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ABSTRACT: The effect of three different alkylammo-
nium-modified montmorillonite on morphological and
mechanical properties of glassy epoxy-amine nanocompo-
sites is reported. Small amounts of clays <10 phr (part per
hundred of resin) were used in each system of nanocom-
posite. The morphology of the prepared nanocomposites
was performed by means of X-ray diffraction and trans-
mission electron microscopy. Differential scanning calo-
rimetry (DSC) was used to investigate the glass transition
temperatures (Tg). Mechanical properties were based on
tensile characteristics (Young’s modulus), impact strength,
and fracture toughness. The measured moduli were com-

pared to theoretical predictions. Scanning electron micros-
copy was used to study the morphological structure of the
fracture surfaces of impacted specimens. It was found that
at a low content of 2 phr (1.2 wt %) of nanoclays, the
impact strength and the fracture toughness were improved
by 77 and 90% respectively, comparatively to the neat ep-
oxy, whereas DSC revealed a reduction of the Tg of nano-
composites. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 124:
4729–4739, 2012
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INTRODUCTION

Epoxy resins are a major class of thermosetting poly-
mers generally known as materials that provide
many desirable properties, and find extensive use in
various fields of coating, high-performance adhe-
sives, and other engineering applications. Once
cured, they are characterized by high chemical and
corrosion resistance as well as good mechanical and
thermal properties. However, cured epoxy resins are
relatively brittle polymers with poor resistance to
crack growth and impact strength, i.e., they exhibit
low fracture toughness. Thus, several approaches
have been proposed in an effort to improve their
performances. Nevertheless, it has been well estab-
lished for many years that the incorporation of a sec-
ond microphase of a dispersed rubber or a thermo-
plastic polymer can increase the toughness, but
simultaneously increases the viscosity of the epoxy
monomer mixture and reduces the modulus of the
cured epoxy polymer.

More recently, nanoclay fillers have drawn
increasing interest as it is theoretically possible to
significantly improve the properties of epoxy for rel-

atively small additive amounts.1–20 The plausible
reasons are the high aspect ratio (200–1000) and high
modulus of these particles (170 GPa). Once dis-
persed in the matrix, the nanoclay particles create a
great surface area and therefore play a key role in
the confinement of the polymer chain mobility
under stress.
The effect of silicate layers on mechanical proper-

ties of polymers has been widely studied. The exfoli-
ation degree of the filler, its aspect ratio, and the
developed surface affect greatly the improvement of
elastic properties. Lan et al.10 demonstrate on ther-
moset epoxy/amine matrix that the improvement of
Young modulus is more important for silicates with
higher aspect ratio. In an other work carried out by
Lan and Pinnavaia9 on elastomeric epoxy/amine
matrix, it was found that modulus material increase
with the length of surfactant ions. Lan et al.10 pro-
posed a mechanism which allows to explain the
observed differences with network structure. They
assumed that in the case of elastomeric matrix, the
particles can align, due to deformation effect, in the
direction of the stress and acting on the modulus as
the same manner as fibers with high modulus. This
alignment effect is minimum on glassy state because
the matrix is less deformed. Pinnavaia et al.21 multi-
plied the elastic modulus by 5 with incorporating
10% of organophilic montmorillonite (MMT) elabo-
rated in their laboratory, in epoxy/amine
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elastomeric system as for the rigidity, the improve-
ment of the fracture stress is more important in an
elastomeric matrix than in the glassy one. Very few
citations of clay nanocomposites processed with
glassy epoxy-based thermoset systems. For the epoxy
thermoplastic systems, several studies were reported.
Boukerrou et al.22 obtained significant increases in
both the stiffness and the energy at break on epoxy-
octadecylammonium modified MMT nanocomposites.
The organophilic modification of clay affects the final
morphology of nanocomposites on three levels. First,
it allows the compatibilization of filler with the reac-
tive mixture, then the structure of galleries after cati-
onic exchange have an effect on the capacity of filler
to be exfoliated, and finally, to affect the final mor-
phology with using ions having specific groups. The
first objective of organophilic modification is to have
a guarantee that good interactions exist between the
clay and the other materials (polymeric matrix and
hardener). As reported in most of the related litera-
tures,11,12,17,19,23,24 alkylammonium ions-modified clay
was used to prepare the epoxy/clay nanocomposites,
which often shows a mixed structure of intercalation
and exfoliation. The formation mechanism and the
performance of organoclay-epoxy nanocomposites
have been widely reported.9–17,19,25 According to Pin-
navaia,10 organoclay-modified epoxies in the rubbery
state at room temperature have more effective rein-
forcement than in the glass state. Some results
revealed that organoclays could simultaneously
improve both toughness and elastic moduli of epoxy
resins in a similar way but more efficiently than fill-
ers.16,17,24 Becker et al.19,20 found that epoxy-based
nanocomposites [Nanomer I.30E with diglycidyl ether
of biphenyl acetone (DGEBA) and tetraglycidyl-4,40-
diaminodiphenylmethane (TGDDM), respectively]
showed increased elastic modulus and fracture
toughness through the incorporation of layered sili-
cates. Liu et al.26 found that the I.30E in the nanocom-
posite was exfoliated or intercalated but was not
uniformly distributed in the epoxy resin [TGDDM/
4,40-diaminodiphenyl sulfone (DDS)]. The organoclay
simultaneously improved both fracture toughness KIC

