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Abstract: Due to the synergistic effect that occurs between CNTs and alumina, CNT/alumina hybrid-
filled epoxy nanocomposites show significant enhancements in tensile properties, flexural properties,
and thermal conductivity. This study is an extension of previously reported investigations into
CNT/alumina epoxy nanocomposites. A series of epoxy composites with different CNT/alumina
loadings were investigated with regard to their thermal-degradation kinetics and lifetime prediction.
The thermal-degradation parameters were acquired via thermogravimetric analysis (TGA) in a
nitrogen atmosphere. The degradation activation energy was determined using the Flynn–Wall–
Ozawa (F-W-O) method for the chosen apparent activation energy. The Ea showed significant
differences at α > 0.6, which indicate the role played by the CNT/alumina hybrid filler loading in the
degradation behavior. From the calculations, the lifetime prediction at 5% mass loss decreased with
an increase in the temperature service of nitrogen. The increase in the CNT/alumina hybrid loading
revealed its contribution towards thermal degradation and stability. On average, a higher Ea was
attributed to greater loadings of the CNT/alumina hybrid in the composites.

Keywords: CNT hybrid; alumina; epoxy; kinetic; activation energy; lifetime

1. Introduction

Hybrid polymer nanocomposites are becoming popular due to their unique com-
bination of properties, which are not possible when a single filler system is used. In
the past, several researchers demonstrated that the combination of properties could be
achieved by combining two or more different types of fillers [1–4]. The synthesis of a
CNT/alumina hybrid compound has been reported in previous works [5–7], where its
composites demonstrated good mechanical and thermal properties [8]. It is a well-known
fact that CNTs possess great mechanical, thermal, electrical, and chemical properties, and
can be used in polymer composites due to their unique structure [9–12]. However, their
lack of dispersibility in a polymer matrix and their tendency to agglomerate with each
other always hinder their original performance. It has been agreed upon by researchers
worldwide that CNT is not capable of being easily dispersed in a polymer resin, even by
using advance ultrasonication techniques. Various studies of functionalization techniques
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for CNTs have been carried out in the past to achieve a dispersible CNT in a polymer ma-
trix [13,14]. Note that alumina particles have been found to have very dispersible properties
in a polymer matrix, either in simple conventional stirring or advanced ultrasonication
techniques. [15,16]. The idea of hybridization between CNTs and alumina is the growing
of CNTs homogenously onto alumina particles, and alumina acting as vehicle to assist the
dispersion of CNTs through the epoxy matrix. Many studies have been carried out to obtain
well-dispersed fillers in nanocomposite applications, such as surface modification [17–19],
chemical functionalization [20–22], and hybridization on the particulate fillers [23–25].
Based on our previous study, at CNT/alumina hybrid loading of 3 wt%, the tensile strength
and modulus increased by about 30% to 39%, while the flexural strength and modulus
increased by between 30% and 35%, and the dielectric constant increased by about 20%.
Meanwhile, the thermal conductivity increased by about 30% at 5 wt% of CNT/alumina
hybrid loading [8].

Additionally, the contribution toward kinetic degradation and thermal stability as a
result of different CNT/alumina loadings on the lifetime of the epoxy system has not been
well explored. The information about kinetic degradation and in-use lifetime projections
can be obtained experimentally. The ability to predict the lifetime is valuable because the
cost of premature failure in actual end use can be high [26]. Thermogravimetric analysis
(TGA) provides a method for accelerating the lifetime testing of polymers so that short-
term experiments can be used to predict in-use lifetime [27]. The lifetime is considered
when 5% mass loss is reached from a dynamic thermogravimetric analysis [28]. Thus, this
paper seeks to provide a few insights on the basic investigation of kinetic degradation
using multiple heating rate methods (nonisothermal) like the Flynn–Wall–Ozawa method.
It was found to be more convenient to carry out nonisothermal runs because it was not
necessary to induce a sudden temperature jump in the sample at the beginning. The kinetic
degradation and glass transition, as well as the chain mobility, can be derived and generate
parameters that are subsequently used to deduce the lifetime of a polymer at different
temperatures. The thermal behavior of an epoxy system has been reported to depend on
the polymeric network crosslink density, functional group, types of curing agents [29], and
filler properties [30,31]. However, the thermal-degradation kinetic study of an epoxy with a
hybrid filler system has been less-reported previously. Besides that, different filler loadings
will generate different thermal characteristics due to the thermal flow path connecting each
filler particle, as well as the homogeneous distribution of the filler [32,33].

