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Abstract: Layered double hydroxide (LDH) minerals are promising candidates for developing
polymer nanocomposites and the exchange of intercalating anions and metal ions in the LDH
structure considerably affects their ultimate properties. Despite the fact that the synthesis of
various kinds of LDHs has been the subject of numerous studies, the cure kinetics of LDH-based
thermoset polymer composites has rarely been investigated. Herein, binary and ternary
structures, including [Mg0.75 Al0.25 (OH)2]0.25+ [(CO3

2−)0.25/2·m H2O]0.25−, [Mg0.75 Al0.25 (OH)2]0.25+

[(NO3
−)0.25·m H2O]0.25− and [Mg0.64 Zn0.11 Al0.25 (OH)2]0.25+ [(CO3

2−)0.25/2·m H2O]0.25−, have been
incorporated into epoxy to study the cure kinetics of the resulting nanocomposites by differential
scanning calorimetry (DSC). Both integral and differential isoconversional methods serve to study
the non-isothermal curing reactions of epoxy nanocomposites. The effects of carbonate and nitrate
ions as intercalating agents on the cure kinetics are also discussed. The activation energy of cure
(Eα) was calculated based on the Friedman and Kissinger–Akahira–Sunose (KAS) methods for
epoxy/LDH nanocomposites. The order of autocatalytic reaction (m) for the epoxy/Mg-Al-NO3

(0.30 and 0.254 calculated by the Friedman and KAS methods, respectively) was smaller than that of
the neat epoxy, which suggested a shift of the curing mechanism from an autocatalytic to noncatalytic
reaction. Moreover, a higher frequency factor for the aforementioned nanocomposite suggests that the
incorporation of Mg-Al-NO3 in the epoxy composite improved the curability of the epoxy. The results
elucidate that the intercalating anions and the metal constituent of LDH significantly govern the cure
kinetics of epoxy by the participation of nitrate anions in the epoxide ring-opening reaction.
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1. Introduction

Clay nanomaterials are the most well-known family of minerals in the field of nanoscience
and nanotechnology [1]. Layered double hydroxides (LDHs), also known as anionic clays, have a
two-dimensional (2D) crystalline nanostructure with weak interlayer bonding forces in between the
layers [2,3]. The general chemical formula of an LDH is

[
M2+

1−xM3+
x (OH)2

]
x+

[An−]x/n·mH2O made up

of di- and trivalent metal cations (M2+ and M3+) in octahedral units together with a variety of anionic
groups (An−) that can locate in the gallery to neutralize the positive charge of the overall structure [4,5].
Acceptable physical and chemical properties of an LDH are accompanied by its facile synthesis with
tunable chemical composition for various fields [6]. Moreover, the anion exchange properties of an
LDH make possible its intercalation/exfoliation in the polymer matrix [7].

Many research works have been focused on the role of LDHs in the improvement of the properties
of polymers, like anti-corrosion behavior, flame retardancy and mechanical properties [7–9]. It is
well known that the ultimate properties of thermoset reins are dependent on network formation
during cure reactions [10–12]. Overall, the incorporation of nanoparticles into the thermosetting
polymers, e.g., epoxy, can tackle brittleness and low modulus drawbacks [13–16]. The study of curing
allows for understanding the structure–properties relationship in thermoset nanocomposites [17–19].
However, network formation in epoxy resin is a complicated phenomenon because of gelation
and vitrification, by gradual transformation from a chemical- to diffusion-controlled reaction in the
system [20,21]. The Cure Index (CI) was recently defined as a simple criterion to elucidate the curability
of thermoset composites [22,23]. It is a dimensional criterion for evaluating the quality of the curing
process in thermoset systems. By the use of the CI, the curing potential of thermoset composites can
be classified as Poor, Good or Excellent [24]. However, the quantitative analysis of cure reactions by
analytical methods may shed more light on the role of nanoparticles [25–27].

