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ABSTRACT: Comprehensive high-performance epoxy
nanocomposites were successfully prepared by co-incorpo-
rating organo-montmorillonite (0-MMT) and nano-SiO, into
epoxy matrix. Because of the strong interaction between
nanoscale particles, the MMT layers were highly exfoliated,
and the exfoliated nanoscale MMT monoplatelets took an
interlacing arrangement with the nano-SiO, particles in the
epoxy matrix, as evidenced by X-ray diffraction measurement
and transmission electron microscopy inspection. Mechanical
tests and thermal analyses showed that the resulting epoxy/
0-MMT /nano-SiO, nanocomposites improved substantially

over pure epoxy and epoxy/o-MMT nanocomposites in ten-
sile modulus, tensile strength, flexural modulus, flexural
strength, notch impact strength, glass transition temperature,
and thermal decomposition temperature. This study suggests
that co-incorporating two properly selected nanoscale par-
ticles into polymer is one pathway to success in preparing
comprehensive high-performance polymer nanocomposites.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 123: 3503-3510, 2012
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INTRODUCTION

The rapid development of aerospace, submarine,
and armor industries raises an urgent need for high-
performance lightweight materials with high modu-
lus, strength, toughness, and thermal stability.
Epoxy/clay nanocomposites are among the candi-
dates with the greatest development potential. Ep-
oxy resins have such merits as transparency, light
total weight, and good cohesion strength. Clays are
widely used reinforcers for polymers. They have a
characteristic layered structure and nanoscale clay
monolayers have a large aspect ratio, which results
in considerable interaction between clays and matri-
ces. Therefore, clays can effectively enhance some
properties of epoxy even at low loadings."”
Unfortunately, while enhancing some properties of
epoxy, the incorporation of clays often causes
impairment to some other properties.®'® The most
typical example of the impairment is a decrease in
strength.> ' Tt can be seen from our work and
through literature review that epoxy/clay nanocom-
posites generally obtain improved modulus, but
they frequently show decreased tensile and flexural
strength compared to pure epoxy.®'® Furthermore,
clay layers are usually modified with organic surfac-
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tants to increase their compatibility with hydropho-
bic epoxy for easier intercalation and exfoliation, but
the surfactants could lower glass transition tempera-
ture of the resulting nanocomposites and make them
thermally unstable.”'*'® As a result, the epoxy/clay
nanocomposites now available still cannot be used
for production of key structural components requir-
ing comprehensive high performance.

In addition to clays, nano-SiO, particles are also
important nanofillers for reinforcing the properties
of polymers. They have relatively low cost, low den-
sity, and nontoxic qualities. Many polymer/nano-
SiO, nanocomposites have shown enhanced tensile
strength and thermal stability over polymer matri-
ces.'”" The merits of nano-SiO, particles as rein-
forcer may remedy the deficiencies of clays listed
earlier. So far, there have been numerous reports on
the use of single reinforcer to epoxy,'® but little
research has been focused on reinforcing epoxy with
multiple nanofillers.?’ To the best of our knowledge,
no study on co-reinforcing epoxy with clay and
nano-SiO, has been published in the literature.

In this research, clay and nano-SiO, were simulta-
neously incorporated into epoxy to integrate their
reinforcement advantages and generate synergistic
reinforcement effects. Consequently, comprehensive
high-performance epoxy nanocomposites were suc-
cessfully prepared. These nanocomposites displayed
substantial improvements in tensile modulus, tensile
strength, flexural modulus, flexural strength, notch
impact strength, glass transition temperature (Tg), and
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thermal decomposition temperature (T,) in comparison
with pure epoxy and epoxy/clay nanocomposites.

EXPERIMENTAL
Materials

The epoxy resin was diglycidyl ether of bisphenol A
(DGEBA) E51, provided by Nuoxin Chemicals,
Hebei province, China. The curing agent and accel-
erator were methyl tetrahydrophthalic anhydride
and 2-ethyl-4-methylimidazole, respectively; both
were commercial products of chemically pure grade
and were purchased from Shikoku chemical Co.,
Japan. The clay was an organo-montmorillonite
(0-MMT), DK1, from Fenghong chemical Co., Zhe-
jlang Province, China. The nano-SiO, was supplied
by Nachen Co., Beijing, China.