The present paper deals with the comparative nonisothermal degradation kinetics
of different CNT/alumina hybrid filler loadings in epoxy nanocomposites. The apparent
activation energy was determined using the Flynn–Wall–Ozawa, Kissinger, and Coats-
Redfern methods. The data presented in this study will be very useful for qualitatively or
quantitatively estimating and distinguishing the lifetime of an epoxy system. In addition,
the objective of this study was to link the methods that were previously studied in isolation
by reviewing them together, as well as to provide useful information on a wide range of
related areas. The type of solid-state mechanism was determined by the Criado method
using Flynn–Wall–Ozawa kinetic data at low conversion based on Doyle’s approximation.
The kinetic parameters (rate constant, k; activation energy, Ea) were calculated and sub-
sequently employed to predict the influence of different CNT/alumina loadings on the
lifetime.

2. Materials and Methods
2.1. Materials

Bisphenol A diglycidyl ether (DGEBA) and trimethylhexamethylenediamine (TMD)
were purchased from Eurochemo Pharma Sdn. Bhd. A CNT/alumina hybrid compound
was synthesized via CVD and used as the composite filler in an epoxy composite [34].
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2.2. Fabrication of CNT/Alumina Epoxy Nanocomposites

The epoxy composites were prepared by mixing the epoxy resin with an amount of
CNT/alumina compound. The mixture was stirred for 30 min and then subjected to high
frequency sonication for 10 min. After that, a hardener, TMD, was added to the mixture,
and it was then stirred accordingly. The final mixture was then degassed in a vacuum for
1 h in order to remove bubbles and trapped air. The mixture was poured into the desired
molds and cured at 120 ◦C for 1 h. The preparation of the epoxy nanocomposite samples is
summarized in Table 1, while the details have been reported elsewhere [8].

Table 1. Summary of preparation of epoxy nanocomposite samples.

Samples DGEBA:TMD CNT/Alumina
(wt%)

Curing
(Temperature, Time)

Epoxy00 10:6 0 120 ◦C, 1 h
Epoxy/HYB1 10:6 1 120 ◦C, 1 h
Epoxy/HYB3 10:6 3 120 ◦C, 1 h
Epoxy/HYB5 10:6 5 120 ◦C, 1 h

2.3. Characterizations

The morphological images of the CNT/alumina epoxy nanocomposites were obtained
with a field emission scanning electron microscope (FESEM) (ZESS Supra 35 VP, Ger-
many) and a higher-resolution transition electron microscope (HTEM) Philips TECNAI 20,
Germany.

2.4. Thermal Analysis

The dynamic and nonisothermal thermogravimetric analyses were conducted using a
Mettler Toledo thermogravimetric analyzer. About 10 mg of the sample was placed in an
aluminum crucible and heated from a temperature of 50 ◦C to 800 ◦C at heating rates of 5,
10, and 20 ◦C min−1 in a nitrogen atmosphere purge. The mass loss versus the temperature
was recorded. The onset decomposition temperature (Td), 10% mass loss temperature
(T10), and residual mass (Rw) at 800 ◦C were also determined. Finally, a kinetic analysis
via the Flynn–Wall–Ozawa method was carried out at three heating rates, i.e., 5, 10, and
20 ◦C min−1. The type of solid-state mechanism was determined by the Criado method
using Flynn–Wall–Ozawa kinetic data at a low conversion (α < 30%) based on Doyle’s
approximation.

3. Results
3.1. Characteristics and Morphology of the CNT/Alumina

In this study, a CNT/alumina hybrid compound (HYB) was used as the filler in
an epoxy system and was investigated with a series of filler loadings. Figure 1 shows
the HRTEM images of the CNT/alumina hybrid in the epoxy/HYB composites [7]. The
images show that the CNT and alumina were attached to each other even though they
were subjected to high-frequency sonication during the fabrication of the composite.