The curability of epoxy nanocomposites with nanoparticles of various shapes, sizes and surface
chemistry is comprehensively discussed by cure behavior and cure kinetics analyses [28,29]. In previous
studies, we synthesized binary Mg-Al LDHs intercalated with carbonate and nitrate ions, as well as
ternary Mg-Zn-Al LDHs intercalated with carbonate anions [30–32]. The use of the CI provided a rough
image of the curability of the resulting nanocomposites, such that the enlargement of the gallery space
of the LDH structure by anions supported network formation in the epoxy/LDH system. In the current
study, the effects of the Mg-Al-CO3, Mg-Al-NO3 and Mg-Zn-Al-CO3 LDH structure on curing kinetics
of epoxy/amine systems were compared in terms of non-isothermal differential scanning calorimetry
(DSC). Analyses were done using differential Friedman and integral Kissinger–Akahira–Sunose (KAS)
isoconversional methods.

2. Materials and Methods

The cure potential of the neat epoxy and its nanocomposites, containing binary Mg-Al-CO3,
Mg-Al-NO3 and ternary Mg-Zn-Al-CO3 LDHs, was studied by non-isothermal DSC. The material
specifications used in the synthesis of LDHs and epoxy nanocomposite preparation are
introduced in Appendix A.1 of Appendix A. The preparation and characterization of epoxy
nanocomposites, including Mg-Al-CO3, Mg-Al-NO3 and Mg-Zn-Al-CO3 LDHs, are also explained
in Appendices A.2 and A.3 of Appendix A, respectively. In brief, LDHs in 0.1 wt.% were used in
nanocomposite preparation, and non-isothermal DSC was carried out at a heating rate (β) of 2, 5, 7 and
10 ◦C·min−1 to evaluate the cure reaction. Quantitative cure was carried out in terms of cure behavior
and cure kinetics analyses based on the protocol of cure proposed for thermoset composites [23].

3. Results and Discussion

3.1. Cure Behavior Analysis

DSC thermograms for the neat epoxy and nanocomposites containing 0.1 wt.% of Mg-Al-CO3,
Mg-Al-NO3 and Mg-Zn-Al-CO3 LDHs at four heating rates of 2, 5, 7 and 10 ◦C·min−1 are shown in
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Figure 1. The cure state (Poor, Good or Excellent) was reported in previous works [30–32]. The unimodal
peak unconditionally observed in the DSC curves proved the assumption of single-step reaction
kinetics. Moreover, the higher values of the heat of cure and peak temperature upon increasing the
heating rate from 2 to 10 ◦C·min−1 are due to the higher kinetic energy per molecule in the system [17].
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Figure 1. DSC thermograms of the neat epoxy (EP), EP/Mg-Al-CO3, EP/Mg-Al-NO3 and
EP/Mg-Zn-Al-CO3 nanocomposites at heating rates of 2, 5, 7 and 10 ◦C·min−1.

The heat of cure increased directly by the extent of cure reaction (α), which can be obtained by the
equation below:

α =
∆HT

∆H∞
, (1)