and elastic modulus of the epoxy system without
decreasing the compressive strength.

Prediction of some mechanical properties, i.e.,
Young modulus of composites is a common practice.
Three models, i.e., Halpin Tsai, Voigt-Reuss, and Cox
are suggested; these models have been already tested
to evaluate the Young’s modulus of epoxy nanocom-
posites.27,28 The predictive models assume that the
composite is composed of two phases: the matrix, in
this case epoxy resin, and the particles, in this case
clays. They are presented in eqs. (1)–(3), respectively:

EHT ¼ 3

8

1þ 2ðlc=dcÞgLð1� VcÞ
1� gLVc

þ 5

8

1þ 2gTVc

1� gTVc

� �
Em (1)

EVR ¼ 3

8
ðVcEc þ ð1� VcÞEmÞ þ 5

8

EcEm

Ecð1� VcÞ þ EmVc

� �

(2)

ECox ¼ gogLEcVc þ Emð1� VcÞ (3)

where EHT, EVR, ECox are, respectively, the Young’s
modulus for the Halpin-Tsai, Voigt-Reuss, and Cox
models, Ec ¼ 170 GPa is the Young’s modulus of
organomontmorillonite clays,28 Em ¼ 1.365 GPa is
the Young’s modulus of polymeric matrix (epoxy), lc
¼ 1 nm is the average length (thickness) of clays, dc
¼ 8 lm is the average diameter of clays, gL and gT

are, respectively, the longitudinal and the transverse
correction factors, go ¼ 0.2, and Vc is the volume
fraction of clays in the composite system. The value
of the correction factor go depends of particles orien-
tation degree; it has been calculated by krenchel.29

Note that these models make a number of
assumptions.30 They assume that the matrix and the
clay particles are linear-elastic, isotropic, and that
there is perfect bonding between the clays and the
matrix. They also assume that the clay particles are
uniform in their aspect ratio and perfectly aligned
with the applied load. The models also ignore any
agglomeration and particle–particle interactions.
The Halpin-Tsai model supposes that the dispersion

of particles in polymeric matrix is homogeneous; the
material behaves like an isotropic matter. In this model,
five independent parameters are used. The expression
of Voigt-Reuss model does not take into account any
geometry of the reinforcement, using only three inde-
pendent variables. At the origin, this model was devel-
oped to estimate the Young’s modulus for a lamina of
short random fibers. Cox proposes a model which is
based on the modification of the rule of mixtures for
the estimating of elastic modulus of composites. This
model introduces the effect of the reinforcement aspect
ratio into the expression of the mixture law.
The main aim of this work is to develop a glassy

epoxy–amine-based nanocomposite material, with
high performances particularly the mechanical prop-
erties. In this context, the effect of three different
organo-modified nanoclays (two commercial prod-
ucts and one based on clay modified in laboratory)
on morphological and mechanical behavior of glassy
DGEBA epoxy resin cured with amine hardener.
Thermal properties of the nanocomposites are also
studied. The nanocomposites were prepared accord-
ing to the in situ intercalation method.

