integral method proposed by Flynn, Wall,
nd Ozawa [31,32] was applied to the experimental data. Accord-
ngly, the following equation was used:

n ˇ = ln
(

AEa

R

)
− ln g(˛) − 5.331 − 1.052

(
Ea

RT

)
(7)
Fig. 6. Values of the activation energy obtained from Flynn–Wall–Ozawa, advanced
isoconversional and isothermal isoconversional methods at different conversions.

g(˛) =
∫̨

0

d˛

f (˛)
(8)

where, g(˛) is a conversion dependence function. For a selected
constant ˛, the plot of (ln ˇ) against (1/T) was introduced at various
heating rates resulting in straight lines where the slope allows to
find the activation energy. From the DSC data and applying the Eq.
(7), we have calculated the activation energy for each conversion
level as presented in Fig. 6. The results showed that the activation
energy decreases by increasing of conversion. It can be seen that
the activation energies remains almost constant during the prop-
agation step of the curing reaction and an average value of about
50.44 kJ may be considered as effective activation energy. Appar-
ently, by the progress of the curing reaction, the activation energy
was decreased. Such a behavior is also reported by other researches
on epoxy-amine cure [29,33].

3.3.2. Advanced isoconversional method
An advanced isoconversional method described by Vyazovkin

[34–37] is an effective way to detect the complexity of the curing
reaction and further evaluating the activation energy as a func-
tion of the epoxide conversion. In the present study, nonlinear
isoconversional method was applied to the dynamic DSC data of
GDE/DGA/nano-Al2O3 system using the following equation:

˚(Ea) =
n∑

i=1

n∑
j /= i

I(Ea, Ta,i)ˇj

I(Ea, Ta,j)ˇi
(9)

where, ˇ is the heating rate, T is the temperature, Ea is the activa-
tion energy, i, j are the ordinal numbers of DSC runs performed at
different heating rates. The activation energy can be find at any par-
ticular conversion level by finding the value of Ea at which the �(t)
function has a minimum value. In Eq. (9) the temperature integral

I(Ea, T) =
T∫̨

0

exp
(

Ea

RT

)
dT (10)

is determined by the Senum–Yang approximation [38]:

I(Ea, T) =
(

Ea

R

)
P (x) (11)

and ( )

P (x) = exp (−x)

x
×

x3 + 18x2 + 88x + 96(
x4 + 20x3 + 120x2 + 240x + 120

) (12)

The minimization procedure is repeated for each value of ˛
to determine the Ea-dependence. The advantage of the advanced
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Table 3
The average values of the predicted and measured times to reach practically com-
plete cure at different heating rates.

System Measured time (min) Predicted time (min) model

FWO Advanced
A. omrani et al. / Thermo

soconversional method is that it applies the same computational
lgorithm to both isothermal and non-isothermal DSC data. Fig. 6
hows the isoconversional plot on our data. Clearly, a same trend
o that obtained from Flynn–Wall–Ozawa method was observed.
lso, Fig. 5 shows that the activation energy increased at ˛ < 0.2, it

s approximately constant in the range of 0.2 < ˛ < 0.5, and finally
educed. Anyways, the value of activation energy ranged from 40
o 100 kJ/mol. Some contribution from the autocatalytic nature of
poxy cure may be responsible to reduce the activation energy.

.3.3. Isoconversional method of isothermal data
For isothermal conditions, the following equation was used [36]

o find Ea vs. conversion dependence:

ln t˛,i = ln
[

A˛

g (˛)

]
− Ea

RTi
(13)

here g (˛) =
∫ ˛

0
[f (˛)]−1d˛ is the integral form of the reaction

odel, and ta,i is the time required to reach a specified conversion,
at temperature, Ti. In Eq. (13), Ea is evaluated from the slope of

he plot −lnt˛,i vs. 1/Ti. The application of Eq. (13) to isothermal
ata, gives rise to decreasing of Ea on ˛ (Fig. 6). It is worthy to note
hat the average value of Ea from isothermal data, about 85 kJ/mol,
s in reliable agreement to those values of the activation energies
etermined by the Horie model (between 75 and 101 kJ/mol).

To illustrate a correlation between the values of activation ener-
ies obtained by the isoconversional isothermal method and those
alues predicted by models (1) and (2), Ea vs. conversion plots were
roduced using the kinetics parameters (in Tables 1 and 2) and Eqs.
5) and (6). The results were depicted in Fig. 7. Obviously, the Ea is
ot constant as expected. Significant changes observed for the E1
nd E2 values, especially for the Kamal model, cannot be described
y the isoconversional analysis of the isothermal data.

The main conclusion which can be driven from the kinetic anal-
sis section is that fitting of GDE/DGA/nano-Al2O3 cure using the
amal model has not allowed us to obtain the values of the activa-

ion energy that agree with those determined by the isothermal and
on-isothermal isoconversional methods owing to unsuitability of
he model fitting approaches to interpret epoxy cure.

