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Preparation of E-glass/waterborne epoxy prepregs
containing natural nanoclay and properties of their
composites are presented. Prepregs were prepared by
wetting randomly oriented, chopped glass fiber pre-
forms with aqueous dispersion of EpiRez 3522-W-60
resin, dicyandiamide, 2-methylimidazole and natural
nanoclay (Cloisite™ Na'). The nanoclay content of the
aqueous dispersion was adjusted to yield final nano-
clay contents of 0, 1, 2, and 4 wt%, whereas the glass
fiber content is kept constant at 47 wt%. These pre-
pregs were then used to fabricate disk-shaped com-
posite samples by APA2000 rheometer. Composite
samples were tested for interlaminar shear strength,
flexural stiffness, and glass transition temperature. The
flexural stiffness was observed to increase by more
than 26% over the range of nanoclay loading, despite a
13% decrease in interlaminar shear strength. Similarly,
glass transition temperature increased from 89°C to
above 94°C for the samples comprising 4 wt% nano-
clay. X-ray diffraction analyses indicated 48% increase
in the gallery spacing suggesting strong intercalation
of the nanoclay platelets by the epoxy matrix. Micro-
structural observations of the fracture surfaces and
polished surfaces show significant differences in the
matrix topology and fiber to matrix adhesion. The com-
posites with higher nanoclay content depict uniform
and submicron surface features implying homogenous
dispersion of nanoclay. POLYM. COMPOS., 31:620-629,
2010. © 2009 Society of Plastics Engineers

INTRODUCTION

During the last two decades, particulates with nanome-
ter scale features—so-called nanoparticulates—are utilized
to improve the physical and mechanical properties of poly-
mers and composites [1]. Among the nanoparticulates,
carbon nanotubes and nanoclay have been widely studied.
In particular, nanoclay is preferred in commercial applica-
tions over carbon nanotubes owing to its low-cost and
abundance [2-4].
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Since its first implementation by the research group at
Toyota Research Labs [5-7], several studies reported
improvements in various thermo-mechanical properties of
thermoplastics containing nanoclay. Among these proper-
ties, the most drastic changes were observed in mechani-
cal [7-9], thermal [10, 11], and barrier properties [12,
13]. For instance, Kojima et al. [7] reported an increase
in flexural strength and flexural stiffness of nylon 6 from
89.3 MPa to 143 MPa and from 1.94 GPa to 4.34 GPa
with 4.7 wt% nanoclay loading. Similarly, Maiti et al.
[14] investigated the effect of nanoclay on the high tem-
perature dynamic mechanical properties of polypropylene.
Maleic anhydride grafted polypropylene (PP-MA) was
blended with cation-exchanged nanoclay at loadings rang-
ing from 2 to 7.5 wt% and melt extruded. Over the range
of nanoclay loading, the storage modulus of polypropyl-
ene is observed to increase by 156 and 164% at 70 and
130°C, respectively.

In addition to neat polymers, nanoclay is also used in
fabrication of fiber reinforced composites. A number of
researchers used nanoclay in the glass/epoxy [15-17] and
carbon/epoxy [18-20] composites. For example, Haque
et al. [15] added Nanomer®™ I.28E nanoclay into glass/
epoxy composites. The authors blended 1, 2, 5, and 10 wt%
of nanoclay into epoxy resin, mixed with curing agent
and fabricated nanocomposite samples reinforced with
woven glass fiber preforms by vacuum assisted resin infu-
sion method (VARIM). Thermogravimetric analysis indi-
cated that the addition of 1 wt% nanoclay increased the
onset of decomposition temperature by 10.6%. However,
may be due to agglomeration, at higher clay contents the
thermal properties were observed to degrade.