EXPERIMENTAL

Materials

The DGEBA epoxy resin (GY260 as trade name) and
the amine hardener (Aradur 460) were supplied
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from Huntsman. The epoxy resin has a density of
1.17 g/cm3 (at 25�C), an epoxy equivalent of 182–192
g/eq, and a viscosity range of 1200–16,000 mPa s.
The amine hardener used in this study has an amine
number of 240–270 mg KOH/g and a viscosity range
(at 25�C) of 1800–5500 mPa s. The epoxy resin nano-
composites were prepared using a stoichiometric ra-
tio of 100/65 (phr) between epoxy resin and hard-
ener. The organophilic MMT clays (72T and 67G),
were supplied by Laviosa Company (Italy). 72T and
67G (DelliteV

R

72T and DelliteV
R

67G as trade names,
respectively) are nanoclays deriving from a naturally
occurring MMT especially purified and modified
with a quaternary ammonium salt (dimethyl dihy-
drogenated tallow ammonium, 2M2HT). The differ-
ence between them is that 67G clay is modified with
relatively high amount of surfactant. BNTC18 is an
organoclay prepared in the laboratory. It consists in
bentonite (BNT)-type clay, from Maghnia (Algeria),
modified with octadecylammonium ion by cation
exchange process.16 The properties of clay particles
used in this study are summarized in Table I.

Preparation of nanocomposites

The exact amount of clay was added to a known
quantity of DGEBA epoxy resin in a beaker and
stirred by hand for about 2 min. Then the mixture
was immersed in a water bath at 40�C for 1 h with
mechanical stirring at about 1000 revolution per mi-
nute (rpm). After that, the hardener was added to
the resulting suspension, and maintained for another
1 h at 40�C with mechanical stirring. The mixture
was then degassed under vacuum for few minutes
inside an oven, poured into an aluminum mould,
and cured in the first time during 24 h at ambient
temperature. Then it was postcured at 120�C for 3 h.
At least six test specimens were machined from each
casting panel for mechanical evaluation.

Nanocomposites characterization

The degree of intercalation/exfoliation and the d-
spacing between clay platelets were investigated
using X-ray diffraction (XRD) analysis. XRD analyses
were performed using a FR591 Bruker AXS X-ray
generator with a monochromatic Cu Ka radiation (k
¼ 1.541 Å) and linear collimation. X-ray patterns
were collected with a Mar345 Image-Plate detector
(Marresearch, Norderstedt, Germany) mounted on a
rotating anode X-ray generator FR591 (Bruker, Cour-
taboeuf, France) operated at 50 kV and 50 mA. The
monochromatic Cu Ka radiation (k ¼ 1.541 Å) was
focalized with a 350-lm focal spot at 320 mm by a
double reflection on an elliptic cross multilayer
Montel mirror (Incoatec, Geesthacht, Germany). The
beam was defined under vacuum by four motorized
carbon–tungsten slits (JJ-Xray, Roskilde, Denmark)
positioned in front of the mirror (500 lm).
Transmission electron microscopy (TEM) was

used to confirm the nanoscale morphology of the
nanocomposite cured samples. Concerning TEM
analyses, a JEOL JEM-1400 electron microscope was
used. The observations were performed at an accel-
eration voltage of 100 kV. The ultrathin TEM sam-
ples with a thickness of 70 nm were cut using an
ultramicrotome Leica ultracut UCT at room
temperature.
The glass transition temperatures of the nanocom-

posites were determined after second heating using
a Pyris 1 differential scanning calorimeter (DSC)
from PerkinElmer. Samples of about 10 mg were
sealed in aluminum pans and heated from 25 to
100�C at a heating rate of 10�C/min under nitrogen
atmosphere.
Tensile tests were performed on an MTS universal

test machine, Synergie RT/1000, at 23�C and 1 mm/
min crosshead speed. A clip type of extensometer
(nominal length of 25 mm) was used to measure
strain within the specimen gauge length. At least six
specimens of each composition were tested.
The impact strength of the nanocomposites was

performed using a Tinius Olsen apparatus type
Impact 503 with a pendulum of 2.7 J and 609 mm
length. The speed of pendulum was 3.46 m/s. Radius
V notched samples (45 6 1�) were used in this test.
The notch depth and its radius at the base were 1
mm and 0.25 6 0.05 mm, respectively. The test is per-
formed according to ASTM D256-97.31 The specimen
dimensions were 65 � 15 � 4 mm3. At least eight test
specimens were tested for each composition.
The mode I fracture toughness is measured in

terms of critical stress intensity, KIC. Fracture tough-
ness values were determined using precracked, sin-
gle edge-notched specimens in three point bending
with 50-mm span distance. The specimen dimen-
sions were the same as those used for the impact