The thermal stability of the CNT/alumina epoxy composites was evaluated using
TGA in a nitrogen atmosphere at heating rates of 5, 10, and 20 ◦C min−1. The mass residue
versus the temperature curve of the thermal degradation for the composites based on the
corresponding filler loadings at different heating rates are shown in Figure 2.
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Figure 2. Variation of mass residue versus temperature at different heating rates of epoxy compo-
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Figure 2a–d show that major decomposition occurred at 400 ◦C, with more than
10% residue once the degradation was completed at 800 ◦C. The curve was delayed and
shifted to the higher temperatures as the heating rate was increased from 5 to 20 ◦C min−1.
From Figure 2a–c, it is evident that the thermal decomposition of the sample proceeded in
the range of 100–800 ◦C. The TG curve pattern demonstrated two stages in the thermal-
decomposition temperature. The first thermal event occurred in the range of 50–250 ◦C,
corresponding to the evaporation of the bound water and air bubbles, while the second
thermal event occurred in the range of 300–450 ◦C, corresponding to further breakage of
the bond links, main chain scission, and dehydration.

Meanwhile, as a comparison, the thermal degradation of epoxy-based composites
corresponding to the same heating rates among different filler loadings are shown in
Figure 3. Although the curves in Figure 3a–c do not show any significant change with
a change in filler loadings, but it is clear that the curves displayed do not overlap. This
proves that the filler loading played a role, although not a large one, in stability during
thermal degradation.
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Figure 3. Comparison of mass residue for epoxy composites with different filler loading at
(a) β = 5 ◦C min−1, (b) β = 10 ◦C min−1, and (c) β = 20 ◦C min−1.

The curves in Figure 3 showed significant changes of temperature at the maximum
rate of mass residue with increased filler loadings, and it was clear that the increment in
the filler loadings contributed to the thermal stability of the composites during thermal
degradation. The char yield of the Epoxy00 with no filler at 600 ◦C showed the least mass
percentage, followed by the char yield of Epoxy/HYB1, Epoxy/HYB3, and Epoxy/HYB5.
Hence, this reflected the amount of filler that was not degraded thermally at the current
temperature. Thus, the kinetic parameters could be reasonably evaluated here. Table 2
summarizes the TG trace of the CNT/alumina hybrid epoxy composites in a nitrogen
atmosphere.

Table 2. Result of TG/DTG traces of some epoxy nanocomposites in a nitrogen atmosphere.

Samples β
Char

Residue a
T10%
(◦C) e

Tonset
(◦C) b

Tmax
(◦C) c

Tend
(◦C) d

∆T
(◦C) f

Epoxy00

5 8.23 201.5 320.18 360.42 522.83 202.65
10 7.38 209.5 328.12 377.42 529.70 201.58
20 8.97 218.0 355.50 394.90 596.00 240.50

Average 8.19 209.66 343.50 376.43 565.50 222.00

Epoxy/HYB1

5 9.24 190.35 320.80 362.80 583.80 263.00
10 10.79 216.80 341.10 373.40 556.40 215.30
20 8.91 230.60 332.90 382.50 497.80 164.90

Average 9.65 209.10 331.60 372.90 546.00 214.40

Epoxy/HYB3

5 10.94 239.10 326.50 351.40 502.10 175.60
10 12.14 186.04 340.00 373.70 589.70 249.70
20 10.31 272.00 351.20 391.70 601.00 249.80

Average 11.13 230.00 339.23 372.27 564.27 225.03

Epoxy/HYB5

5 13.9 247.50 325.60 357.20 494.50 168.90
10 12.15 257.80 345.60 366.60 556.70 211.10
20 11.73 213.00 347.80 371.90 603.60 255.80

Average 12.59 239.43 339.67 365.23 551.60 211.93
a Wt% residue at 800 ◦C; b onset temperature of degradation; c temperature of maximum rate of mass loss; d end
temperature of degradation; e temperature corresponding to percentage of mass loss; f ∆T = Tend − Tonset.

