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a b s t r a c t

Microstructural and thermo-mechanical characterization were performed on epoxy–clay nanocompos-
ites, to be used as matrix for continuous carbon fiber reinforced composites, containing various amounts
of clays having different hydrophilicity. XRD tests displayed that the dispersion degree of the clay lamel-
lae was strictly correlated to their hydrophilicity, while DSC tests revealed that the crosslinking degree
was negatively affected by the presence of most hydrophilic clays. Therefore, the balance between
polymer–filler interaction and crosslinking degree influenced the final properties of the resulting com-
posites. The mechanical behaviour, both under quasi-static and impact conditions, was positively affected
by resin nanomodification. Fracture toughness and threshold to crack initiation under cyclic loading were
olymers
anostructured materials
racture

also interestingly improved.
While the effect of nanoclay introduction on the quasi-static tensile properties of the carbon/epoxy

laminates was negligible, Charpy impact tests on nanomodified epoxy/carbon fiber cross-ply laminates
evidenced slight enhancements of the elastic modulus and of the energy adsorption capacity with respect
to the unfilled epoxy–carbon composites. Moreover, drop weight test on laminates evidenced improve-
ments in energy absorption capacity due to resin nanomodification.
. Introduction

In the last years polymeric nanocomposites attracted the inter-
st of many researchers and industries all over the world, and
any works has been published on the thermo-mechanical prop-

rties of nanomodified thermoplastic or thermosetting matrices
1,2]. Many kinds of inorganic nanofillers, different for the mor-
hology and the surface properties, were utilized, but the lamellar
ilicates (montmorillonites) were probably the most investigated
3,4]. These nanofillers are characterized by a lamellar structure,
n which every layer, 1 nm thick and 200–300 nm long, is con-
tituted by a central octahedral sheet of alumina or magnesia
lternated to two external silica tetrahedrons. These lamellae are
tacked together with a regular van der Waals gap between them.
egative charges created by isomorphic substitution within the

ayers are counterbalanced by Na+ or Ca2+cations in the interlayer
egions. Considering that the forces that keep the stacks together
re relatively weak, the intercalation of organic molecules between

he lamellae can easily occur [5]. If the hydrated cations of the
nterlayer are substituted with cationic surfactants such as alky-
ammonium or alkylphosphonium salts [6–8], organo-modified
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(OM) clays can be synthesized. Three main types of composites
may be obtained when OM clays are added to a polymer liquid,
depending on the chemical nature of the modifier and on the prepa-
ration process. When polymer chains are unable to penetrate into
the silicate sheets, a phase separated microcomposite is formed.
Intercalated structure can be obtained when the macromolecules
are present in the interlayer galleries of the silicate, resulting in a
well ordered multilayer morphology constituted by polymeric and
inorganic layers. An exfoliated structure is obtained when the sil-
icate layers are completely and uniformly dispersed in the matrix
[9]. Filler–matrix interactions determine dispersion level of the
clay in the polymer matrix and the resultant thermo-mechanical
behaviour of polymer–clay nanocomposites [10]. Nanoclays are
expected to yield improvements over unfilled polymers in a very
wide range of properties. Polymer/clay nanocomposites can gen-
erally show improvements of the tensile mechanical properties
[11,12] and of the fracture resistance [13–16] with respect to the
neat polymer. With the nanomodification of polymeric matrices
an increase of the dimensional stability and of the barrier proper-
ties [17] and a better thermal degradation resistance [18,19] can be
easily obtained.
However, the mechanical properties displayed by polymer
nanocomposites are much lower than that required to engineer-
ing structural materials, such as advanced composites reinforced
with high-performance continuous fibers [20]. For this reason in
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Table 1
Organoclays used in this study. Information taken from the producer data sheets.

Trade name Organic modifier Modifier concentration [meq/100 g clay] Density [g cm−3]

Cloisite® 30B

CH2CH2OH

T

CH2CH2OH

N+H3C 90 1.87

Cloisite® 25A

HT

N+ CH2CHCH2CH2CH2CH3

CH3

H3C

CH2CH3

95 1.87

Cloisite® 15A

CH3

HT

HT

N+H3C 125 1.66
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: Tallow (∼65% C18; ∼30% C16; ∼5% C14) and HT is Hydrogenated Tallow.
nion: chloride.

he last years rising interest was devoted to the development of
ernary composites, in which both traditional continuous high per-
ormance micro-fibers and nanofillers are added to a thermosetting
21–26] or a thermoplastic polymer matrix [27,28]. In particular,
ome attempts have been made to improve the matrix-dominated
roperties of polymer composites by adding OM clays or carbon
anofibers to the epoxy matrix [29–39].