TABLE I
Properties of Clay Particles

Properties 72T 67G BNTC18

Specific densitya 1.7 1.7 2.3
Mean particle sizea (lm) 8–9 8–9 8–9
XRD basal spacingb (Å) 26.6 34.3 32.1
Specific surfacec (BET) (m2/g) 115 78 98
Organic Modifierd (%) 38 42 22
CECe (meq/100 g) 101 97 103

a Commercial data (Laviosa Company).
b Measured by XRD.
c Measured by porosimetry (BET method).
d Measured by TGA.
e Determined from the values of the fire loss after the

calcination at 1050�C during 2 h carried out by X-ray
fluorescence.
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strength test. The tests were performed on at least
six specimens for each composition at room temper-
ature using an MTS universal machine, Synergie
RT/1000 type, with a crosshead speed of 5 mm/
min. The critical stress intensity factor, in units of
MPa m1/2, was determined according to ASTM E
399 – 06[2, using the following relationship:32

KIC ¼ 3PS
ffiffiffi
a

p
2BW

Y (4)

where P is the load at failure, S the length of the
span, a the precrack length, B the thickness of speci-
men, W the width of specimen, and Y a shape factor
given by:

Y ¼ 1:93� 3:07ða=WÞ þ 14:53ða=WÞ2 � 25:11ða=WÞ3

þ 25:80ða=WÞ4 ð5Þ

Analysis of the fracture surfaces of impacted sam-
ples was also performed using a scanning electron
microscope (SEM) FEI, Quanta-600 type at 20 kV.
Before SEM observations, the fracture surfaces were
coated with a thin layer of gold.

RESULTS AND DISCUSSION

Morphology

The morphology of the materials was studied by
XRD and TEM analyses. Figure 1 shows the XRD
spectrums of pure 72T, 67G, and BNTC18 organo-
clays; the basal spacing d001 are 26.6, 34.3, and 32.1
Å, respectively.

Figure 2 shows the XRD patterns of the epoxy/
clay nanocomposites with various clay contents.
Globally, the structures of the nanocomposites are
similar. The peaks representing the basal spacing

of nanoclays in the nanocomposites are shifted to
lower values of 2y angle, corresponding to d-spacing
of 37.9, 38.5, and 44.1 Å, respectively, for 72T,
67G, and BNTC18 systems when mixed with
epoxy to form the nanocomposite materials. This
indicates that single or double layers of epoxy poly-
mer chains could have been intercalated between theFigure 1 XRD traces of pure clays.

Figure 2 XRD patterns of the epoxy/clay nanocomposites
with (a) 72T, (b) 67G, and (c) BNTC18.
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organo-functionalized clay nanolayers during mix-
ing. The nanocomposite with 2 phr content of
BNTC18 clay does not show, however, any peak of a
diffraction corresponding to (001) plane, this is
attributed in general to two possible reasons: (a)
exfoliated structure, or (b) disordered intercalated
structure. This can be further confirmed by TEM
observation as shown in Figure 3. In the other hand,
it is interesting to note that the higher excess of
organic modifier has no effect on exfoliating the clay
nanolayers in epoxy matrix.

Nanocomposites superstructures were investigated
by means of TEM to visually evaluate the degree of
intercalation and the amount of aggregation of clay
clusters. Typical TEM images are displayed in Fig-
ure 3. In this figure (images a, b, and c) are exhibited
TEM images of 72T, 67G, and BNTC18 clays-based
nanocomposites with 4 phr clay content, respec-
tively. Image d in Figure 3 shows TEM image of
BNTC18 nanocomposite with 2 phr content. In the
case of the 4 phr of clay content, it is clear that the
dispersion of the clays in the epoxy matrix is in the
intercalate form for all nanocomposites. In the inter-
calated system, the silicates retain much of their

face-to-face alignment and can be seen to cluster to-
gether in large domains ranging from a few hundred
nanometers to micrometers in size. Similar results
are reported elsewhere.24,33 The 2 phr content with
BNTC18 show a structure which can be attributed to
a disordered intercalate morphology rather than
complete exfoliation. TEM observations confirm
globally the XRD analyses.