The improvements in mechanical properties were most
frequently observed for the rubbery epoxy matrices. For
instance, Lan and Pinnavaia [21] reported 18- and 12-fold
improvements in the tensile strength and stiffness of an
epoxy matrix with the addition of 23.2 wt% nanoclay.
However, the authors also mention that the choice of cur-
ing agent resulted in a rubbery epoxy matrix before the
clay was added. According to the authors, the property
improvements observed in glassy epoxies were marginal.
Similar to Lan and Pinnavaia [21], Boukerrou et al. [22]
investigated the utility of nanoclay with DGEBA epoxy



resin. Even though TEM images indicated nanoclay
aggregates with sizes in the order of 2-5 um, the tensile
strength and stiffness of the epoxy resin were observed to
increase by 39 and 36%, respectively. The authors [22]
also report that the epoxy system was rubbery at ambient
temperature and the glass transition temperature was
—30°C. Lan and Pinnavaia [21] and others suggested
reinforcement mechanisms that result in improved proper-
ties in rubbery polymers. According to Lan and Pinna-
vaia, the reinforcement effect of nanoclay in rubbery
polymers is due to the large deformations encountered
before failure. During those deformations the clay plate-
lets are most likely forced to align in the direction of the
force and act as reinforcing elements.

Among the studies dealing with glassy epoxy matrices,
Abot et al. [23] studied adding two commercially avail-
able nanoclays, Cloisite™ 30B and Nanomer® I.28E, in
an epoxy resin. The authors reported 28% reduction in
tensile strength despite a 31% increase in tensile stiffness.
In addition, up to 28% reduction in glass transition tem-
perature was reported. Although x-ray diffraction studies
indicated complete exfoliation for Cloisite™ 30B and
intercalation for Nanomer®™ I.28E, the scanning electron
microscope images indicated nanoclay tactoids as large as
10 pm. On the other hand, Wang et al. [24] implemented
surface treated nanoclay with DGEBA epoxy resin at
loadings ranging from 1 to 5 wt%. It is observed that the
tensile stiffness monotonically increased from 2 GPa for
the neat epoxy to 2.7 GPa for the nanocomposite contain-
ing 5 wt% nanoclay. In the same loading range, the ten-
sile strength decreased by as much as 30%.

Aside from the improvements in the mechanical prop-
erties of weak, rubbery polymers, the improvement in the
properties of epoxy resins and fiber reinforced composites
using nanoclay are less frequently reported in the litera-
ture compared to thermoplastics. The most likely reason
for not achieving substantial improvements in epoxy res-
ins is insufficient dispersion of the nanoclay clusters
within the matrix. To overcome the problem of disper-
sion, the natural nanoclay is often subjected to cation
exchange reaction to alter its surface properties from
hydrophilic to organophilic. Even though there is a wide
range of organically modified nanoclays available and
various mixing techniques exist, the formation of nano-
clay clusters has been widely reported. Second, during the
processing of thermoplastic polymers, the nanoclay clus-
ters are subjected to higher shear forces, which helps to
break down the nanoclay clusters [8]. Such high shear
forces are often not present during processing of thermo-
setting polymers with lower viscosity.

An alternative approach for dispersing nanoclay in ep-
oxy matrices may be the utilization of waterborne
epoxies. As has been studied extensively by earth scien-
tists, natural clay is strongly hydrophilic [25]. Further-
more, sodium montmorillonite—the particular clay type
often used in nanocomposite applications—is expected to
disperse close to individual platelet level [25] when mixed
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with water. Therefore utilization of natural nanoclay with
waterborne epoxy resins may serve as a viable solution to
achieve complete dispersion.

There are a number of advantages of waterborne
epoxies. In a waterborne system, epoxy particles, either in
solid or liquid form, are emulsified in water, thus elimi-
nating the need for solvents. Because of its solvent-free
formulation, waterborne epoxy resins are environmentally
safe. Moreover, the viscosity of the waterborne systems
can be controlled by the amount of water in the system,
as desired [26]. Ability to control the viscosity is espe-
cially important in systems containing nanoclay, since it
is known that addition of nanoclay result in abrupt
increases the viscosity [27].

Using natural clay has a number of advantages over
the organically modified clay. First, the natural clay is
cost-effective compared with organically modified clays
because the cation-exchange step is not carried out during
its production. Second, it has been shown by Lan et al.
[28] that epoxies may undergo self-polymerization when
heated with acidic onium ion exchanged nanoclay to form
polyether. This may result in a stoichiometric imbalance
causing unreacted curing agent to remain in the system
and thus adversely affect the properties. Park and Jana
[29] later indicated that this catalytic effect of the organic
modification on the clay surfaces results in plasticization
of the epoxy networks and cause significant reductions in
the glass transition temperature and storage modulus.
More recently, our research group observed inhomogene-
ous sections around the nanoclay clusters in TEM images
of epoxy/organically modified clay nanocomposites [30].
These areas were possibly caused by the excess curing
agent left as a result of the stoichiometric imbalance cre-
ated by the organically modified clay used.