Nanocomposites preparation

For the preparation of epoxy/o-MMT/nano-SiO,
nanocomposites, the epoxy curing agent (80 phr), ac-
celerator (1 phr), o-MMT, and nano-5iO, were mixed
at ambient temperature. The mixture was then sub-
jected to ultrasonic dispersing for 0.5 h to obtain a
transparent and homogenous system. The system
was injected into a steel mold and degassed in vac-
uum for 0.5 h to eliminate bubbles. Finally, the mix-
ture was cured at 90°C for 2 h and 150°C for 2 more
hours, followed by postcuring at 180°C for 2 h. With
this process, epoxy/o-MMT/nano-SiO, nanocompo-
sites containing 2, 4, 5, 6, 8, and 10 phr o-MMT/
nano-Si0, were prepared. The weight ratio of
o-MMT and nano-SiO, was 1 : 1.

For comparison, epoxy/o-MMT nanocomposites
containing 2, 4, 5, 6, 8, and 10 phr o-MMT were pre-
pared according to the above procedure using the
same epoxy, curing agent, accelerator, and o-MMT.

Characterization

X-ray diffraction (XRD) experiments were performed
on a D/MAX-2500+/PC diffractometer equipped
with a Cu Ka and operated at 40 kV and 30 mA.
Data were collected in the range of 20 = 2°-10° at
the scanning rate and step size of 1.0°/min and
0.02°, respectively.

The internal structures of the samples were
inspected with transmission electron microscopy
(TEM) using a JEM-2010 transmission electron
microscope operated at 120 kV voltage.

Mechanical property tests were performed on a
universal material testing machine (Instron 5567)
using six replicas for each sample. The tensile modu-
lus and tensile strength were measured according to
ASTM D 638-96. The flexural modulus and flexural
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Figure 1 XRD patterns of DK1 o-MMT (a), 5 phr epoxy/
0-MMT nanocomposite (b), and 5 phr epoxy/o-MMT/
nano-Si0O, nanocomposite (c).

strength were measured according to ASTM D 790
M. The notch impact strength was measured accord-
ing to ASTM D-256.

The tensile, flexural, and impact fracture morphol-
ogy were investigated by means of scanning elec-
tronic microscopy (SEM) using a KYKY-2800 operated
at an accelerating voltage of 20 kV. Energy-dispersive
spectrometry (EDS) analyses were performed on a
Link-INCA energy dispersive spectrometer.

T, was determined by a STA449C multipurpose
thermal analyzer using differential scanning calorim-
etry. All the samples were heated in an argon
atmosphere from 25 to 150°C at a heating rate of
10°C/min.

T; was measured on a STA449C multipurpose ther-
mal analyzer using thermogravimetric analysis. All
the samples were heated under argon atmosphere
from 30 to 600°C at a heating rate of 10°C/min.

RESULTS AND DISCUSSION
X-ray analysis

Figure 1 shows the XRD diffraction patterns of the
DK1 o-MMT, the 5 phr epoxy/o-MMT nanocompo-
site, and the 5 phr epoxy/o-MMT/nano-SiO, nano-
composite. It can be observed that the (001) diffrac-
tion peak of the DK1 o-MMT appears at 20 = 4.4°
[Fig. 1(a)], corresponding to an interlayer spacing of
2.0 nm as calculated from the Bragg equation. The
diffraction peak of the epoxy/o-MMT nanocompo-
site shifted to the lower angle side, and only a par-
tial peak could be recorded in the range of 2°-10°
[Fig. 1(b)], indicating an interlayer spacing of greater
than 2.0 nm. No diffraction peak could be identified
in the diffraction curve of the epoxy/o-MMT/nano-
5i0O, nanocomposite [Fig. 1(c)], suggesting that the
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Figure 2 TEM micrographs corresponding to 5 phr epoxy/o-MMT nanocomposite (a), and 5 phr epoxy/o-MMT/nano-

5i0, nanocomposite (b).

addition of nano-SiO, increased the exfoliation

degree of MMT layers.