For example, Bozkurt et al. [31] studied the mechanical and
hermal properties of non-crimp glass fiber reinforced clay/epoxy
anocomposites, finding that the flexural properties of laminates
ere improved by clay addition, because of the improved inter-

ace between glass fibers and epoxy. Zhou et al. [39] used a vacuum
ssisted resin transfer molding (VARTM) process set up to fabricate
arbon nanofiber filled carbon/epoxy laminated composites, find-
ng substantial improvements in flexural strength in nanomodified
aminates samples. Chowdhury et al. [40] investigated the effects
f nanoclay particles on flexural and thermal properties of woven
arbon fiber reinforced polymer matrix composites. Interesting
nhancements in flexural strength, in the elastic modulus, and in
hermomechanical properties were displayed for 2 wt% nanoclay
einforced composites.

In this work, epoxy/clay nanocomposites were prepared by
sing three different kinds of organo-modified clays. A microstruc-
ural characterization was conducted through X-Ray Diffraction
XRD) analysis and ESEM images, in order to determine the role
f clay hydrophobicity on its dispersion in the epoxy matrix. DSC
ests were then performed, in order to evaluate the influence of
he polymer–filler interaction on the cure kinetics of the resin.
he influence of the polymer–filler interaction on the tensile prop-
rties and on the fracture resistance of the resulting materials
nder quasi-static, cyclic and impact loading conditions was then
nalyzed. Epoxy/clay/carbon fiber cross-ply laminates were also
repared by filament winding technique, in order to assess the
ontribution due to the clay addition on the matrix-controlled
roperties of fiber-reinforced composites under quasi-static and

mpact loading conditions.

. Experimental
.1. Materials and preparation of the samples

An epoxy resin, supplied by Elantas Camattini® (Collecchio,
taly), was used as matrix. It is constituted by a MC 102 epoxy
base (density at 25 ◦C = 1.20 g cm−3, viscosity at 25 ◦C = 5500 mPa s),
a WH 102 anidrydic hardener (density at 25 ◦C = 1.16 g cm−3,
viscosity at 25 ◦C = 60 mPa s), and a IG 847 aminic catalyst
(density at 25 ◦C = 1.04 g cm−3, viscosity at 25 ◦C = 60 mPa s). The
base/hardener/catalyst weight ratio was100:93:0.2. Three differ-
ent organo-modified clays (Cloisite® 30B, 25A and 15A), provided
by Southern Clay Products, Inc. (Gonzales, Texas), were used as
nanofiller. Table 1 summarizes some of the characteristics of the
selected organoclays. According to the producer’s selection chart
and to a previous work of our group [10], the selected organo-clays
could be ranked in the following order of increasing hydropho-
bicity: 30B < 25A < 15A. For the preparation of ternary composites,
T300 epoxy–compatible high strength continuous carbon fibers,
supplied by Torayca® (Japan), were used. Single tows constituted
by 3000 fibers were used for the filament winding process.

For the preparation of the samples, the clays were dispersed
in the hardener for 2 h at 2000 rpm, by using a Dispermat® F1
mechanical mixer. The base and the catalyst were then added
and mixed for 1 h at 2000 rpm. Finally, the mixture was degassed
at ambient temperature and poured in silicone moulds. A curing
cycle of 2 h at 110 ◦C + 6 h at 140 ◦C was then conducted. In this
way, pure epoxy samples and nanocomposites filled with different
clays at two filler contents (2 wt% and 5 wt%) were prepared. The
samples were denoted indicating the matrix (Epoxy) and the kind
of clay (30B, 10A or 25A), followed by the filler content. As an
example, the Epoxy–25A-5 indicates the 5 wt% Cloisite 25A filled
nanocomposite.

