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ABSTRACT: Nanocomposites based on a commercial ep-
oxy resin and organically modified montmorillonites
(OMMTs), containing 5 and 10 phr OMMT, were prepared
and characterized. Poly(oxypropylene) diamine (Jeffamine
D400) and octadecylamine were used as organic modifiers.
Another poly(oxypropylene) diamine (Jeffamine D230) was
used as a curing agent. The thermal degradation kinetics
of the neat resin system and nanocomposites were investi-
gated by thermogravimetric analysis. The dispersion of sil-
icate layers within the crosslinked epoxy matrix was veri-
fied by transmission electron microscopy. The activation

energy of degradation for the investigated systems was
determined by the isoconversional Kissinger—Akahira—
Sunose method. The thermal behavior of the neat resin
systems and nanocomposites was modeled with an empiri-
cal kinetic model. The influence of organic modifiers and
the OMMT loading on the thermal stability of the nano-
composites was discussed. © 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 107: 1932-1938, 2008
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INTRODUCTION

In the last decade, organically modified layered sili-
cates have become recognized as useful fillers in
polymer-matrix composites. The morphology of the
nanocomposites can evolve from so-called interca-
lated nanocomposites, in which a regular alternation
of the layered silicates and polymer monolayers can
be observed, to the exfoliated (delaminated) type of
nanocomposites, in which individual nanometer-
thick silicate layers are randomly and homogene-
ously distributed throughout the polymer matrix.
The nanoscopic distribution of the platelets in a
polymer can lead to greatly improved mechanical,
thermal, and gas-barrier properties.

Epoxy resins are widely used as polymer matrices
for composites. To date, epoxy-layered silicate nano-
composites have gained widespread attention with
respect to their synthesis, morphology, and proper-
ties.'"® However, in very few studies™'*'®*?' has
their thermal stability at elevated temperatures been
investigated.

In this work, the thermal degradation kinetics of
nanocomposites based on organically modified
montmorillonite (OMMT) and a commercial epoxy
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resin were studied. These composite materials were
previously characterized, and their cure kinetics
were studied.?*??

EXPERIMENTAL

An epoxy resin, diglycidyl ether of bisphenol A
(DGEBA; DER 331), with an epoxy equivalent
weight of 187 g/mol was obtained from Dow Chem-
icals (Midland, MI). Poly(oxypropylene) diamine,
provided under the trade name Jeffamine D230 by
Fluka (Buchs, Switzerland), with an N—H equiva-
lent weight of 57.5 g/mol, was used as a curing
agent. The clay was a Wyoming-type montmorillon-
ite provided by M. I. Drilling Fluids Co. (Porra
Quay, Alberdeen, Scotland) Octadecylamine, pro-
vided by Kemika (Zagreb, Croatia), and poly(oxy-
propylene) diamine (Jeffamine D400), provided by
Fluka, were used as modifiers for montmorillonite.
The materials were used as received. OMMTs were
prepared as described previously.”**

To prepare the neat epoxy resin system, DGEBA
and a stoichiometric amount of Jeffamine D230 were
mixed and stirred at room temperature in a closed
vessel for 60 min. To prepare the nanocomposite sys-
tems, epoxy resin was mixed with desired amounts
of OMMTs (5 and 10 g of OMMT per 100 g of ep-
oxy) at 75°C for 24 h and sonicated for 15 min. Sam-
ples were designated according to the organic modi-
fier of montmorillonite and OMMT loading:
O_MMT_5 and O_MMT_10 for nanocomposites with
5 and 10 phr octadecylamine modified montmoril-
lonite and ]_MMT_5 and J_MMT_10 for nanocompo-
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sites with 5 and 10 phr poly(oxypropylene) diamine
(Jeffamine D400) modified montmorillonite, respec-
tively. After the mixture was cooled to room temper-
ature, a stoichiometric amount of the curing agent
Jeffamine D230 was added with thorough mixing for
60 min. The mixtures were poured into molds and
cured at 80°C for 3 h, and this was followed by post-
curing at 120°C for 1 h.