In Equation (1), ∆H∞ and ∆HT are the total heat release during the cure reaction for the whole
temperature range and the one up to temperature T, respectively. In Figure 2, the variation of fractional
extent of cure reaction as a function of cure time was demonstrated for epoxy systems at heating
rates of 2, 5, 7 and 10 ◦C·min−1. As shown in Figure 2, the sigmoidal shape of the α-time curve is
representative of the autocatalytic mechanism of cure reactions [33]. According to Figure 2, at β of
2 ◦C·min−1, the introduction of Mg-Al-CO3 restricted the access of curing agent molecules to the
epoxide rings, thereby decelerating the cure reaction. Evidently, the time to reach α = 0.5 was increased
from 23.5 for the neat epoxy to 26.0 min for the nanocomposite. On the other hand, the incorporation
of Mg-Al-NO3 into the epoxy resin accelerated the cure reaction by the participation of nitrate ions in
network formation, such that it decreased the time to reach α = 0.5 from 23.5 min for the neat epoxy
to 23.2 min for the nanocomposite [17]. In the case of EP/Mg-Zn-Al-CO3, the Lewis acid effect of
Zn2+ ions catalyzed the cure reaction. However, the low amount of Zn2+ released into the system
was not sufficient to have a positive effect on the network formation, and evidently the time to reach
α = 0.5 increased from 23.5 min for the neat epoxy to 24.2 min for EP/Mg-Zn-Al-CO3 [34]. At higher
heating rates, the number of molecular interactions per unit volume in the system was increased,
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which accelerated the cure reaction of the neat epoxy. For epoxy/LDH nanocomposites cured at a β of
7 ◦C·min−1, the cure reaction was accelerated such that the time to reach α = 0.5 decreased from 8.9 min
for the neat epoxy to the 8.8 min for the EP/Mg-Zn-Al-CO3 nanocomposite. Likewise, for the heating
rate of 10 ◦C·min−1 and for the epoxy nanocomposites containing Mg-Al-NO3 or Mg-Zn-Al-CO3,
the presence of nitrate and Zn2+ ions accelerated the cure reaction, as can be recognized by decrease in
the time taken to reach α = 0.5 from 7.2 min for the neat epoxy to 6.8 and 6.6 min for EP/Mg-Al-NO3

and EP/Mg-Zn-Al-CO3, respectively. As per our experiences in the field, the partial cure of the
epoxy/Mg-Al-CO3 nanocomposite featured a shorter curing time compared to the epoxy resin [35].
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Figure 2. The fractional extent of conversion as a function of reaction time for EP, EP/Mg-Al-CO3,
EP/Mg-Al-NO3 and EP/Mg-Zn-Al-CO3 nanocomposites at heating rates of 2, 5, 7 and 10 ◦C·min−1.

3.2. Cure Kinetics Analysis

In isoconversional methods, such as the so-called model-free kinetics (MFK), it is a common
assumption that the cure reaction rate at a given α is directly proportional to the cure
temperature [36–38]. The well-known integral isoconversional methods of KAS and Flynn–Wall–Ozawa
(FWO) and differential methods such as the Friedman model are used for determining the activation
energy (Eα) of cure reaction [39,40]. In integral methods, due to the various formulations and
approximations, the obtained Eα is different for various models. It is stated that differential methods
are more accurate than the integral methods because no approximation is considered in developing
the former. However, some inaccuracy is observed for such methods owing to difficulties in baseline
selection or in reactions, which significantly depend on heating rate [23]. Thus, choosing the most
accurate method has always been the subject of heated debate within the field of cure kinetics. In this
work, both types of differential and integral kinetics methods are used for the analysis of non-isothermal
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kinetics. Furthermore, the activation energy obtained from the FWO method is used as the first trial
in the determination of the kinetics model by the Málek method to obtain a constant Eα at various α.
The information and fitting equations of the Friedman and KAS approaches are described mathematically
and graphically in Appendices B.1 and B.2 of Appendix B, respectively. Figure 3 shows the variation
of Eα obtained from the Friedman and KAS models as a function of the extent of curing for the neat
epoxy and its nanocomposites with Mg-Al-CO3, Mg-Al-NO3 and Mg-Zn-Al-CO3 in the cure reaction
interval of 0.1 < α < 0.9. As shown in Figure 3, the addition of Mg-Al-NO3 and Mg-Zn-Al-CO3 to
the epoxy resin led to rise in Eα with respect to neat epoxy, possibly due to the swelling of LDHs
through intercalation with epoxy chains and the viscosity upturn [13], however, for the EP/Mg-Al-CO3

nanocomposite, the Eα decreased as a consequence of partially cured epoxy in the presence of the
Mg-Al-CO3 LDH [41,42]. Moreover, Figure 3 shows that the activation energy of the system decreased
by the extent of cure reaction, especially at the early stage (α < 0.2) of the KAS model, which is a sign of
the autocatalytic nature of epoxy/amine reactions, in which the generation of hydroxyl groups assists
in the ring opening of epoxy [43,44].
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nanocomposites obtained by (a) differential Friedman and (b) integral KAS models.