Considering that Cloisite 25A filled composites showed the
best balance between quasi-static and impact properties, this
clay was selected for the preparation of epoxy–clay–carbon fiber
laminates, with a filler loading of 5 wt%. After the preparation
of the liquid resin, single carbon filaments were wound through
a Telmec® ALAB 0102 filament winding machine on a square
metallic mandrel, 30 cm long. The plates thus obtained were then
compacted in a Carver® press by using square teflon sheets as
releasing plies and cured with the same thermal cycle applied to
epoxy–clay nanocomposites (2 h at 110 ◦C + 6 h at 140 ◦C). In this
way square symmetric and balanced cross-ply laminates, 20 cm
long, were obtained, with a fiber content of about 50 vol%. The

lamination sequence was [0/90/0/90/0/90/0̄]s. In the results and
discussion section, the epoxy/carbon fiber composite was desig-
nated as Epoxy–CF, while the 5 wt% Cloisite 25A filled laminate
was denoted as Epoxy–25A-5–CF.
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.2. Characterization of epoxy/clay nanocomposites

X-Ray Diffraction analysis was conducted on nanofilled sam-
les, in order to evaluate the dispersion of the clay lamellae in
he composites. A Philips Xpert® HRD3000 diffractometer, with a
on-monochromatized copper radiation of 1.5406 Å wavelength,
n applied voltage of 40 kV and a current of 30 mA, was used. The
nterlamellar distances of the clay powder (d0) and of the clays in
he composites (d) were evaluated referring to the Bragg’s Law. The
ntercalation degree (ID), representing the increase of the d-spacing

ith respect to the original interlamellar distance of the clay, was
etermined as follows:

D =
(

d − d0

d0

)
× 100 (1)

Fracture surfaces of pure epoxy and nanofilled samples,
btained from SENB samples used in flexural tests for the evalua-
ion of the fracture toughness parameters (KIC, GIC), were observed
hrough a Philips XL30 Environmental Scanning Electronic Micro-
cope (ESEM), at an acceleration voltage of 10 kV and a pressure of
3 Pa.

The transparency of the samples was assessed in order to
ave a qualitative evaluation of the dispersion degree of the
lay nanoplatelets. Some photographs of pure epoxy and of the
anofilled samples (thickness = 4 mm) were taken by using a Nikon
oolpix 4500 digital camera. The distance between the camera and
he samples was kept constant at 300 mm.

Differential Scanning Calorimetry (DSC) tests were conducted
y using a Mettler DSC30 machine on liquid resins. The first thermal
ycle, from 30 ◦C to 270 ◦C under a nitrogen flow of 100 ml min−1,
ighlighted the effect of the clay addition on the cure kinetics of
he resin. The sample were then cooled at ambient temperature at
0 ◦C min−1, and then heated again at 270 ◦C with an heating rate of
0 ◦C min−1. In this way it was possible to evaluate the influence of
he nanofiller on the glass transition temperature (Tg) of the cured
esin.

Quasi-static tensile properties were determined by using an
nstron 4502 electromechanical tensile testing machine, at a
rosshead speed of 1 mm min−1. ISO-527 1B dogbone samples, with
gage length of 50 mm, a width of 10 mm and a thickness of 4 mm,
ere used. The deformations were evaluated through an Instron

620-601 extensometer, with a gage length of 50 mm, until a defor-
ation of 1% was reached. Higher deformation levels were recorder

eferring to the crosshead displacement. The elastic modulus (E)
as evaluated according to ISO 527 standards, as secant modulus

etween the stresses associated to the deformations of 0.05% and
f 0.25%. The tests were conducted at ambient temperature (25 ◦C),
nd at least five samples were tested for each composition. Three
oint flexure tests for the evaluation of KIC and GIC parameters were
onducted according to ASTMD 5045 standard on SENB samples,
4 mm long, 10 mm wide and 4 mm thick, with a nominal notch of
bout 5 mm. A crosshead speed of 10 mm min−1 was imposed to the
amples. At least five tests were performed for each composition.

Charpy impact tests were carried on by using a Ceast® machine
n SENB samples, 44 mm long, 10 mm wide and 4 mm thick, with
notch length of 1 mm. An impact speed of 0.5 m s−1 and an ini-

ial impact angle of 19.5◦ were set. In this way the specific energy
dsorbed at failure, KIC and GIC parameters under impact condi-
ions were determined. For comparative purposes, mode I KIC tests
ccording to ASTM 5045 were carried out. The mode I fatigue
ehaviour of a reduced selection of materials (neat epoxy and 2 wt%

loisite 25A filled nanocomposite) was also investigated on CT sam-
les. Both static and fatigue Mode I tests were carried out on a MTS
58 machine. Fatigue tests were carried out under load control, by
pplying a cyclic sinusoidal load wave with a frequency of 5 Hz and
Fig. 1. X-Ray diffractograms of Cloisite clays (dashed lines) and epoxy–2 wt% clay
filled nanocomposites (continuous lines).

monitoring the crack length evolution along the fatigue life by a
travelling microscope.