Three ways in which a material is able to lose mass during heating are through the
release of adsorbed species, chemical reactions, and decomposition. All of these show
that the material is no longer thermally stable. From Table 3, the kinetic stability of the
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epoxy/HYB composites were determined by observing T10%, the temperature at 10% of
reduced mass. The average of T10% increased slightly with a corresponding increase in the
filler loading. The significant improvement in thermal stability could be attributed to the
combination of CNT and alumina in the HYB structure, which introduced a pathway for
the heat transfer [8]. The higher amount of HYB contributed to a more tortuous pathway
for the heat transfer. The efficiency of the heat transfer dissipated the heat and delayed the
chain-scission process.

Table 3. Activation energies at α < 30 obtained by using the Flynn–Wall–Ozawa method.

α
Ea

(kJmol−1) R2 α
Ea

(kJmol−1) R2

Epoxy00 Epoxy/HYB1
0.05 84.31 0.8820 0.05 100.76 0.8031
0.10 98.83 0.9317 0.10 112.05 0.8900
0.15 127.94 0.8114 0.15 141.32 0.9394
0.20 137.55 0.9375 0.20 163.22 0.9900
0.25 144.79 0.9654 0.25 210.65 0.9902
0.30 149.40 0.9770 0.30 212.36 0.9392

Average 123.80 - Average 156.73 -

Epoxy/HYB3 Epoxy/HYB5
0.05 79.81 0.8768 0.05 76.51 0.8390
0.10 92.48 0.8381 0.10 88.48 0.8012
0.15 117.13 0.8371 0.15 112.28 0.8926
0.20 129.32 0.9073 0.20 147.40 0.8393
0.25 139.62 0.9681 0.25 173.57 0.8613
0.30 142.04 0.9876 0.30 219.75 0.8797

Average 116.73 - Average 136.33 -

The average char residue for all the samples was less than 20% once the degradation
was completed at 600 ◦C. The higher loading of HYB in the epoxy composites resulted in a
higher char residue from 50 ◦C to 800 ◦C, suggesting that epoxy composites with higher
HYB loadings have better thermal stability than epoxy composites with lower amounts of
HYB filler. The char yield of epoxy/HYB increased with an increase in the HYB content,
indicating that the composites were thermally stable at high temperatures. Owing to the
thermal stability of alumina, the hybrid combination of CNT and alumina in the HYB filler
exhibited synergic thermal absorption and dissipation, whereby the CNT and alumina
could absorb part of the heat, thus forming the barrier effect of fillers. This enhanced the
resistance to thermal degradation, prevented the diffusion of the decomposition products
from the epoxy into the gas phase, and delayed the thermal-degradation process. Wang
et al. discussed the thermal-absorption ability of constituents in epoxy composites that
provide the resistance to thermal degradation [35].

3.2. Calculation of Thermal Degradation Kinetic Parameters

Generally, in the kinetics of polymer degradation, it is assumed that the rate of
conversion (α) is proportional to the concentration of the reacted material. In our case, an
α here is representative of the degradation of hybrid CNT/alumina epoxy nanocomposites
in a nitrogen atmosphere. Thus, the rate of conversion can be expressed by the following
basic rate equation (Equation (1)):

dα

dt
= k(T) f (α) (1)

where dα/dt is the conversion rate, k is the rate constant, and f (α) is a function of the
conversion. However, in cases of thermogravimetric analysis, the fraction concentration
of the reacted material (α) is represented as a total mass loss of the complete degradation
process. Thus means, the conversion α can be calculated as Equation (2):
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α =
Mo −Mt

Mo −M f
(2)

where Mo, Mt, and Mf, are the initial mass of the hybrid CNT/alumina epoxy nanocompos-
ites at 50 ◦C, the mass of the hybrid CNT/alumina epoxy nanocomposites at 50 ◦C at all
temperatures, and the final mass hybrid CNT/alumina epoxy nanocomposites at 800 ◦C,
respectively, of the completely decomposed sample. According to the Arrhenius equation
(Equation (3)), k is given by:

k = A exp− Ea
RT

(3)

where A is the frequency factor, Ea is the apparent kinetic energy of the degradation
reaction, R is the gas constant, α is the conversion, and T is the absolute temperature.
It can be assumed that k, from Equation (1), follows the Arrhenius equation. Thus, by
substituting Equation (3) into Equation (1), Equation (4) is obtained:

dα

dt
= A exp

(
− Ea

RT

)
f (α) (4)