The roles of Mg-Al-CO3, Mg-Al-NO3 and Mg-Zn-Al-CO3 in the cure reaction of the epoxy/amine
system are schematically shown in Figure 4. As can be seen in Figure 4, Mg-Al-CO3 cannot take
part in epoxide ring-opening reaction due to the strong hydrogen bonding of three oxygen atoms
of intercalated carbonate ions with the hydroxyl groups of the LDH layers due to the horizontal
orientation of CO3

2− within the LDH layers [30,31]. On the contrary, the nitrate anion plays a different
role in cure reactions due to its different configuration compared to the carbonate anion [32]. In NO3

−,
two oxygen atoms are located near the OH groups of one layer and the third one closer to the opposite
side. Thus, this configuration causes a limited interaction between the nitrate anions and hydroxyl
groups, while this increases the chances of interactions between the intercalated water molecules and
LDH layers [45]. Because of the weak interaction of NO3

− with hydroxide layers, nitrate anions can
attack the C-O bond in the epoxide, leading to ring-opening reactions that facilitate the curing of
the EP/Mg-Al-NO3 nanocomposite [17]. In the case of EP/Mg-Zn-Al-CO3, by catching the oxygens’
lone-pair electron in the epoxide rings by the Lewis acid effect of Zn2+, the epoxide ring-opening
reaction was influenced by Zn2+. On the other hand, due to the low concentration of released ions,
the positive effect of Zn2+ on the crosslinking was not observed [34].
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3.2.1. Determining the Reaction Model and the Order of Reaction

It is necessary to determine the reaction model in order to clarify the cure mechanism of the
epoxy/amine system in the presence of LDH nanosheets. The Friedman and Málek methods are useful
for knowing whether or not the autocatalytic cure mechanism is dominant. From the Friedman curve,
the curing mechanism was determined by Equation (A3) in Appendix C.1 of Appendix C. As the
maximum point of α in Figure A3 is located in the range of 0.2–0.4, the mechanism of reaction in the
epoxy/LDH nanocomposites was found to be autocatalytic [46,47]. The kinetic model was designated
by the maximum points of y(α) = (αm), z(α) = (αp

∞) and the peak of conversion in the DSC curves (αp)
based on the Málek method (see the Appendix C.2 of Appendix C). The values of αm, αp and αp

∞ for
the epoxy/amine systems at different heating rates are listed in Table 1. Accordingly, the values of αm

are lower than those of αp
∞ and, at the same time, αp < 0.633, suggesting a two-parameter autocatalytic

kinetic model for all studied systems [48,49].
Since the autocatalytic cure mechanism was confirmed for the EP, EP/Mg-Al-CO3, EP/Mg-Al-NO3

and EP/Mg-Zn-Al-CO3 systems by the Friedman and Málek models, the following equation was used:

da
dt

= A exp(−
Eα
RT

)αm(1p )n, (2)

where n, m and A are the degrees of autocatalytic and non-catalytic reactions and the frequency
factor, respectively. The values of m, n and lnA are determined from Equations (A11) and (A12) in
Appendix D.
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Table 1. The values of αp, αm and αp
∞ obtained from the Málek model at various heating rates.

Designation Heating Rate
(◦C·min−1) αp∞ αm αp

EP

2 0.493 0.199 0.519
5 0.489 0.182 0.544
7 0.481 0.186 0.529

10 0.561 0.215 0.532

EP/Mg-Al-CO3

2 0.496 0.179 0.529
5 0.513 0.149 0.523
7 0.536 0.147 0.531

10 0.516 0.137 0.537

EP/Mg-Al-NO3

2 0.502 0.134 0.531
5 0.684 0.136 0.546
7 0.648 0.095 0.530

10 0.668 0.009 0.545

EP/Mg-Zn-Al-CO3

2 0.494 0.122 0.527
5 0.544 0.092 0.532
7 0.592 0.095 0.532

10 0.536 0.092 0.533

The Eα value is the average amount over the whole range of α based on the Friedman and KAS
methods (Table 2). For the EP/Mg-Al-CO3 system, lower values of the apparent activation energy can
be assigned to the incomplete curing, which arose from limited interaction.