In this study we present a novel method to prepare pre-
pregs from aqueous dispersion of nanoclay, and use this
method to investigate the utility of natural nanoclay with
E-glass/waterborne epoxy composites. E-glass/waterborne
epoxy prepregs containing 0, 1, 2, and 4% nanoclay are
prepared and cured by an APA2000 rheometer. Mechani-
cal properties of these laminates are determined by three-
point bending tests whereas the quality of dispersion of
nanoclay is characterized by x-ray diffraction and scan-
ning electron microscopy.

MATERIALS AND METHODS

Batch Preparation and Prepreg Fabrication

The waterborne epoxy resin used in this study is EpiRez
3522-W-60 from Hexion Chemicals. This particular water-
borne epoxy resin contains solid DGEBA particles with an
average dimension in the order of 1 um that are emulsified
in water. As recommended by the supplier, Dicyandiamide
(Dicy) and 2-Methylimidazole (2 MI) from Aldrich Chemi-
cals were chosen as the curing agents. The curing agent
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was prepared by dissolving 1.2 parts of Dicy and 0.15 parts
of 2 MI in 21 parts of distilled water at 70°C. The curing
agent solution was vigorously agitated and sonicated for
5 min and added into 100 parts of EpiRez 3522-W-60
epoxy resin. This final compound is mixed via a mechanical
mixer for 30 min before fabrication of the prepregs. Desired
amounts of natural nanoclay (Cloisite™ Na™) is added into
the curing agent to yield final nanoclay contents of 0, 1, 2,
and 4% by weight within the epoxy matrix.

Cloisite™ Na™ is a natural, untreated montmorillonite
type of clay, supplied by Southern Clay Products Inc.
(Gonzales, TX). The specific gravity and mean particle
size of Cloisite® Na™ is reported as 2.86 and 6 um,
respectively, by the supplier. According to the x-ray dif-
fraction results provided by the supplier, the gallery spac-
ing of Cloisite™ Na™ is 11.7A.

Randomly oriented, chopped strand E-glass fiber pre-
forms with a planar density of 0.2280 kg/m” (Fiberglast,
part# 248) were used for prepreg fabrication. Sheets of
6" X 10" preforms were cut from the fiber roll as shown
in Fig. 1A. These sheets were then wetted with the water-
borne epoxy/curing agent/nanoclay mixture. A stainless
steel roller was used to squeeze out the excess resin. Fig-
ure 1B shows an E-glass preform after impregnated by
waterborne epoxy/cure agent/nanoclay mixture. It can be
seen in Fig. 1B that the wetted preform has a porous and
flexible structure. At this stage, the wet prepreg can be
draped onto a nonplanar surface before the removal of
water. Before impregnation, viscosity of the waterborne

FIG. 1. Steps of prepreg fabrication. (A) Dry glass preform as received
and cut to the size; (B) Drapeable glass preform wetted with epoxy/cure
agent/nanoclay mixture.
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epoxy/cure agent/nanoclay mixture can be tailored for the
preform type, planar density, and the waive pattern such
that the preform can be properly impregnated without any
dry spots and trapped microvoids. Excessive clustering of
nanomaterials and nonhomogeneous wetting can be also
avoided by adding water as needed to reduce the viscosity.

Following the completion of the wetting procedure, the
prepregs were placed in an oven at 120°C for 20 min to
remove the water from the system. After water is
removed, the glass preform becomes nontacky and much
more rigid compared to its initial state. The final non-
tacky, rigid prepregs are kept in a freezer until the fabri-
cation of sample laminates.