According to non-isothermal kinetic theory, thermal degradation data is generally
performed by Equation (5):

dα

dt
= β

dα

dT
= A exp

(
− Ea

RT

)
f (α) (5)

where β = dT/dt is the constant heating rate. Equation (5) can be rearranged in order to be
simplified as Equation (6):

dα

dt
=

A
β

exp(− Ea
RT

) f (α) (6)

where f (α) is the differential expression of a kinetic model function; a is the conversion;
β is the heating rate (K/min); Ea and A are the activation energy (kJ/mol) and the pre-
exponential factor (min−1), respectively, for the decomposition reaction; and R is the gas
constant (8.314 Jmol−1 K−1). Generally, Ea can be calculated by using the Flynn–Wall–
Ozawa, Kissinger, Coats–Redfern, Horowitz–Metzger, MacCallum–Tanner, or van Krevelen
methods. However, the Flynn–Wall–Ozawa method is one of the superior methods for
dynamic heating experiments, as the calculation of Ea does not take the reaction order into
account. Thus, this method was taken into consideration in the discussion.

The Flynn–Wall–Ozawa method can be used to quantify Ea without any knowledge of
the reaction mechanism. This is not based on any assumption concerning the temperature
integral, thus giving a higher degree of precision to the results. Thus, this method is a
free model technique that evaluates the dependence of the effective activation energy on
conversion. Besides that, this method is very useful for the kinetic interpretation of TG
data obtained from complex reactions. From Equation (6), it can be integrated using the
Doyle approximation [36]. The result of the integration after considering the logarithms
was Equation (7) or Equation (8):

log β = log
AEa

g(α)R
− 2.315− 0.457Ea

RT
(7)

or

ln β = ln
(

AEa

R

)
− ln g(α)− 5.3305− 1.052Ea

RT
(8)

where the Ea of the thermal degradation process of the blending system was determined
from the slope of the straight-line log β versus 1/T.

The Ea of the different filler loadings of the CNT/alumina epoxy nanocomposites was
determined from a linear fitting of log β versus 1000/T at different conversions. To apply
the iso-conversional F–W–O method from Equation (7), the thermal decomposition of each
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filler loading was scanned at different βs: α = 0.1 and α = 0.9 were taken at 100 ◦C and
800 ◦C, respectively. The Ea of different filler loadings of the epoxy nanocomposites was
determined from the slope of the linear fitting of log β versus 1000/T at different values of
α (Figure 4a–d).
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a negative Ea was obtained from the gradient, and it was revealed that the best-fitting 
straight lines were nearly parallel for various heating rates and different samples. By fol-
lowing an approximately exponential relationship so that the rate constant could still be 
fitted to an Arrhenius expression, a negative value of Ea was obtained. This means that 
the rates of degradation decreased with an increase in temperature. Further increases in 

Figure 4. Plot of log β versus 1000/T at different heating rates according to the Flynn–Wall–Ozawa
method at different conversion [x = 0.9, - = 0.8, + = 0.7, o = 0.6, • = 0.5, ∆ = 0.4, N = 0.3, ♦ = 0.25,
� = 0.2, � = 0.15, � = 0.1] for (a) Epoxy00, (b) Epoxy/HYB1, (c) Epoxy/HYB, and (d) Epoxy/HYB5.

The Ea values corresponding to the different conversions using the Flynn–Wall–Ozawa
method are listed in Table 3. The Ea values calculated from using this method were
123.80, 156.73, 116.73, and 136.33 kJ/mol for Epoxy00, Epoxy/HYB1, Epoxy/HYB3, and
Epoxy/HYB5, respectively.