Table 2. The kinetic parameters obtained for the curing of the prepared samples based on the Friedman
and KAS methods at different heating rates.

Designation Heating Rate
(◦C·min−1)

Ēα
(kJ/mol)

ln(A)
(1/s)

Mean
(1/s) m Mean n Mean

Friedman
method

EP

2

49.38

15.44

15.53

0.437

0.441

1.406

1.426
5 15.64 0.446 1.410
7 15.48 0.390 1.422

10 15.55 0.491 1.465

EP/Mg-Al-CO3

2

51.07

15.73

15.70

0.313

0.231

1.327

1.27
5 15.83 0.189 1.259
7 15.63 0.205 1.230

10 15.63 0.216 1.265

EP/Mg-Al-NO3

2

55.08

17.44

17.31

0.348

0.300

1.527

1.436
5 17.30 0.324 1.380
7 17.19 0.228 1.396

10 17.33 0.298 1.440

EP/Mg-Zn-Al-CO3

2

55.88

17.36

17.33

0.206

0.176

1.345

1.329
5 17.30 0.158 1.310
7 17.33 0.169 1.321

10 17.32 0.172 1.341

KAS method

EP

2

54.37

17.16

17.17

0.389

0.386

1.450

1.469
5 17.29 0.391 1.452
7 17.10 0.335 1.468

10 17.13 0.430 1.507
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Table 2. Cont.

Designation Heating Rate
(◦C·min−1)

Ēα
(kJ/mol)

ln(A)
(1/s)

Mean
(1/s) m Mean n Mean

EP/Mg-Al-CO3

2

52.76

16.31

16.26

0.295

0.212

1.342

1.285
5 16.39 0.169 1.275
7 16.17 0.187 1.245

10 16.17 0.195 1.280

EP/Mg-Al-NO3

2

58.86

18.75

18.56

0.309

0.254

1.562

1.468
5 18.54 0.279 1.410
7 18.41 0.181 1.430

10 18.54 0.248 1.472

EP/Mg-Zn-Al-CO3

2

58.47

18.25

18.18

0.178

0.145

1.368

1.352
5 18.15 0.127 1.333
7 18.17 0.137 1.344

10 18.14 0.140 1.364

By comparing the results in Table 2, the summation of the degrees of the autocatalytic and
non-catalytic reactions (m + n), which is the overall order of the cure reaction, is more than one,
which explains the complexity of the epoxy/amine cure reaction [50]. Furthermore, the autocatalytic
reaction order (m) is lower for the epoxy/LDH nanocomposites compared to the neat epoxy, suggesting a
shift in the curing mechanism from autocatalytic to non-catalytic reactions [51]. On the other hand,
increasing the frequency factor for EP/Mg-Al-NO3 is indicative of enhanced interaction due to the the
participation of nitrate anions in the epoxide ring-opening reaction [52]. For the EP/Mg-Zn-Al-CO3

nanocomposite, however, despite increased interactions, due to the low concentration of Zn2+ ions in
the system, no positive role in improving the cure reaction was detected.

3.2.2. Model Validation

As a final step, for the validation of the kinetics parameters obtained from previous steps, the curing
rate was calculated and compared with the experimental curve. Figure 5 compares the curing rate
for neat epoxy and the EP/Mg-Al-CO3, EP/Mg-Al-NO3 and EP/Mg-Zn-Al-CO3 nanocomposites,
respectively, obtained by the analytical models (Friedman and KAS models) with the experimental
values. It is observed that both isoconversional methods satisfactorily match with the experimental
data [53]. At a late stage of cure (α > 0.8), however, some deviation from the experimental data
was observed, possibly due to the fact that isoconversional methods cannot predict vitrification.
Therefore, in the early stages of curing, the reaction progress in the liquid phase, and thus the reaction,
is controlled chemically before the gelation and vitrification phenomena, where it is controlled by
diffusion [54].
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4. Conclusions