The materials were investigated by means of X-ray
diffraction (XRD), as reported previously.”>* The
initial d-spacing of the OMMTs was determined to
be 21.9 A for octadecylamine-modified montmoril-
lonite and 16.3 A for poly(oxypropylene) diamine
modified montmorillonite. In all composite systems,
the absence of basal spacing (001) was observed. It is
common practice to classify a nanocomposite as fully
exfoliated from the absence of the (001) reflection.
However, disordered layers (bunched together but
not parallel stacked) are not detected by XRD. Thus,
a silent XRD may hide a large number of disordered
tactoids and can be highly misleading when
employed as a single tool for quantifying a nano-
composite structure or filler dispersion. To verify the
morphology of the cured epoxy resin/OMMT com-
posites, the materials were investigated by means of
transmission electron microscopy (TEM) with a
JEOL 200 CX microscope (Tokyo, Japan) with a 120-
kV acceleration voltage.

The weight loss of fully cured samples, weighing
approximately 15 mg, was measured by thermogra-
vimetric analysis (TGA) with a PerkinElmer TGS-2
thermobalance (Norwalk, CT). The samples were
heated from room temperature to 1000°C at four dif-
ferent heating rates (5, 10, 15, and 20°C/min) in a
nitrogen gas flow of 150 cm®/min.

RESULTS AND DISCUSSION
Degradation behavior

Examples of TGA curves obtained from the neat
resin system and nanocomposites containing 5 and
10 g of OMMT per 100 g of epoxy resin, under a
nitrogen atmosphere, are shown in Figure 1. The
temperature at the maximum rate of weight loss was
determined from the first derivative of the TGA
curves (Figs. 2 and 3) and is summarized in Table L
In comparison with the neat resin system, an almost
identical or slightly decreased onset temperature of
degradation for the nanocomposites was observed
(Table I). The shift was most pronounced in the
nanocomposite O_MMT_10. Similar findings for an
onset temperature decrease are reported in the litera-
ture.’>?! As shown by the TGA and derivative ther-
mogravimetry (DTG) curves in Figure 4(a,b), the
thermal decomposition of organic modifiers in neat
OMMTs started at lower temperatures (at about
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Figure 1 TGA curves of the investigated
obtained at a heating rate of 5°C/min.

systems

200°C) in comparison with the neat resin. Because of
this, the addition of nanofillers could accelerate the
thermodegradation process in the nanocomposites
with respect to that of the neat resin. DTG curves of
the neat resin system and nanocomposites with
J_MMT have similar shapes (Fig. 2), indicating a single-
step degradation process. The reason that a separate
degradation of the interlayer exchanged ions was
not observed could be a very low concentration of
organic ions in the system. A shoulder on the DTG
peak of the nanocomposites with O_MMT indicates
two main steps of the degradation process (Fig. 3).
The shoulder is more pronounced for the nanocom-
posites with higher O_MMT loadings (10 phr) and
lower heating rates.

Isoconversional kinetic analysis

To describe the degradation of the investigated sys-
tems, the isoconversional kinetic analysis of TGA
curves was performed first. As is known, isoconver-
sional methods do not assume a kinetic model [f(a)]
to calculate the activation energy of a reaction but
instead calculate an apparent activation energy (E,)
directly from the TGA curves. As a result, a func-
tional dependence of E, on conversion (o) is
obtained, which can indicate the complexity of the
reaction mechanism.

Integral isoconversional methods, such as the
Flynn-Wall-Ozawa>** and Kissinger-Akahira-Sunose
(KAS) methods,***” are suited to the analysis of
TGA curves because they do not require the experi-
mental data to be differentiated beforehand.”® As the
two integral methods are mathematically equiva-
lent,” the KAS equation was chosen because it was
shown to be correct for a wider interval of activation
energies:*

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 DTG curves of ] MMT systems versus the epoxy neat resin system at four different heating rates.

E,

In [%] = [In(koR/Eq) ~ InGle)] — 2% (1)

where B is the heating rate, T is the thermodynamic
temperature, kj is the pre-exponential factor, R is the
general gas constant (8.314 | mol ' K1), and G(a) is

the integral form of kinetic model f(a).
o was calculated as follows:

a(T) =mg —m(T)
mpy — Mo

)

where my is the initial sample mass, m(T) is the sam-
ple mass at temperature T and m., is the final sample
mass. The initial loss of mass at temperatures under
200°C, which was ascribed to the evaporation of
adsorbed moisture, was disregarded.