From Figure 4a–d of the plot of log β versus 1000/T at different βs, it was found that
a negative Ea was obtained from the gradient, and it was revealed that the best-fitting
straight lines were nearly parallel for various heating rates and different samples. By
following an approximately exponential relationship so that the rate constant could still be
fitted to an Arrhenius expression, a negative value of Ea was obtained. This means that
the rates of degradation decreased with an increase in temperature. Further increases in
temperature led to a reduced probability of the colliding molecules capturing one another.
The summary and comparison of the epoxy nanocomposites Ea derived from different
filler loadings are shown in Figure 5.
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Figure 5 shows the plot with a constant Ea, which is clearly indicated by the presence
of a multistep process. However, in this study, two stages of Ea were determined, where
the first stage of the Ea behavior occurred at α < 0.6 and the second stage started at α > 0.6.
In the first stage, the Ea increased moderately throughout the degradation process. In this
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stage, the degradation kinetics were associated with the breakage of weak links. According
to Neı̌man et al., the thermal degradation of a hardened epoxy system within a lower
temperature range (300–450 ◦C) produces H2, CO, CH4, C2H6, C2H4, C3H6, and C3H8 [37]
as a result of the breakage of weaker bonds. The works of Norman Grassie et al. showed
that at 300 ◦C the principal products are small amounts of hydrogen and methane, ethane,
propene, ammonia, methylamine with a trace of trimethylamine, water, phenol, cresols,
4-isopropyl phenol, 4-isopropenyl phenol, bisphenol-A, 2-(benzo-fur-5-yl)-2-(p-hydroxy
phenyl)propane, and 2-(benzo-pyran-6-yl)-2-(p-hydroxy phenyl)propane [38,39].

Generally, in this study, the degradation was probably due to the breakdown of the
aliphatic segment of the epoxy (C-(CH3)2) from the DGEBA units, or it could also be
attributed to the weak bonds that might have existed (-NH-and -CONH-) between the side-
chain substituents, which are the weakest linkages along the main chain of the polymer. At
the second stage, once α > 0.6 and as these weak links were consumed, the limiting step
of degradation shifted toward the degradation initiated by random scission. This type of
degradation requires higher levels of energy. The energy to break the CNT and alumina
structures was parallel to the increment in the filler loading, which resulted in the Ea trend.

There is a relationship between the degradation behavior of the samples and the
corresponding activation energy required to initiate the thermal-degradation process with
increases in the CNT/alumina content in the epoxy composites. The Epoxy/HYB5 sample
with 5 wt% filler loading demonstrated the highest Ea, followed by the Epoxy/HYB3,
Epoxy/HYB1, and Epoxy00 samples with 3 wt%, 1 wt%, and no filler, respectively. This
distinction can be explained by comparing the bond-dissociation energy between the
hybrid fillers (∆H◦ Al-C = +267.7 kJmol−1) among the CNT (∆H◦ C=C = +618.3 kJmol−1)
and alumina constituents Al-O (∆H◦ Al-O = +501.9 kJmol−1). Since an increase in the filler
loading meant a reduction in the DGEBA/TMD volume fraction and an increase in the
CNT/alumina volume fraction, the high Ea at higher conversion therefore corresponded to
the filler amount.

3.3. Lifetime Predictions

Lifetime estimations are also very useful in the development, design, and selection of
polymers for different applications. The apparent kinetic parameters calculated from this
study were used to arrive at the lifetime of the formulated epoxy systems. The estimated
lifetime of an epoxy composite until failure has been defined as the time when the mass
loss reaches 5 wt% (α = 0.05) [40–42]. Lifetime can be estimated from the integration of
Equation (9):

dα

dt
= A exp

Ea
RT

(1− α)n (9)

From the from the integration of Equation (9), estimated lifetime equal to Equation (10)
for the reaction order n 6= 1, and Equation (11) for the reaction order n 6= 1.

t f =
(1− 0.951−n)

A(1− n)
exp

Ea
RT

(n 6= 1) (10)

t f =
0.0513

A
exp

Ea
RT

(n = 1) (11)

The value of the reaction order (n) can be obtained directly from the symmetrical index
of a DTG peak, based on the second Kissinger technique, as demonstrated in Equation (12):

n = 1.88

[
d2α
dt2

]
L[

d2α
dt2

]
R

(12)

where the indices L and R correspond to the left and right peak (d2α/dt2) values on
the second derivative thermogravimetric (DDTG) curve for the decomposition process,
respectively. Using the kinetic data and Equation (4), the estimated value of the lifetime in a
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nitrogen and air atmosphere at a mass loss of 5 wt% at various temperatures are presented
in Figure 6, and the n and ln A values for the decomposition in a nitrogen atmosphere are
listed in Table 4.
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Table 4. Result of kinetic-degradation parameter and lifetime as a function of service temperature in
the presence of the type of silicone segment in a nitrogen atmosphere.