TEM analysis

The above results are further confirmed by transmis-
sion electron microscopy (TEM) inspection. Figure
2(a) shows the micrograph of the 5 phr epoxy/o-
MMT nanocomposite. It can be observed that the
MMT displays an intercalated structure with its or-
dered layered structure still retained, although the
interlayer spacing has been enlarged to ~ 5 nm due
to the intercalation of many polymer chains into
MMT galleries. The 5 phr epoxy/o-MMT/nano-SiO,
nanocomposite shows a completely different mor-
phology, as presented in Figure 2(b). The MMT
layers are highly exfoliated, and the spacing between
the exfoliated nanoscale monoplatelets is larger than
30 nm. These nanoscale MMT monoplatelets (~ 1
nm in thickness) have an interlacing arrangement
with the nano-SiO, spheroids (~ 30 nm in diameter).

For the epoxy nanocomposites containing clays,
the exfoliated clay layers enhance nanocomposite
properties more substantially than the intercalated
clay layers, and the higher the degree of exfoliation,
the better the properties.>*' However, it is still diffi-
cult to achieve complete exfoliation of clays in ep-
oxy, even if organically modified clays are used.”™®
Unexpectedly, the highly exfoliated clay layers were
readily accomplished in the epoxy/o-MMT/nano-
5i0, nanocomposite by the simple addition of nano-
SiO, particles. This effect must be caused by the
strong interaction between nanoscale particles. The
interaction may potentially result from the van der
Waals forces generated between nano-SiO, particles
and MMT surface layers, which could overcome the
Coulomb forces existing in MMT galleries. Detailed
study on the mechanism for this effect has both the-
oretical and applied value.

Mechanical properties

Figure 3 shows the tensile test results of pure epoxy
and the epoxy nanocomposites. Compared to pure
epoxy, the epoxy/o-MMT nanocomposites displayed
increased tensile modulus at only the o-MMT load-
ings of 4, 5, and 6 phr, while all of them showed
decreased tensile strength irrespective of the o-MMT
loading. All the epoxy/o-MMT /nano-5iO, nanocom-
posites improved substantially over pure epoxy in
both tensile modulus and tensile strength. The best
performance was obtained at the 5 phr o-MMT/
nano-SiO, loading. At this loading, the tensile modu-
lus increased by 247.5% and 63.5% over those of pure
epoxy and the 5 phr epoxy/o-MMT nanocomposite,
respectively. The tensile strength increased by 119.4
and 174.3% over those of pure epoxy and the 5 phr
epoxy/o-MMT nanocomposite, respectively.

Figure 4 presents the flexural test results of the
three materials. All the flexural modulus values for
the epoxy/o-MMT nanocomposites were higher than
that for pure epoxy, but enhancement in flexural
strength could only be observed at 4, 5, and 6 phr
o-MMT loadings. All the flexural modulus values
and flexural strength values for the epoxy/o-MMT/
nano-Si0, nanocomposites are higher than those for
both pure epoxy and epoxy/o-MMT nanocomposites
at the same filler loading. The best performance was
obtained at the 5 phr o-MMT/nano-5iO, loading. At
this loading, the flexural modulus was 20.3% and
5.9% higher than those of pure epoxy and the 5 phr
epoxy/o-MMT nanocomposite, respectively. The
flexural strength was 21.2% and 13.3% higher than
those of pure epoxy and the 5 phr epoxy/o-MMT
nanocomposite, respectively.