From isoconversional plots of In (B/ T?) versus 1/T,
for values of o in the 0.05-0.90 range, the activation
energy was calculated, as illustrated in Figure 5, for
the neat epoxy/Jeffamine D230 system. The depend-
ence of E; on « is presented in Figure 6, indicating
the change in the degradation mechanisms in the
investigated a (or temperature) range. The reason for
the significant increase in E, at higher o values (>0.6)

Journal of Applied Polymer Science DOI 10.1002/app

could be a shift from chemically controlled kinetics to
diffusion-controlled kinetics. It is also evident that the
activation energy is dependent on the OMMT load-
ing. The highest activation energies were obtained for
nanocomposite systems with 5 phr OMMTs. The acti-
vation energy calculated for nanocomposite systems
with 10 phr OMMTs was comparable to or even
lower than E, of neat resin system (see O_MMT_10, a
< 04, in Fig. 6). All these findings were expected
from the results discussed earlier. An activation
energy decrease when the OMMT loading is higher
than 6 phr has been reported in the literature.'” The
finding was explained by different degrees of interca-
lation/exfoliation of the layered silicate in the poly-
mer matrix with different OMMT loadings. It was
supposed that at a relatively low OMMT loading (<8
phr), the nanocomposite developed an exfoliation-
dominant structure. When the OMMT loading
increased further, the nanocomposites developed an
exfoliated /intercalated structure. As the tactoids were
less effective in blocking heat and the diffusion of
volatile decomposition products out of the material
than the exfoliated platelets, the activation energy
started to decrease with the OMMT loading.
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Figure 3 DTG curves of O_MMT systems versus the epoxy neat resin system at four different heating rates.

TABLE 1
Thermal Stability Parameters of the Investigated
Systems: Onset Temperature of Degradation (T,,),
Temperature of Maximal Degradation Rate (Ti,.y), and

IPDT
Heating rate Ton T max IPDT
System (°C/min) °O) °Q) (°C)
Neat resin 5 351 365 497
10 367 383
15 375 391
20 379 397
J_MMT_5 5 351 370 519
10 363 376
15 369 389
20 380 396
J_MMT_10 5 349 364 554
10 365 379
15 372 387
20 377 393
O_MMT_5 5 351 368 514
10 368 385
15 373 390
20 376 393
O_MMT_10 5 344 366 541
10 358 379
15 369 390
20 376 395

TEM images of systems O_MMT_5 and J_MMT_5
are shown in Figure 7(ab), indicating a heterogeneous
structure, that is, a coexistence of tactoids and interca-
lated and exfoliated layers. The extended dark areas
in the TEM images are projections of layers parallel
or oblique to the sample surface. In the O_MMT_5
system [Fig. 7(a)], O_MMT layers were inhomogene-
ously distributed, and large regions of pure epoxy
matrix were observed. ] MMT layers [Fig. 7(b)]
seemed to be distributed much more homogeneously
in the matrix. This may be a reason that the
J_MMT_5 system showed higher activation energy for
degradation in comparison with O_MMT_5.

Modeling of the degradation kinetics

A goal of kinetic analysis is to simulate the thermal
behavior of a material. The degradation of polymer
materials often proceeds via a complex mechanism,
and elucidating the kinetics for overlapping reac-
tions is a very demanding procedure. If the degrada-
tion is studied to ascertain the processing parameters
and appropriate working conditions for the material,
the use of simple empirical models (with an average

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 (A) TGA and (B) DTG curves of the neat
OMMTs versus the neat epoxy resin system.

value of the activation energy) in kinetic analysis is
justified.’" In this work, an autocatalytic model of
reaction was chosen:

Z—(: = koexp(—E,/RT)a™(1 — a)" (3)
where da/dt is the rate of reaction and m and n are
empirical coefficients. The model was fitted simulta-
neously to experimental datasets obtained at differ-
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Figure 5 Isoconversional plots used to calculate the acti-
vation energy at the listed conversions by the KAS method
for the neat resin system.