Thermal properties

Figure 4 is a plot of the glass transition temperatures
(Tg) versus the clay content as obtained from DSC
measurements. Tg of the neat epoxy is around 65�C.
DSC measurement revealed the same shape of ther-
mal behavior in term of Tg results in the case of
nanocomposites prepared with 72T and 67G clays.
In fact, both for these two clays, we can observe a
slight decrease in the Tg value when adding nano-
clays. This decrease in the Tg temperature can be
explained by the role played by the clays in the
nanocomposite mixture. Organoclays allow the slid-
ing of macromolecular chains with respect to each
other; thus, this increases the flexibility of the

Figure 3 High-magnification TEM images of nanocomposites based on different clays: (a) 72T/4 phr, (b) 67G/4 phr, (c)
BNTC18/4 phr, and (d) BNTC18/2 phr.
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obtained material and is an advantage to obtain
tougher nanocomposites. The reduction in Tg was
found to be in the order of 24% for 72T- and 67G-
based nanocomposites at 8 phr clay content. Similar
results have been reported elsewhere.24,34–36 How-
ever, for BNTC18-based nanocomposites, the Tg

dropped significantly with addition of just 2 phr of
BNTC18 clay (reduction of 31%), then leveling off
for high nanoclay contents.

This behavior for BNTC18-based nanocomposites
is different from that of the two other clays; this
might be explained by the role played by the clay
organic modifier, which is in this case octadecylam-
monium ion, whereas in the case of 72T and 67G,
these two clays are modified by dimethyl dihydro-
genated tallow ammonium (2M2HT). Zilg et al.24,37

have found similar results in this context. A signifi-
cant decrease of the Tg was observed for intercalated
epoxy nanocomposites based on protonated primary
amines, and functionalized ternary amines with
respect to those of nanocomposites based on layered
silicates modified with nonfunctionalized quaternary
ammonium chloride. It indicates that effective inter-
calation and interfacial coupling affects the epoxy
network and lowers glass temperatures. The effect of
the organoclay on the a-relaxation or glass transition
temperature (Tg) of DGEBA-based epoxy nanocom-
posites has been the subject of numerous studies. In
some cases, a constant or increased Tg has been
reported with increasing organoclay addition.12,25,38–
41 Messersmith and Giannelis12 have used an epoxy
DGEBA type with different curing agents based on
anhydride and amine types and an organo-modified
mica-type silicate, the organic modifier used is bis(2-
hydroxy ethyl) methyl tallow-alkyl ammonium chlo-
ride. The nanocomposite exhibited a broadened Tg at
slightly higher temperature than the unmodified ep-
oxy. In Massam and Pinnavaia25 study, epoxy–clay
nanocomposites have been prepared by the reaction

of a DGEBA epoxy resin and polyoxyalkylene amine
curing agent in the presence of MMT modified with
octadecylammonium ion. They found an increase of
Tg with organo-MMT concentration. Brown et al.38

used a DGEBA epoxy resin type and polyoxypropy-
lene diamine (Jeffamine D2000 and Jeffamine D400)
as curing agent. The clay used in the study was
MMT modified with three different organic modi-
fiers based on hydroxyl-substituted quaternary am-
monium ions. An increase in Tg was observed with
clay content. For Lee and Lichtenhan39 work, a mix-
ture of two types of epoxy resin was used: DGEBA
and 1,4-butanediol diglycidylether. The curing agent
used was a mixture of the diamine-terminated poly-
propylene oxide of different molecular weight (Jeff-
amine D230 and D2000). Octadecylammonium ion
was used as organic modifier for MMT clay. Because
of the presence of clay reinforcements, no changes
for the Tg of the nanocomposites were observed.
Kelly et al.40 used a DGEBA epoxy resin with a
polyamine (V-40) as curing agent. Three MMTs were
used in this work. They include MMTs with organic
cations derived from (a) tyramine hydrochloride, (b)
aminolauric acid, and (c) polyamide. The Tg of the
epoxy nanocomposites was observed to increase
when increasing organo-modified MMT concentra-
tion. Chen and Yang41 used a DGEBA epoxy resin
type with two curing agents nadicmethyl anhydride
and benzyldimethylamine. Alkylamines (C12 and
C18), aminocarboxylic acids (C6 and C12), and dia-
mines (C6 and C12) were used as organic modifiers
for MMT. The addition of organo-modified MMT to
epoxy showed higher Tg for the obtained nanocom-
posite. Others have found a reduction in the glass
transition temperature with increasing organosilicate
content. It was reported that highly crosslinked and
high glass transition temperature resin systems led
to a steady decrease in Tg with increasing organo-
ion concentration.16,19 Kornmann et al.16 used in
their study epoxy-layered silicate nanocomposites
based on TGDDM resin cured with DDS. Fluorohec-
torites modified by means of interlayer exchange of
sodium cations for protonated dihydroimidazolinzes
and octadecylamine were used. A decrease in the Tg