Generally, the evaluation of the cure kinetics of epoxy/Mg-Al LDH nanocomposites elucidates
that the LDH nanosheets significantly affect the crosslinking in the epoxy resin, while the curing
mechanism of epoxy/LDH systems remains unchanged. The calculation of the activation energy by
both differential Friedman and integral KAS methods suggests that the incorporation of Mg-Al-NO3

and Mg-Zn-Al-CO3 increased the energy needed for network formation, possibly due to the viscosity
upturn and perturbed cure reaction with respect to the neat epoxy. The average values of Eα obtained
by different methods are compared in Table 3. An increase in the activation energy of the epoxy/LDH
nanocomposites with respect to the neat epoxy is possibly due to the swelling of the LDHs through
intercalation with epoxy chains or increased viscosity. However, reduction in the activation energy of
the epoxy/Mg-Al-CO3 nanocomposite can be ascribed to the partial cure of the epoxy nanocomposite
in the presence of the Mg-Al-CO3 LDH.

Table 3. The kinetic parameters obtained for the studied systems.

Sample Code Cure State Ēα (kJ/mol)
(Friedman)

Ēα (kJ/mol)
(KAS)

Eα (kJ/mol)
(FWO)

EP - 49.38 54.37 55.74
EP/Mg-Al-CO3 Poor 51.07 52.76 54.60
EP/Mg-Al-NO3 Excellent 55.08 58.86 58.47

EP/Mg-Zn-Al-CO3 Poor 55.88 58.47 60.59
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The enhancement of the frequency factor as a criterion of the number of molecular interactions
for the EP/Mg-Al-NO3 system compared to the neat epoxy (from 15.53 to 17.31 s−1 by the Friedman
method and from 17.17 to 18.56 s−1 by the KAS method) elucidates the improvement of the curability
of epoxy/LDH nanocomposites by the participation of nitrate anions in epoxide ring-opening reactions.
In the case of the EP/Mg-Zn-Al-CO3 nanocomposite, however, the trace of Zn2+ ions in the system
neutralized the positive effect due to enhanced molecular interactions detected by a frequency
factor increase.
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Appendix A. Materials and Methods

Appendix A.1. Materials

Epoxy resin (epoxide equivalent weight (EEW): 174 g/eq) and triethylenetetramine (TETA) as a
curing agent were provided by Sigma Aldrich (Italy, Milano). Moreover, chloroform was acquired
from Sigma-Aldrich (99% purification).

Appendix A.2. Preparation of Epoxy Nanocomposites

Mg-Al-CO3, Mg-Al-NO3 and Mg-Zn-Al-CO3 LDHs were synthesized according to previous
studies [30–32]. Synthesized LDHs (0.1 wt.%) were added to epoxy resin to prepare the EP/Mg-Al-CO3,
EP/Mg-Al-NO3 and EP/Mg-Zn-Al-CO3 nanocomposites through the solution method. The LDH
nanosheets were dispersed into the chloroform by sonication with 40% power for 30 min in an ice bath,
then immediately added to the epoxy resin and mixed with a magnetic stirrer to remove the solvent
for a week at room temperature. Finally, the stoichiometric content of TETA (100:14) was added to the
epoxy system and carefully mixed.

Appendix A.3. Characterization of Epoxy Nanocomposites

The cure reaction of the epoxy/amine system in the presence of 0.1 wt.% of the Mg-Al-CO3,
Mg-Al-NO3 and Mg-Zn-Al-CO3 LDHs was studied non-isothermally using a differential scanning
calorimeter (DSC Q200 model, TA Instrument, New Castle, DE, USA). DSC analysis was performed
at heating rates (β) of 2, 5, 7 and 10 ◦C·min−1 in the temperature range of −50 to 250 ◦C in a nitrogen
atmosphere with flow rates of 50 mL·min−1.