Journal of Applied Polymer Science DOI 10.1002/app

BRNARDIC ET AL.

320
300 | ] c
L = neat resin
280H o J MMT 5
seol] © J_MMT_10 o
| 2 O MMTS5 ¥
240 o O_MMT 10 v
T ool o
g | oo Ll
[m)
3 2001 LR
= L gof,e e
W’ 180 - pocugRaa’ &
[ - N § o
160 |-
I Dgesnan <5> g 88 °
140 | B 00
3 o
120 |- &
100 I 1 \ 1 . 1 . 1 \ 1 N
00 02 04 0.6 0.8 1,0

o
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method for all investigated systems.

ent heating rates with the program Wolfram Mathe-
matica 5.0. The model parameters were optimized
by minimization of the mean square difference
between the calculated and experimental conver-
sions. The average values of the apparent activation
energy obtained by the KAS method (E,kas) in the
conversion interval between 0.15 and 0.75 were used
as initial values and, if necessary, were modified to

Figure 7 TEM images of the investigated systems: (A)
O_MMT_5 and (B) ]_MMT_5.
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TABLE II
E,, ko, and Empirical Exponents m and n for the Given
Systems and Model [Eq. (3)]

Eu,ﬁt E(I,KAS
System (kJ/mol)  (KJ/mol) ko (s7Y) m n
Neat resin 179 165 exp(28.8) 055 1.90
J_MMT_5 197 189 exp(32.5) 0.60 2.08
J_MMT_10 173 160 exp(28.1) 0.65 1.99
O_MMT_5 214 179 exp(35.3) 052 215
O_MMT_10 177 155 exp(28.3) 042 176

obtain the most satisfying fit. The model parameters
are summarized in Table II. As shown in Figure 8,
the chosen model predicted the conversion profiles
fairly well. Because in modeling an average E, value
was used that was lower than E, for the final steps
of degradation (see Fig. 6 and Table II), the model
predicted an earlier end of the degradation process
(at lower temperatures).

Thermal stability

It is difficult to compare the thermal stability of
investigated materials solely from the results of ki-
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netic modeling. Because of this, another parameter,
the integral procedure degradation temperature
(IPDT), was determined as well (see Table I). IPDT
takes into account the whole degradation process'
and represents the inherent thermal stability of a
material. As seen, the IPDT of the nanocomposites
was higher than the IPDT of the neat resin system.
The nanocomposites with octadecylamine-modified
montmorillonite had higher thermal stability than
the nanocomposites containing poly(oxypropylene)
diamine modified montmorillonite. A trend of
reduced weight loss (or improved char formation)
was observed with OMMT addition as well. As char
acts as an insulator and mass-transport barrier for
volatile degradation products,*® the presence of sili-
cate layers in the epoxy matrix can reduce or prevail
over the negative influence of interlayer organic ions
on the thermal stability of the investigated materials.

CONCLUSIONS

TGA was used to study the kinetics of the thermal
degradation of nanocomposites based on epoxy resin
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Figure 8 Comparison of (- - -) experimental data with (—) the kinetic model data for all investigated systems: (A) neat
resin, (B) ]_MMT_5, (C) ]_.MMT_10, (D) O_MMT_5, and (E) O_MMT_10. Zero time corresponds to the temperature of

40°C (313 K).
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and OMMTs. Interlayer organic ions in OMMTs
were more prone to degradation than the neat epoxy
resin system and caused a slight decrease in the
onset temperature of thermal degradation in the
nanocomposites. E, for the degradation process was
calculated with the isoconversional KAS method,
and the kinetics were described with an empirical
autocatalytic model. Nanocomposites with 5 phr
OMMT had the highest values of E,, which indicated
a higher degree of exfoliation of silicate layers in the
epoxy matrix in comparison with the nanocompo-
sites with 10 phr OMMT. The IPDT and final char
content increased with increasing OMMT loading.
Despite the observed differences, it is fair to say that
very little change in the thermal stability of the
nanocomposites with respect to that of the neat resin
was in fact observed.
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