was observed for all the nanocomposites. Becker
et al.19 studied three different epoxy resins: bifunc-
tional DGEBA, trifunctional triglycidyl p-amino phe-
nol, and tetrafunctional TGDDM. All resins were
cured with diethyltoluene diamine. Octadecylammo-
nium ion was used to modify MMT clay. It was
found that the presence of organoclay steadily
decreased Tg temperature with increasing clay
concentration.
The complexity of the cure reaction and possible

side reactions involved made it difficult to deter-
mine the governing factor causing the reduction in
Tg. The crosslink density in the filled systems may

Figure 4 Tg results of epoxy nanocomposites as a func-
tion of clay content.
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be decreased or the matrix plasticized by smaller
molecules present in the network.8 The organoclay
may catalyze epoxy etherification and unreacted
entrapped resin, hardener, or compatibilizer mole-
cules may act as a plasticizer. In addition, the high
cure temperatures required for these resin systems
may degrade the layered silicate surface modifier,
which are nominally stable to about 200–250�C.
Chen et al.42 found a decreased Tg for an hexahy-
dro-4-methylphtalic anhydride cured epoxy (3,4-
epoxycyclohexylmethyl-3,4-epoxycyclohexane)-lay-
ered silicate nanocomposite. The layered silicate was
rendered organophilic through bis(2-hydroxyethyl)
methyl tallow alkylammonium cations. The decrease
in Tg was proposed to be due to the formation of an
interphase consisting of the epoxy resin, which is
plasticized by the surfactant chains. Triantafillidis
et al.43 reported that limiting the clay modification
reduces the plasticizing effect due to the organic
modifier.

Mechanical properties

Figure 5 represents typical stress-displacement
curves of amine-cured neat epoxy and related clay
nanocomposites loaded with 4 phr of various clays.
From these curves, the elastic behavior of the nano-
composite materials is clearly observable, and the
tensile modulus increases with clay content. Note
that the tensile strength is not quoted here, as this
parameter is highly dependent on the surface finish
of the specimens, for brittle materials such as it is
the case of this study.

The variation of elastic modulus as a function of
clay content is shown in Figure 6. As it can be seen,
the elastic modulus of the nanocomposites increases
continuously with increasing clay content. Similar
results have been obtained elsewhere.9,33,36,44–47 The

higher values are observed in the case of nanocom-
posites manufactured with BNTC18 clay at all load-
ing clays. Up to 4 phr, the 67G/epoxy shows higher
increase than the 72T/epoxy nanocomposite; then at
higher clay contents, the increase in modulus is
more important for the 72T/epoxy nanocomposite.
A maximum of about 35% improvement is observed
when adding 8 phr BNTC18 clay. Although this
improvement is not considerable compared to
results obtained in other studies related to epoxy
nanocomposites, it is important here to note that the
enhancement of the tensile modulus is interesting in
spite of its low rate. The better improvement of elas-
tic modulus in BNTC18/epoxy compared to 72T/ep-
oxy and 67G/epoxy can be attributed to the good
dispersion of the nanoparticles in the epoxy matrix
for this case, because this restricts the mobility of
polymer chains under loading, as well as to the
good interfacial adhesion between the nanoclays and
the epoxy matrix.48 The orientation of clay platelets
and polymer chains with respect to the loading
direction can also contribute to the reinforcement
effects.49 However, it can also be observed that the
decreasing rate of elastic modulus improves at
higher clay concentration for all nanocomposites sys-
tems; this can be attributed to the presence of unex-
foliated aggregates in the structure of the resin.49

Figures 7, 8, and 9 show the changes of Young’s
modulus of amine-cured epoxy/clay nanocompo-
sites as a function of the volume fraction of the clays
for 72T, 67G, and BNTC18 systems respectively. For
theoretical predictions, the Halpin-Tsai, the Voigt-
Reuss, and the Cox models are used. From these dif-
ferent theories, it appears that at low clay content,
the Cox model is the closest to the experimental val-
ues concerning the 72T- and 67G-based nanocompo-
sites, whereas for BNTC18-based nanocomposites,

Figure 5 Example of tension curves of non charged ep-
oxy and with 4 phr of different clays.