Sample
Designation n a Ea ln A b

Lifetime Predictions c

25 ◦C 50 ◦C 100 ◦C 150 ◦C 250 ◦C 500 ◦C

Epoxy00 0.9 76.51 2.33 11.11 10.07 8.41 5.34 2.87 1.42
Epoxy01 0.9 79.81 2.37 11.67 10.59 8.86 5.65 3.07 1.56
Epoxy03 0.9 84.31 2.47 12.42 11.27 9.44 6.06 3.33 1.74
Epoxy05 0.9 87.14 2.48 12.91 11.72 9.84 6.33 3.52 1.86

a Kinetic order; b pre-exponential factor; c lifetime predictions of service temperature.

In a nitrogen atmosphere, the lifetime predicted for all epoxy composite systems
assumes pseudo-first-order reaction kinetics with an exponential curve. It can be seen
that the lifetime was strongly dependent on the service temperature, and significantly
decreased from 300 ◦C to 600 ◦C, while an increase in the rate of degradation shortened
the lifetime. The lifetime difference between each epoxy composite was quite small and
exhibited the same pattern.

From Figure 6, it can be seen that the lifetime curves achieved the same pattern due to
the same epoxy-system base. The difference was only on t1/2 of the epoxy composites. The
t1/2 of the neat epoxy (Epoxy00) was lower than the t1/2 of the epoxy with 1% CNT/alumina
hybrid (Epoxy/HYB1) due to the dissociation energy of the chemical bonding in Epoxy00
and Epoxy/HYB1. The Epoxy/HYB1 contained a lower proportion of epoxy but an extra
proportion of filler. A lower epoxy proportion means less weak chemical bonding, while
the presence of the CNT/alumina filler proportion increased the Ea needed to break the
stronger bonds. The Epoxy/HYB3 and Epoxy/HYB5 possessed a lower proportion of
epoxy and a greater amount of CNT/alumina, as explained by the curve patterns. Hence,
increasing the filler loading led to increases in the Ea and t1/2.

4. Conclusions

The results of the thermogravimetric analysis of composite materials based on an
epoxy system containing 1% to 5% of CNT/alumina hybrid reinforcement were presented
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in this work. The decomposition of the samples took place in the first major step, followed
by a second smaller step. The initial decomposition temperature was established between
50 and 250 ◦C. The major decomposition took place from 250 to 450 ◦C. The increasing
heating rate simultaneously moved the plots toward higher temperatures. The results
obtained from the thermogravimetric analysis were used to calculate the activation energy
by means of nonisothermal methods. The lifetime of the epoxy CNT/alumina hybrid
composites was estimated by increasing the temperature service in nitrogen.
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Abbreviations

CNT carbon nanotube
HYB CNT/alumina hybrid compound
DGEBA Bisphenol A diglycidyl
TMD Trimethylhexamethylenediamine
α Conversion
log β Heating rate; (Kmin−1)
dα/dt Rate of conversion
d2α/dt2 Rate of conversion for second-derivative thermogravimetry
f(α) Expression of kinetic model
Ea Activation energy
Eq Equation
F–W–O Flynn–Wall–Ozawa
k Rate constant
Mo Initial mass (g)
Mt Mass at time (g)
Mf Final mass (g)
n Kinetic order
N2 Nitrogen
T5 Temperature at 5% mass loss (K)
T10 Temperature at maximum mass loss (K)
PEPA Polyethylene polyamine
R Gas constant (8.1 Jmol−1 K−1)
Rw Residue mass (g)
Td Temperature at maximum mass loss (K)
TG Thermogravimetry (TG)
Tg Glass transition temperature
T Temperature (K)
t Time (min)
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