It is important to emphasize that the method presented
here can be used to introduce a desired amount of nanoma-
terial onto a conventional prepreg. In fact, more than one
type of nanomaterial can be added at varying percentages,
as long as each material is dispersible in water. One can
also prepare prepregs having different amounts and types
of nanomaterials, which would be used later to fabricate
functionally graded or functionally tailored composite lam-
inates. Another possibility is to use these aqueous disper-
sions in vacuum assisted impregnation of conventional
glass or graphite fabrics or mats. After the preform is
impregnated, open mold curing methods can be used to
fabricate geometrically complex, nanocomposite products.

The SEM images of the composite prepreg before and
after cure were captured at 50X as shown in Fig. 2. The
prepreg image before cure shows multiple layers of colli-
mated glass fibers and epoxy sheets located -either
between fibers or as distinct thin layers. Irregular fracture
surfaces or thin surface cracks on epoxy matrix are
clearly visible indicating the brittleness of material at this
state. Before cure image also indicates a rather uniform
distribution of epoxy resin throughout the fiber bundles.
The SEM image taken after the cure depicts that epoxy
matrix has completely wetted glass fibers and formed a
thin coating layer. Several resin beads are also visible
around fibers clearly indicating formation of low contact
angle drops wrapping around one or more fibers. The sur-
face morphology observed after cure demonstrates favor-
able wetting of the glass fibers during cure, thus yielding
a robust fiber matrix interface. Strong adhesion between
the resin and the fiber dictates the effectiveness of load
transfer throughout the composite, and therefore positively
influences the final mechanical properties.

Sample Fabrication

Sample fabrication was performed by the dynamic me-
chanical analyzer, APA2000 from Alpha Technologies
Inc. The unique feature of APA2000 is its ability to mea-
sure temporal evolution of viscoelastic properties, while
a 3 mm-thick, disk-shaped (D = 44.5 mm) composite
laminate is cured. The fabricated samples are large
enough to allow further characterization such as flexural
and interlaminar properties via three-point bending tests.
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FIG. 2. SEM image taken at X50 magnification showing surface morphology of the prepreg before cure
(Left); SEM image after cure illustrating the wetting of glass fibers (Right).

To prepare cured laminate samples, 44.5 mm diameter
circles were punched out of the fabricated prepregs and
weighed to determine their glass fiber content. A total of
14 layers were chosen and stacked together such that all
of the fabricated laminates had identical weight and glass
fiber contents. These samples were enclosed by a viton
o-ring and placed between nylon films before loading into
the APA2000. The glass fiber content of all samples was
determined to be 47 wt%. The number of layers was cho-
sen as 14 after several trials to prevent slippage problems
and avoid excess resin leaking out of the o-ring. The evolu-
tion of viscoelastic response of the laminate was measured
throughout the curing process at an oscillation frequency
of 1 Hz and an angular deformation of 0.05 degrees.

During curing, temperature was increased from ambient
up to 176.7°C (350°F) at a rate of 5°C/min and then kept at
176.7°C for 60 min to complete curing. Upon completion of
curing, temperature is reduced to 50°C at a rate of 10°C/min.
To determine the glass transition temperature of the cured
samples, the temperature was raised once again at a rate of
1°C/min up to 140°C and then lowered to room tempera-
ture before removing the sample. A cured sample fabri-
cated by APA2000 is depicted in Fig. 3. Five disk-shaped
samples are fabricated for each nanoclay content studied.

Upon completion of curing, two 10 mm X 28 mm rec-
tangular samples, outlined in Fig. 3, were cut out by a
precision saw with a diamond blade. A total of 10 sam-
ples were obtained for each nanoclay content with an av-
erage thickness of 3 mm. Out of those 10 samples, five of
them were tested under three point bending to determine
their interlaminar shear strength and the remaining five
were reserved for future studies.

Rheological Analysis

The viscoelastic properties of the samples during cur-
ing were recorded by APA2000 rheometer. Storage modu-
lus is recorded as a function of time and temperature to
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determine whether the fully cured state was reached for
the temperature cycle used. In addition, the rheological
data was used to understand the effects of nanoclay on
the cure behavior of glass/waterborne epoxy composites.

Glass transition temperatures of the cured samples
were determined by an additional temperature cycle men-
tioned earlier. The temperature where the loss tangent dis-
played a peak was identified as the glass transition tem-
perature of the sample according to ASTM E1640-99
standard. The glass transition temperature was measured
for all of the fabricated samples.