.4. Prediction
There have been various methods in the literatures in mod-
ling of isothermal cure characteristics of a substance from
on-isothermal data. We have employed the technique reported
reviously [35,39] to predict isothermal times of GDE/DGA/nano-
l2O3 cure using the data from dynamic calorimetery. Accordingly,

ig. 7. Dependence of he activation energy upon conversion using the calculated
inetic parameters for models (1) and (2).
110 56.6 30.23 35.76
120 27.6 22.89 25.98
130 18.1 17.58 19.17
140 10.5 13.67 14.36

the dynamic DSC data was treated by the following equation:

t˛ =
[

ˇ exp
(−Ea

RT0

)]−1
∫ T˛

0

exp
(−Ea

RT

)
dT (14)

This equation enables to calculate the time (t˛) at a given conver-
sion for an arbitrary isothermal system with temperature, T0. The
time was calculated to reach 95% conversion at 110, 120, 130 and
140 ◦C. The value of activation energy that used for the calculation
was obtained from Flynn–Wall–Ozawa and advanced isoconver-
sional methods at ˛ = 0.95. Average values of the predicted times at
different heating rates were calculated and compared to the experi-
mental times in Table 3. Results from this Table indicated that there
are better agreements between the theoretical and experimental
values at higher isothermal temperatures.

3.5. Microstructure of the cured samples

XRD analysis was used to characterize the crystallographic
structure of nanoalumina and the quality of its dispersion in glyc-
erol diglycidyl ether matrix. XRD spectra of the pure nanoalumina
(dashed line) and various GDE nanocomposites were shown in
Fig. 8. The existence of various phases of alumina was observed
by XRD on spectra as verified by the data in literature [40]. XRD
patterns of the nanocomposites having 0, 5, and 10 phr nano-Al2O3
showed a strong peak about 2� = 20◦. This peak is devoted to the
amorphous structure of epoxy as previously reported in the liter-
atures [41,42]. The value of d spacing for the various samples was
almost similar but the peak intensity increased by the nanofiller
concentration. The main peaks of the nano-Al2O3 in 2� range of
30–50 were approximately disappeared at low concentrations of
the nanofiller due to the reliable dispersion. But, at high concentra-
tion of 10%, we observed a few small peaks in the same 2� range.

It could be implied that the quality of dispersion at high
concentration was not excellent possibly owing to the nano-
Al2O3 aggregation. Anyways, the crystalinity characteristics of the

nanocomposites were influenced by the amount of the nanofiller.

To obtain further insights about the morphology of the produced
thermosets we attempted to do SEM tests. SEM images on the frac-
ture surface of the GDE/DGA system and its nanocomposite were
depicted in Fig. 9.

Fig. 8. XRD patterns of GDE/DGA/nanoalumina nanocomposite with nanoalumina
content of 0, 5, and 10 phr and pure nanoalumina.



14 A. omrani et al. / Thermochimica Acta 517 (2011) 9–15

rface

a
g
o
t
G
p
s
i
a
a
w
o
t

3

e
t
c

Fig. 9. Scanning electron micrographs on fracture su

SEM images revealed that the neat GDE system exhibits smooth
nd featureless on the surface, representing brittle failure of homo-
eneous materials with poor roughness whereas the rough surfaces
f nanocomposite having 10 phr nano-Al2O3 are clearly indica-
ive of GDE modification with the nanofiller. SEM images of
DE/DGA/nano-Al2O3 nanocomposite showed a homogenous dis-
ersion of nano-Al2O3 in the GDE matrix at nanoscale level but
ome aggregates was also seen. From the SEM images, it might be
mplied that there is a good adhesion between the used nanofiller
nd GDE matrix. Therefore, the combination of better dispersion
nd adhesion of GDE/DGA/nano-Al2O3 nanocomposite probably
ill have contribution to its mechanical properties. The white zones

n the SEM images are assigned to the nanofiller. The diameter of
he white spots lies between 80 and 200 nm.

.6. Thermal stability assessment
To evaluate thermal stability of the produced materials, TGA
xperiment was carried out on pure nanoalumina, GDE/DGA sys-
em, and GDE/DGA/nano-Al2O3 nanocomposite. The samples were
ured isothermally at 130 ◦C for 4 h. TGA curves of the three samples

Fig. 10. TG curves of three system at heating rate of 10 ◦C/min.
of GDE/DGA/nanoalumina (10 phr) system (a and b).

are shown in Fig. 10. As expected, the nanofiller were stable well
until 700 ◦C and a small amount of the observed mass loss could
be assigned to the sample humidity. The neat GDE system and its
nanocomposite showed a two step thermal degradation pattern.
Apparently, the presence of the nanoalumina filler has a relatively
minor effect on the first stage of thermal degradation owing to the
same degradation onset. However, charring of the epoxy nanocom-
posite in the second degradation step takes place, in nitrogen, at a
higher yield (ca. 8% at 700 ◦C) than the neat GDE system.

4. Conclusions

The cure behavior of a novel nanocomposite based on glyc-
erol diglycidyl ether was investigated by DSC. The experiments
were applied in isothermal and nonisothermal modes. Basically,
the data from kinetic analysis provides information on GDE state
of cure which is important during processing of the nanocom-
posites. Under isothermal condition, the Kamal and Horie models
were used to estimate the kinetic parameters. Our results showed
that the Horie model is preferable in terms of better fitting of the
experimental data. Model independent values of the global acti-
vation energy were calculated for the GDE nanocomposite using
the Flynn–Wall–Ozawa isoconversional method and compared to
the data obtained by the Vyazovkin advanced isoconversional
approach. The both methods exhibited a same trend in activa-
tion energy changes. The Vyazovkin method was used to predict
the times to reach practically complete cure at isothermal mode
by the activation energies from the isoconversional approaches.
The findings from morphology studies by XRD and SEM indi-
cated that incorporation of nanoalumina into GDE matrix could
be achieved homogeneously at nanoscale level. TGA result of
GDE/DGA/nanoalumina (10%) sample showed about 8% increase
in residue at 700 ◦C verifying that the thermal stability of the
nanocomposite is better than that of the neat GDE system.
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