Figure 6 Young’s modulus of amine-cured epoxy/clay
nanocomposites with different clay content.
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the Voigt-Reuss model is the closest one. At rela-
tively higher content of 0.8–3.1 vol %, the results of
72T- and 67G-based nanocomposites show the same
trends like Halpin-Tsai model but the experimental
values of tensile modulus are higher by 0.3 GPa.
Whereas for the BNTC18-based nanocomposites, at
0.6–2.4 vol % content, the Cox model is the closest
one relatively with the experimental values (average
difference of 0.3 GPa with experimental). It can be
observed that nanocomposites based on 72T and
67G clays have similar response with these models,
at high clay content as well as at low content.
Whereas BNTC18 clay-based nanocomposites have a
different behavior. This result confirm the thermal
behavior (Tg) for these materials, and it seems that
the nature of organic modifier of clays plays an
essential role in this behavior, owing the fact that
72T and 67G are modified by the same organic
modifier (2M2HT). Whereas BNTC18 clay is modi-

fied by another type of organic modifier
(octadecylammonium).
The effect of adding nanoclays on the notched

izod impact strength of the specimens is shown in
Figure 10. Impact strength of the composites
increases with clay loading at low concentration;
similar results have been reported elsewhere.46,50–52

The clay particles seem to act as crack stoppers and
form tortuous crack propagation path, resulting in
higher impact energy. The maximum improvements
of impact strength are obtained with 2 phr of clay
content. For example, at this concentration, an
increase rate of 77 and 65% is obtained, respectively,
with 72T and BNTC18 clays, whereas 53% of
improvement is obtained with 67G clay. The
improvement of the impact strength at low clay con-
tent may be attributed to the agglomeration of the
particles clays at high clay concentration, as it can be
seen in SEM micrographs of Figure 11.

Figure 7 Young’s modulus (E) of amine-cured epoxy/
72T clay nanocomposites with changing clay content.

Figure 8 Young’s modulus (E) of amine-cured epoxy/
67G clay nanocomposites with changing clay content.

Figure 9 Young’s modulus (E) of amine-cured epoxy/
BNTC18 clay nanocomposites with changing clay content.

Figure 10 Variation of impact strength of epoxy/clay
nanocomposites with different clay content.
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The improvement of impact properties of nano-
composites is supported by the fracture surface
studies. Fracture surface of the neat composite [Fig.
11(a)] is quite smooth and flat compared to that of
the nanoclays-DGEBA resins; this indicated brittle
fracture behavior, corresponding to poor impact
strength.53 This smooth pattern completely disap-
peared and rough fracture surfaces appear upon
addition of organoclays to epoxy. Throughout the
micrographs, it can be seen that there is an increase
in the roughness of the fracture surfaces and tortu-
ous path. In fact, the apparent roughness of the frac-
ture surfaces varies significantly from one composite
to another, depending on the type of the silicate
used. Similar results have been already reported in
litterature.30 The fracture surfaces of epoxy–clay
nanocomposites show massive shear deformation.
Energy is absorbed for such shear yielding, leading
to the increase in impact strength.54 This explains
why epoxy–clay nanocomposites show higher
impact strength compared to the unmodified com-

posite. The main toughening effect is due to debond-
ing and subsequent plastic deformation of the epoxy
polymer around the particles, as observed by SEM.30

Results concerning the KIC values are shown in
Figure 12. It can be seen that at a low concentration
of 2 phr, there is a significant jump of the critical
stress intensity factor for the 72T- and 67G-based
nanocomposites, whereas the maximum of KIC is
obtained at 4 phr content for BNTC18-based nano-
composites. Similar results have been reported else-
where.17,36,55,56 It is also observed that the fracture
toughness improved more for 72T and 67G nano-
composites than BNTC18 ones. The high improve-
ment is globally obtained with 72T-based nanocom-
posites for all concentrations. The improvement rate
in fracture toughness reaches about 90% in the case
of 72T-based nanocomposites for the concentration
of 2 phr, comparatively to the neat epoxy, whereas
57 and 29% of improvement have been obtained,
respectively, for 67G and BNTC18. However, the
values of KIC dropped with further addition of clays;