X-Ray Diffraction

The gallery spacing of Cloisite™ Na™ is determined by
wide angle x-ray diffraction by examining under CuKo
radiation. Samples for wide angle x-ray diffraction are

28mm

FIG. 3.

Disk-shaped sample cured in APA2000.
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prepared by placing a small amount of clay between two
layers of scotch tape. In addition, composite samples with
a thickness of 100 pum are cut from the disks for small
angle x-ray diffraction to determine the change in gallery
spacing of clay after fabrication of the composite parts.

Mechanical Testing

From each group of samples with different nanoclay
contents, five samples were tested under three-point bend-
ing to determine their interlaminar shear strength and flex-
ural stiffness as per ASTM D2344/D2344M-00 standard.
Testing was performed by a 5-kip Com-Ten testing
machine at a constant displacement rate of 2 mm/min using
a 25.4 mm sample span.

Microstructural Characterization

Scanning electron microscopy is utilized to analyze the
microstructure of the samples. Through-the-thickness sur-
faces of the samples are polished using a series of alumi-
num oxide lapping films down to 1 pm grit size. The
samples were then coated with gold-palladium to render
the surface conductive and prevent charging. Scanning
electron micrographs were gathered by JEOL-880 high re-
solution microscope in secondary electron imaging mode
at magnifications ranging from 50X to 50kX. In addition
to the polished surfaces, the fracture surfaces of the
mechanically tested samples are also studied under SEM
to identify any change in adhesion between epoxy matrix
and glass fibers because of nanoclay.

RESULTS AND DISCUSSION

Cure Kinetics

The development of the storage moduli is given in
Fig. 4 along with the temperature cycle used for curing
the samples. The time storage modulus starts increasing
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FIG. 4. Development of storage moduli during curing.

624 POLYMER COMPOSITES—2010

significantly is used to determine the gel time of compo-
sites. For the cure cycle used, the gel time is measured as
25 min regardless of the nanoclay content. Although the
gel times of the samples are identical, the maximum stor-
age modulus that the samples reach during curing is sig-
nificantly influenced by the amount of nanoclay in the
system. With increasing nanoclay content, the storage
modulus increased monotonically from 325 MPa to more
than 1 GPa at 4% nanoclay loading. Since the composites
are dominantly elastic rather than viscous, the storage
moduli measured at the end of cure can be correlated
with the stiffness of the system at that temperature.
Clearly, the stiffness of the system at the cure temperature
of 176.7°C (350°F) improved by more than threefold
because of the addition of nanoclay.

Among various alternatives, degree of cure of thermo-
setting polymers and composites can be described by the
development of storage modulus during curing [31-33].
This is realized by normalizing the storage modulus with
its plateau value at the completion of curing:

G'(t _G;nin
o 1) = S0 = G (1)

In the aforementioned equation, oc (#) is the degree of
cure, G’ iy is the minimum storage modulus during cure
and G’ is the plateau value of storage modulus upon
completion of curing. Although the gel times of the samples
with different nanoclay contents are identical, because of
the difference in the plateau value of the storage moduli,
the curing rates are different. For instance, samples with
0, 1, 2, and 4 wt% nanoclay reached 80% degree of cure
in 32, 35, 36, and 39 min, respectively. Therefore, it can
be concluded that natural nanoclay has a slight hindering
effect on the cure kinetics of waterborne epoxy resins.

The effect of nanoclay on the cure kinetics of epoxy res-
ins were not studied as widely as its effect on other physical
properties. Among studies of cure behavior, Kortaberria
et al. [34] investigated the cure kinetics of DGEBA epoxy
resin containing Nanofil 919 (organically modified nano-
clay by Siid Chemie Espafia) by dielectric spectroscopy.
The authors observed up to 35% reduction in gel time at
5% nanoclay content, indicating significantly faster curing.
Similar increases in the rate of cure were also observed by
Uhl et al. [35] with Nanomer 1.31PS, Seo and Kim [36]
with Cloisite®™ 30B and by Roman et al. [37] with Nanomer
1.30E. However, it should be noted that all these studies are
conducted with organically modified nanoclay. Lan et al.
[28] and Park and Jana [29] showed that the octadecyl-
amine used in organic modifications of nanoclay may cause
homopolymerization of the epoxy molecules, thus resulting
in an increase in the rate of cure. In our case, because of the
choice of natural nanoclay, organic modifiers are not pres-
ent. Therefore, effects such as homopolymerization that
may increase the curing rate are not expected. On the other
hand, Kornmann et al. [38] and Ngo et al. [39] stressed
the importance of molecular mobility of curing agent and
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FIG. 5. X-Ray diffraction spectra of Cloisite™ Na+ and composite
samples with and without nanoclay.