Figure 5 summarizes the results of notch impact
tests. Single incorporation of o-MMT and co-incorpo-
ration of 0o-MMT/nano-SiO, into epoxy both led to
improved notch impact strength, but the latter pro-
duced a more significant strengthening effect. When
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Figure 3 Tensile modulus (a) and tensile strength (b) versus filler loading for epoxy/o-MMT nanocomposites and

epoxy/o-MMT /nano-SiO, nanocomposites.

the o-MMT/nano-5i0, loading was 5 phr, the ep-
oxy/o-MMT /nano-5iO, nanocomposite obtained the
best performance, showing an improvement of
64.3% and 36.1% compared to pure epoxy and the 5
phr epoxy/o-MMT nanocomposite, respectively.
Obviously, co-incorporation of o-MMT /nano-SiO,
is superior to single incorporation of o-MMT in
improving nanocomposite mechanical properties,
especially strength. This superiority is due to the high
exfoliation of clay layers and their interlacing
arrangement with the nano-5iO, spheroids in the case
of co-incorporation, which makes more interfacial
surfaces available for interaction with the surround-
ing epoxy matrix. As a result, more effective load
transfer between matrix and fillers can be obtained.

SEM analysis

The tensile, flexural, and impact fracture morpholo-
gies of pure epoxy and the 5 phr nanocomposites
are shown in Figures 6-8, respectively.
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The fracture surfaces of the pure epoxy [Figs. 6(a),
7(a), and 8(a)] are relatively smooth with some river
lines, representing brittle failure of homogenous
materials.

The fracture surfaces of the 5 phr epoxy/o-MMT
nanocomposite [Figs. 6(b), 7(b), and 8(b)] are rougher
than those of the pure epoxy, but the cracks still
mainly orient in one direction. This pattern indicates
that the presence of o-MMT made the cracks deflected
and the load energy dispersed to some extent. Addi-
tionally, there are some irregular accumulations on
the fracture surfaces with the sizes ranging from 1 to
3 pm. These accumulations were agglomerations
formed by intercalated MMT, as EDS analyses
showed that their composition was MMT [Figs. 6(d),
7(d), and 8(d)]. The agglomerations behave as stress
concentrator in matrix and initiate cracks at low test-
ing load. This negative effect could compromise and
even overwhelm the rough fracture surface effect,
thus accounting for the tensile strength decrease
observed in the epoxy/o-MMT nanocomposites.
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Figure 4 Flexural modulus (a) and flexural strength (b) versus filler loading for epoxy/o-MMT nanocomposites and

epoxy/o-MMT /nano-SiO, nanocomposites.
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Figure 5 Notch impact strength versus filler loading for
epoxy/o-MMT nanocomposites and epoxy/o-MMT/nano-
SiO, nanocomposites.

The fracture surfaces of the 5 phr epoxy/o-MMT/
nano-SiO, nanocomposite [Figs. 6(c), 7(c), and 8(c)]
are very rough. The cracks are fine, close, short,
twisting, varying in shape, and scattered in various
directions. This pattern indicates that the co-pres-
ence of nanoscale MMT monoplatelets and nano-
SiO, spheroids considerably deflected the cracks and
forced them to proceed along very convoluted paths,
thus crack propagation becoming very difficult. No
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obvious agglomerations of the nanoscale particles
can be observed on the surfaces. The absence of
agglomerations indicates that the co-incorporation of
o-MMT and nano-SiO, facilitated their homogeneous
dispersion, which prevented the formation of stress
concentrators. Therefore, the epoxy/o-MMT/nano-
5i0, nanocomposites exhibited the best mechanical
properties.

Thermal properties

Thermal analysis results are summarized in Figure
9. All the T, values of the epoxy/o-MMT nanocom-
posites were slightly lower than that of the pure ep-
oxy [Fig. 9(a)]. This decrease comes from the thermal
instability of the small molecule surfactants intro-
duced to MMT layers by organic modification. In
contrast, all the T, values of the epoxy/o-MMT/
nano-Si0, nanocomposites are substantially higher
than that of pure epoxy [Fig. 9(a)]. The highest value
and the greatest improvements occurred at the 5 phr
epoxy/o-MMT /nano-5iO, nanocomposite, which
exhibited an increase of 9.5 and 10.4°C compared to
pure epoxy and the 5 phr epoxy/o-MMT nanocom-
posite, respectively. The improvement could be
ascribed to the dense network formed by the exfoli-
ated nanoscale MMT monoplatelets and the nano-
S5i0O, spheroids, which enormously increased the