2.3. Tensile and impact behaviour of epoxy/clay/carbon fiber
laminates

Quasi-static tensile tests were carried on by using an Instron
8516 tensile testing machine, according to ASTM D3039 standard.
Rectangular samples, 20 mm wide and with a distance between
the grips of 80 mm, were used. The deformations were evaluated
through an Instron 2620-601 extensometer. Thin rectangular steal
sheets were applied to the grips, in order to favour the clamping
of the sample. The tests were conducted at room temperature on
at least five specimens for each condition. In this way the elas-
tic modulus (E) and the tensile properties at failure (�b, εb) were
calculated. Charpy impact tests were conducted by using a Ceast
impact machine on rectangular samples, 80 mm long and 10 cm
high, with a span length of 40 mm. An impact speed of 0.5 m s−1 and
an initial angle of 8◦ were set. Even in this case, at least five speci-
mens were tested for each condition. The specific energy adsorbed
at crack initiation and at break was thus evaluated. Drop weight
impact tests on laminates were carried on a Ceast Fractovis Plus
7525 machine, according to ASTM D5628 standard. Square sam-
ples, 100 by 100 mm, were tested at room temperature. A tup in
geometry FE, having a diameter of 20 mm, equipped with a piezo-
electric strain gage and connected to a mass of 10 kg, was used. The
specimens were clamped with an annular clamp, with an inside
diameter of 40 mm. The specific penetration energy was first mea-
sured. Then, a second set of tests was carried out with the aim to
quantify and compare the energy absorption capability of laminates
made with a nanomodified resin. For this second set of test, the
impact energy level was chosen as the 50% of relevant penetration
energy.

3. Results and discussion

3.1. Microstructural characterization of epoxy/clay
nanocomposites

In Fig. 1 representative X-Ray diffractograms of clay powders

and 2 wt% filled nanocomposites are reported, while in Table 2 the
most important results are summarized. For all the tested samples
it is evident the presence of a diffraction peak, suggesting that the
original crystalline order of clay lamellae is totally or partially main-
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ig. 2. ESEM images of fracture surfaces of epoxy/clay nanocomposites. (a) Epoxy,
g) Epoxy–15A-5.

ained. The intensity of this peak is inversely proportional to clay
ydrophilicity. This means that in the case of 30B filled composites
nly a small portion of clay lamellae is stacked together forming

rystalline basal planes. Moreover, the shift of the diffraction peaks
owards lower angles indicates that all the prepared composites are
haracterized by an intercalated structure, with an increase of the
nterlamellar spacing with respect to the original clay powders. In
oxy–30B-2, (c) Epoxy–25A-2, (d) Epoxy–15A-2, (e) Epoxy–30B-5, (f) Epoxy–25A-5,

some papers on the microstructural characterization of epoxy–clay
nanocomposites a complete exfoliation of the clay lamellae was
obtained [41], but the formation of an intercalated structure was

more frequently reported in literature [3,14,24,42–46]. Consider-
ing the intercalation degree of the composites at the same filler
content, it can be noticed that the most hydrophilic clays (30B)
presents the maximum enhancement of d-spacing, while a very
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Table 2
Interplanar distances of Cloisite® clays and relative intercalation degree (ID) of
epoxy–clay nanocomposites.

Sample d001 (Å) d001 clay (Å) ID (%)

Epoxy–30B-2 41.54 18.50 124.5
Epoxy–25A-2 30.71 19.04 61.3
Epoxy–15A-2 32.40 30.98 4.6
Epoxy–30B-5 44.70 18.50 141.6
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posite displays a slight enhancement of the crosslinking enthalpy
Epoxy–25A-5 30.18 19.04 58.5
Epoxy–15A-5 33.63 30.98 8.6

ow intercalation can be obtained by using relatively hydrophobic
lays. It is also evident that the intercalation degree is not influ-
nced by the filler content. This result is in agreement with the
bservations reported in a previous work on PU-clay nanocompos-
tes [10], in which the intercalation degree resulted proportional to
lay hydrophilicity. This means that polymer–filler interactions are
robably more intense by using relatively hydrophilic clay (30B),
hile only weak physical interactions can be registered for the

omposites filled with hydrophobic clays (15A).
In Fig. 2 ESEM images of the fracture surfaces of pure epoxy

nd relative nanocomposites are reported. It is immediately evi-
ent that the fracture profile of the pure epoxy sample is very
mooth, while nanofilled samples present a high degree of sur-
ace corrugation, proportionally to the filler content. Taking into
ccount XRD diffractograms reported in Fig. 1, it is not possible to
ssess if the surface corrugation is due to the presence of stacked
lay lamellae or to aggregates formed by clay nanoplatelets. How-
ver, the corrugation of the fracture surface due to the presence
f clay nanoplatelets is well known in literature [14,43,47], and
he creation of a larger fracture surface is generally considered as
positive contribution to the fracture toughness of the material.