epoxy molecules on the kinetics of cure and nanocomposite
formation. This steric effect of nanoclay is most likely re-
sponsible for the reduced rate of cure observed in the cur-
rent study.

X-Ray Diffraction

X-ray diffraction is preferred by the majority of
researchers to describe the intercalation and exfoliation in
a quantitative manner. In this method, a well character-
ized X-ray (most of the time CuKo) is forwarded onto the
surface of interest. Based on the angle of diffraction of
the X-ray emitted from the surface, the basal spacing
between the nanoclay platelets is calculated through
Bragg’s Law [40]. Although it has been criticized for the
possibility of arriving at misleading conclusions on the
state of exfoliation [41], x-ray diffraction is a widely
accepted method of measuring the changes in gallery
spacing over a relatively large sample area.

In this study, the gallery spacing of the natural nano-
clay is measured and compared with the gallery spacing
of nanoclay in the composite. The results of the x-ray dif-
fraction study are shown in Fig. 5. The diffraction peak
for Cloisite™ Na™ is observed at 7.4°, which corresponds
to 11.9 A for the CuKo: radiation. This value is very close
to the gallery spacing of 11.7 A reported by the material
supplier, Southern Clay Products Inc [42]. The sample
without nanoclay, as expected, did not display diffraction
peak in the x-ray spectrum. The samples with nanoclay,
on the other hand are observed to have a diffraction peak
corresponding to 17.6 A gallery spacing, regardless of the
nanoclay content. This 48% increase in gallery spacing of
nanoclay is a clear indication of intercalation. The epoxy
molecules must have penetrated between the clay sheets
and result in the expansion in gallery spacing.

The mechanics of nanoclay intercalation with polymers
to form nanocomposites is rather complex. Intercalation is
not only controlled by the diffusion rate of the epoxy and
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curing agent molecules, but also by the balance of intra-
and extra-gallery polymerization [38]. If the polymerization
initiates at the extra-gallery regions before epoxy mole-
cules diffuse completely into the intra-gallery regions, the
expansion of the gallery space will not be completely
achieved and an intercalated structure will form. An
affirming observation stressing the initiation of polymer-
ization was made by Raghavan et al. [43]. The authors
report that mixing organically modified nanoclay in
DGEBA epoxy resin yielded intercalation as indicated by
the shift in XRD spectra. However, allowing the nanoclay
to swell in hot epoxy resin for several hours resulted in
complete exfoliation. The gel time of the composite lami-
nates currently studied was measured as 25 min. This
duration may not be adequate for the epoxy molecules to
completely diffuse into the intra-gallery regions of the
nanoclay structure.

Mechanical Properties

The average values of flexural stiffness and interlami-
nar shear strength are given in Fig. 6. The interlaminar
shear strength of the composite samples decreased monot-
onically from 18.6 MPa to 14.9 MPa when the nanoclay
content is increased to 4 wt%. Corroborating our findings,
the interlaminar shear strength of samples with identical
glass fiber reinforcement was measured by Olivero et al.
[44] as 17 MPa. On the other hand, flexural stiffness dis-
played considerable increase over the range of nanoclay
loading. The flexural stiffness for the composite sample
without nanoclay is measured as 11.2 GPa. The flexural
stiffness increased to 12.9 GPa at 1 wt%, 13 GPa at
2 wt% and 14.2 GPa at 4 wt% nanoclay loading. This
26% increase in flexural stiffness is beyond the uncer-
tainty of the experiments as dictated by the 95% confi-
dence interval error bars.