190 200 300 400 S0 GO0 L0 R0D 400 1040 MO 1201
Eneray - keV

Figure 6 SEM micrographs showing tensile fracture morphology of pure epoxy (a), 5 phr epoxy/o-MMT nanocomposite
(b), and 5 phr epoxy/o-MMT /nano-5i0, nanocomposite (c); the EDS analysis of the accumulations in (b) is shown in (d).
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Figure 7 SEM micrographs showing flexural fracture morphology of pure epoxy (a), 5 phr epoxy/o-MMT nanocomposite
(b), and 5 phr epoxy/o-MMT /nano-5iO, nanocomposite (c); the EDS analysis of the accumulations in (b) is shown in (d).

Figure 8 SEM micrographs showing impact fracture morphology of pure epoxy (a), 5 phr epoxy/o-MMT nanocomposite
(b), and 5 phr epoxy/o-MMT /nano-SiO, nanocomposite (c); the EDS analysis of the accumulations in (b) is shown in (d).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 T, (a) and T, (b) versus filler loading for epoxy/o-MMT nanocomposites and epoxy/o-MMT/nano-SiO,

nanocomposites.

number of cross-linking points of epoxy, thus
restricting the thermal motion of epoxy chains very
effectively.”

The T, values of the three materials are in the
order of epoxy/o-MMT/nano-5i0O, nanocomposites
> epoxy/o-MMT nanocomposites > pure epoxy
[Fig. 9(b)]. The 5 phr epoxy/o-MMT/nano-SiO,
nanocomposite obtained the highest value and the
biggest improvements, exhibiting an increase of
17.3°C and 5.0°C compared to pure epoxy and the 5
phr epoxy/o-MMT nanocomposite, respectively. It is
known that MMT layers have a large aspect ratio. In
the direction perpendicular to the layers, they can
effectively hinder heat conduction and mass trans-
port of the volatile products generated during epoxy
decomposition, thus shifting T; toward higher tem-
peratures. However, they are only 1 nm thick, so
that they cannot play the hindering role in the direc-
tion parallel to the layers. The nano-SiO, spheroids
have smaller projected areas than the MMT layers,
but, with a diameter of ~ 30 nm and almost equal
projected areas in all directions, they can play the
hindering roles in all directions. In the epoxy/o-
MMT/nano-Si0, nanocomposites, the nano-SiO,
spheroids and the exfoliated nanoscale MMT mono-
platelets took an interlacing arrangement, so that the
two nanoscale particles could complement and coor-
dinate with each other to play the hindering role
more effectively. As a result, the co-incorporation of
0-MMT /nano-5iO, created nanocomposites with
higher thermal stability than pure epoxy and the
epoxy/o-MMT nanocomposites.

CONCLUSIONS

O-MMT and nano-SiO, were co-incorporated into
epoxy matrix. The MMT layers were highly exfoli-
ated, and the resulting nanoscale MMT monoplate-

lets took an interlacing arrangement with the nano-
SiO, spheroids. The two nanoscale particles coordi-
nated well to generate a synergistic reinforcement
effect. As a result, comprehensive high-performance
epoxy/o-MMT/nano-Si0,  nanocomposites  that
improved substantially in multiple properties were
successfully prepared. The nanocomposite with 5
phr o-MMT/nano-SiO, obtained the best perform-
ance, displaying 247.5% and 63.5% higher tensile
modulus, 119.4% and 174.3% higher tensile strength,
20.3% and 5.9% higher flexural modulus, 21.2% and
13.3% higher flexural strength, 64.3% and 36.1%
higher notch impact strength, 9.5 and 10.4°C higher
Ty, and 17.3°C and 5.0°C higher T; compared to
pure epoxy and the 5 phr epoxy/o-MMT nanocom-
posite, respectively. This study suggests that using
the synergistic reinforcement effects of two
nanoscale particles is one pathway to success in pre-
paring comprehensive high-performance polymer
nanocomposites.
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