Appendix B. Isoconversional Kinetic Methods

Appendix B.1. Friedman Model

Friedman model is defined based on the following equation [33,55]:

ln

βi

(
dα
dT

)
α,i

 = ln[ f (α)Aα] −
Eα

RTα,i
, (A1)

By plotting ln
[
βi(dα/dT)α,i

]
vs. 1/Tα, the value of activation energy (Eα) in each α can be obtained

from the slope of Figure A1.
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Figure A1. Plots of ln(dα/dt) vs. 1/T for the prepared samples based on the Friedman model at
β = 2 ◦C·min−1.

Appendix B.2. KAS Method

KAS method is defined by the following equation [56,57]:

ln

 βi

T1.92
α,i

 = Const− 1.0008
( Eα

RTα

)
, (A2)

Plotting ln
(
βi/T1.92

α,i

)
vs. 1/Tα gives a straight line; its slope gives the activation energy (Figure A2).
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Appendix C. Selection of the Cure Reaction Model

Appendix C.1. Friedman Model

Based on the Friedman method, the model of the epoxy cure reaction can be determined using
Equation (A3). The shape of the plot of ln[Af(α)] vs. ln(1 − α) denotes the deviation from the nth order
reaction (Figure A3) [58].

ln[A f (α)] = ln
(

dα
dt

)
+

Eα
RT

= lnA + n ln(1− α), (A3)

For the nth order cure mechanism, a straight line was obtained by plotting ln[Af(α)] vs. ln(1 − α),
whose slope gives the reaction degree (n).
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Appendix C.2. Málek Method

The kinetic model based on the Málek method is determined using the following equations:

y(α) =
(

dα
dt

)
α

exp
( Eα

RTα

)
= A f (α), (A4)

z(α) =
(

dα
dt

)
α

T2
α

[
π(x)
βTα

]
, (A5)

The term in the brackets of Equation (A5) has no significant effect on the shape of the z(α)
function and can be omitted. In Equation (A4), the amount of E0 is determined by the FWO method,
where the change in the activation energy with the variation of α remains constant, from the following
equation [59,60]:

ln(βi) = Const− 1.052
( Eα

RTα

)
(A6)

In the FWO method, the activation energy is determined from the slope of ln(βi) vs. 1/T, as shown
in Figure A4. This method gives the activation energy depending on conversion. By the FWO method,
the values of activation energy are obtained as 55.74 kJ/mol, 54.60 kJ/mol, 58.47 kJ/mol and 60.59 kJ/mol
for neat epoxy, EP/Mg-Al-CO3, EP/Mg-Al-NO3 and EP/Mg-Zn-Al-CO3, respectively.
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FWO model.

The experimental values of y(α) and z(α) for the EP, EP/Mg-Al-CO3, EP/Mg-Al-NO3 and
EP/Mg-Zn-Al-CO3 nanocomposites as a function of conversion are shown in Figure A5 and compared
with theoretical master plots.
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Then y(α) and z(α) were normalized as follows to vary between 0 and 1:

yn(α) =
y(α)

max [y(α)]
, (A7)

zn(α) =
z(α)

max [z(α)]
, (A8)

The maximum values, max[y(α)] = αm and max[z(α)] = αp, can be found from the
following expressions:

f ′(αm) = 0, (A9)

f ′(αp) g(αp) = −1, (A10)

Appendix D. Determination of the Degree of Reaction

The degrees of autocatalytic reaction (n and m) and the frequency factor (A) can be determined
through the following equations [61,62]:

ValueI = ln
(

dα
dt

)
+

Ea

RT
− ln

[
d(1− α)

dt

]
−

Ea

RT′
= (n−m) ln

(1− α
α

)
, (A11)

ValueII = ln
(

dα
dt

)
+

Ea

RT
+ ln

[
d(1− α)

dt

]
+

Ea

RT′
= (n + m) ln

(
α− α2

)
+ 2 ln A, (A12)

The slope of the plot of Value I vs. ln [(1 − α)/α] (Figure A6) gives the value of (n − m), and the
slope and intercept of the plot of Value II vs. ln(α − α2) (Figure A7) give the value of (n + m) and 2lnA.
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