Mechanical property improvements due to nanoclay
are reported more frequently for weak polymers such as
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thermoplastics and rubbery epoxies. For instance, the ten-
sile. modulus of 3 MPa for the epoxy matrix without
nanoclay increased to 35 MPa at 23.2 wt% loading as
reported by Lan and Pinnavaia [21]. Similarly, the tensile
modulus for the neat epoxy in the case of Boukerrou et al.
[22] was reported to change from 0.56 MPa to 0.76 MPa
at 5 wt% nanoclay loading. Considering that the elastic
moduli values of nanoclay platelet is reported to be ranging
between 20 and 400 GPa [45], such improvements are not
surprising [46]. However, even after such improvements,
the performance of these polymers is superseded by com-
posites comprising conventional fiber reinforcements.

The flexural stiffnesses of various composites and
epoxy polymers containing nanoclay [15-18, 20, 47-50]
are given in Fig. 7. The lower end of the flexural stiffness
spectrum is populated by studies dealing with epoxy poly-
mers without fibers. Composites containing glass or
graphite fibers are located above the polymers. On the
high end of the flexural stiffness spectrum are the compo-
sites containing ordered (woven or unidirectional) glass
and graphite fibers. Clearly, mechanical properties that
are superior than nanoclay reinforced rubbery epoxies can
readily be achieved with the use of conventional fiber
reinforcements. Considering that the carbon fibers have
modulus values ranging between 200 and 700 GPa and
E-glass fibers have a modulus of 76 GPa [51], enhance-
ment of the stiffness of fiber reinforced composites due to
nanoclay is most often moderate. However, using small
amounts of nanoclay in epoxy based composites to cap-
ture this 20%—40% stiffness improvement is likely to be
more cost-effective compared with increasing the fiber
volume fraction of the composite. Adding nanoclay will
also have other benefits such as reduced moisture absorp-
tion, improved flame retardancy, and thermal stability.

To better compare the effects of nanoclay on the per-
formance of the composites used in the current study,
relative percentage improvement in flexural stiffness of
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epoxy matrix composites, excluding the neat polymers, is
shown in Fig. 8. It is observed from Fig. 8 that the per-
centage improvement in flexural stiffness of our samples
is higher than majority of the previous studies. For exam-
ple, flexural stiffness of unidirectional glass/epoxy lami-
nates improved by 12% with the addition of nanoclay as
reported by Lin et al. [16], whereas the nanocomposite
samples fabricated in this study achieved almost 30%
improvement at 4% nanoclay loading. The improvement
observed in the current study is most likely due to (i)
increased nanoclay gallery spacing as shown in Fig. 5 and
(i) homogoeneous dispersion of nanoclay by the aqueous
solution; hence, leading to uniform distribution of nano-
clay throughout the waterborne epoxy matrix. Achieving
stiffness improvement up to 30% also suggests the possi-
bility of having uniformly dispersed, submicron nanoclay
clusters, as mechanical performance is known to be
highly dependent on the particle size [52-54].

Glass Transition Temperature

There are three indications of glass transition tempera-
ture when measured by DMA: (i) a sharp drop in storage
modulus with increasing temperature, (ii) the peaks dis-
played by loss tangent and (iii) loss modulus. The change
in storage modulus along with the loss tangent during glass
transition is shown in Fig. 9. It is interesting to observe
that after glass transition, the samples containing nanoclay
are observed to maintain their stiffness more efficiently.
For instance, the ratio of storage modulus of composite
sample containing 4 wt% nanoclay to the one without at
60°C is 1.03. After glass transition, the same ratio increases
to 3.39 at 125°C. Therefore, for applications requiring
elevated temperatures, addition of nanoclay to the compo-
sites presents a clear advantage.