Figure 11 SEM micrograph of fracture surface of the neat epoxy and its nanocomposites with 2 phr of clay. (a) Neat ep-
oxy, with (b) 72T clay, (c) 67G clay, and (d) BNTC18 clay.
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the agglomeration of clay particles like-tactoids is
mainly the reason for this drop. The nanocomposites
elaborated with organoclays in this work exhibited
an intercalative structure as shown by XRD and
TEM analyses, and this is in good agreement with
results obtained by Zilg et al.,24 who proposed that
intercalated clay promotes toughness whereas exfoli-
ated clay platelets mainly improve stiffness of the
polymer matrix, due to energy-absorbing shearing of
intercalated clay layers. Furthermore, due to lateral
dimension of materials, which is in the micron scale,
this may encourage crack stopping and pinning. It
can also be noticed that for 72T and 67G, the max
KIC is reached at 2 phr, then followed by a sharp
decrease before leveling off. This might be attributed
to some clay agglomeration which might act as
stress concentrator and lead to this relative decrease.
At the contrary, KIC of BNTC18 nanocomposite
reached a maximum at 4 phr then levels off.
Agglomeration, if any, does not seem to affect the
KIC as well as the impact strength.

Critical strain energy release rates GIC is calculated
from the stress intensity values using the following
relationship:

GIC ¼ K2
IC

E
ð1�m2Þ (6)

where E is the Elastic modulus, m the Poisson’s ratio
and a typical value of 0.33 was used in this study.57

The dependence of GIC of epoxy/clay nanocompo-
sites on clay concentration represented in Figure 13
follows the same trend as KIC. As for KIC, there is a
significant jump of GIC by adding 2 phr of 72T and
67G clays; the enhancement ratios at this critical con-
tent are 212 and 110%, respectively. Whereas a little
increase is relatively observed with BNTC18 clay
(30%). As GIC represents the energy per unit area

necessary to create a new surface area at the crack
tip, such a significant enhancement of GIC indicates
that the fracture resistance is considerably improved.
After that, the values of GIC dropped considerably
with further addition of clay with similar behavior
as for KIC.

CONCLUSIONS

A series of glassy nanocomposite material were pre-
pared by addition of organoclays into the epoxy-
amine matrix with mechanical stirring. The effect on
morphological and mechanical behaviors of the
obtained nanocomposites was investigated by means
of various tests. Based on the results obtained and
discussed previously, the following conclusions can
be drawn:

• The epoxy/clay nanocomposites with interca-
lated structure have been obtained. The struc-
ture of organically modified clay platelets
depends on the technique used to achieve the
dispersion and on the cure conditions (tempera-
ture and cycle time).

• The addition of organically modified nanoclays
platelets according to operative conditions and
processing used here (mechanical stirring)
improve mechanical performances such as elas-
tic modulus, impact strength, and fracture
toughness of DGEBA epoxy resin. This
improvement is obtained at low clay concentra-
tion (optimal content around 2 phr). Around
this clay concentration, theoretical predictions of
the nanocomposites moduli were in good agree-
ment with experimental values. It was found
that at a low content of 2 phr (1.2 wt %) of
nanoclays, the impact strength and the fracture
toughness were improved by 77 and 90%,
respectively, comparatively to the neat epoxy.

Figure 12 Dependence of fracture toughness of epoxy/
clay nanocomposites on clay concentration.

Figure 13 Dependence of critical strain energy release
rates of epoxy/clay nanocomposites on clay concentration.

4738 MOULOUD ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



• It has been confirmed that the structure of such
nanocomposites is directly related to the frac-
ture behavior of the material; it appears that
fracture toughness may be associated with these
types of structures that are formed under the
present processing conditions.

• Globally, it was also found that, Tg decreases when
the nanoclays content increases; leading to more
flexible material and tougher nanocomposites.

• Because of the ease of molding method applied
in this work, the nanoclays concentration should
be kept around 2 phr to get good mechanical
properties.
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