The glass transition temperature of the polymers and
composites indicate the temperature at which a relaxation
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FIG. 8. Improvement in flexural stiffness of various composites with
nanoclay content.
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FIG. 9. Change in storage modulus and loss tangent during glass transi-
tion.

at molecular level takes place. Therefore, as indicated by
Tien and Wei [55], the glass transition temperature
increases if the molecular motion is hindered by the nano-
clay platelets, which also is an indication of strong inter-
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FIG. 10. Glass transition temperature values obtained from by the peak
loss tangent method.

calation. In the current study, the temperature at which
the loss tangent displays a peak is reported as the glass
transition temperature. The glass transition temperature
values along with 95% confidence intervals are given in
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FIG. 11. Scanning electron micrographs of composite samples with 0, 1, and 4 wt% nanoclay. (A) Images
taken at X250 from the polished surfaces (Top). (B) Fracture surface images taken at X1000 (Bottom).
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Fig. 10. The glass transition temperature increased monot-
onically with increasing nanoclay content. At the maxi-
mum nanoclay loading of 4 wt%, the glass transition tem-
perature displayed an increase of 5% from 89.4°C to
94.2°C.

It is reported that at cure temperatures higher than
thermal dissociation temperature of alkyl ammonium ions
used in the cation exchange of layered silicates, primary
amines are generated [56]. The generation of primary
amines gives rise to epoxy self-polymerization and thus
yields excess curing agent and significant reductions in
glass transition temperature [29]. The use of natural nano-
clay in the current study most likely eliminated this prob-
lem, which may have been observed in the organoclay
based nanocomposites.

Microstructure

The scanning electron micrographs of the polished
composite samples and the fracture surfaces are shown in
Fig. 11. It is often not possible to see individual nanoclay
platelets embedded in a polymer matrix using scanning
electron microscopy. However, the surface properties
observed in polished nanocomposite samples is an indica-
tion of the homogeneity of the nanoclay dispersion. The
scanning electron micrographs of the polished surfaces of
the samples with 0, 1, and 4 wt% nanoclay are shown in
Fig. 11A. Compared with the sample without nanoclay,
samples containing 1 and 4 wt% nanoclay display a gran-
ular surface topology with geometric features at smaller
length scales. In addition, the surface roughness is
observed to increase with increasing nanoclay content.
Microstructural differences similar to the ones observed
herein have been reported elsewhere for vacuum assisted
resin transfer molded glass/epoxy composites [16] and
pressed carbon/epoxy composites [57] containing nano-
clay. These differences in surface topologies are most
likely due to the presence of nanoclay clusters. The uni-
formity of the surface characteristics of the samples as
observed in low magnification SEM images shown in Fig.
11B indicates that nanoclay dispersed uniformly within
the epoxy matrix.

Similar to the polished surfaces, scanning electron
micrographs of the fracture surfaces are notably different.
A fiber bundle from the fracture surface of the composite
sample without nanoclay is shown in Fig. 11B. Matrix
residues that are observed on the fiber surfaces and
between fibers are unequivocal signs of good fiber-matrix
adhesion. Figure 11B also shows the fracture surfaces of
the composite samples with 1 and 4 wt% nanoclay. It is
interesting to note that the fiber matrix interface contains
more matrix material compared to the sample without
nanoclay. Especially the buildup of matrix material
around the fibers is notable. Existence of matrix material
around the fibers after fracture indicates that effective
fiber-matrix adhesion is maintained after the addition of
nanoclay.
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CONCLUSION

A new method to fabricate E-glass/nanoclay/water-
borne epoxy prepregs by using an aqueous solution is pre-
sented. The prepregs are prepared by wetting randomly
oriented, chopped E-glass fiber preforms by an aqueous
dispersion of EpiRez 3522-W-60 waterborne epoxy resin,
dicyandiamide and 2-methylimidazole. Various amounts
of natural nanoclay (Cloisite™ Na™) is added to yield a
final matrix nanoclay content of 0, 1, 2, and 4 wt%. Using
the fabricated prepregs, disk-shaped 14-ply laminates are
cured by a rheometer.

X-ray diffraction studies of the composite samples re-
vealed a 48% increase in the gallery spacing of the nano-
clay, thus indicating effective intercalation of nanoclay
platelets by the epoxy matrix. Despite a 13.5% decrease
in interlaminar shear strength, the flexural stiffness was
observed to increase by more than 26% over the range of
nanoclay loading. Glass transition temperature is mea-
sured to increase by more than 5% from 89.4°C at 0 wt%
to 94.2°C at 4 wt%. Scanning micrographs also revealed
improved adhesion of fibers to the matrix material with
increasing nanoclay content.
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