urthermore, if composites filled with different clays at the same
ller loading are compared, it can be easily noticed that Cloisite
0B filled samples are characterized by the highest surface corru-
ation degree. This is another indication of the fact that probably in
loisite 30B filled samples clay lamellae are dispersed more finely
ith respect to Cloisite 25A and to Cloisite 15A filled composites,
robably because of a better polymer–filler interaction.

In Fig. 3 photographs of pure epoxy and nanocomposites sam-
les are reported. It can be easily noticed that the transparency
f the unfilled matrix is substantially maintained even at high filler

oadings, indicating that a good dispersion of the clay nanoplatelets
s reached for all the samples. A slight loss of transparency can
e detected for composites filled with higher clay amount (5 wt%),

Fig. 4. (a) DSC curves of epoxy/clay nanocomposites (5 wt% samples). First scan. (
Fig. 3. Photographs of pure epoxy and epoxy/clay nanocomposite samples.

especially increasing the clay hydrophobicity (15A filled nanocom-
posites). This is probably correlated to the low intercalation degree
of 15A filled composites registered in XRD tests.

3.2. Thermo-mechanical properties of epoxy/clay nanocomposites

In Fig. 4a representative DSC curves of pure epoxy and relative
5 wt% filled composites nanocomposites before the crosslinking
process are represented, while in Fig. 4b thermograms referred
to crosslinked materials are reported. The most important results
are summarized in Table 3. It can be observed that the introduc-
tion of nanoclay in these systems leads to a slight lowering of the
crosslinking temperature, with a shift of the crosslinking peaks to
lower temperatures, proportionally to the filler content. Another
important aspect is that the presence of nanoclay negatively affects
the crosslinking degree of the system, with a general decrease of
the crosslinking enthalpy. Interestingly, only Epoxy–15A-5 com-
with respect to the pure matrix. On the other hand, XRD test
evidenced a very low intercalation degree for this sample, accom-
panied by a limited polymer–filler interaction. Also glass transition

b) DSC curves of epoxy/clay nanocomposites (5 wt% samples). Second scan.
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Table 3
DSC data of epoxy/clay nanocomposites.

Sample Crosslinking
peak (◦C)

Crosslinking
enthalpy (J g−1)

Tg (◦C)

Epoxy 174.5 299.0 150.6
Epoxy–30B-2 171.2 276.3 134.4
Epoxy–25A-2 174.7 272.0 147.0
Epoxy–15A-2 171.9 272.9 150.6
Epoxy–30B-5 167.9 268.5 107.6
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Table 4
Quasi-static tensile properties of epoxy/clay nanocomposites.

Sample E (GPa) �r (MPa) εr (%)

Epoxy 2.87 ± 0.18 27.7 ± 1.6 1.02 ± 0.05
Epoxy–30B-2 2.96 ± 0.21 22.8 ± 1.3 0.77 ± 0.06
Epoxy–25A-2 2.92 ± 0.19 31.8 ± 5.0 1.19 ± 0.26
Epoxy–15A-2 2.86 ± 0.12 23.0 ± 1.8 0.81 ± 0.08
Epoxy–30B-5 3.25 ± 0.23 20.0 ± 3.9 0.63 ± 0.14
Epoxy–25A-5 172.6 280.0 118.8
Epoxy–15A-5 165.5 308.4 149.2

emperature (Tg) of the cured composites is lowered by the nan-
clay addition, proportionally to the filler content. The decrease of
he glass transition temperature in nanofilled systems, especially
t high filler contents, was already reported by other authors in lit-
rature [48–50]. Moreover, Tg drop is evident by using hydrophilic
lays (30B), while for 15A filled composites the decrease of the glass
ransition temperature is practically negligible. As already reported
n a previous work [10], the different behaviour shown by com-
osites filled with different clays can be explained on the basis of
different polymer–filler interfacial interaction. From XRD tests

t was concluded that utilizing a relatively hydrophilic clay (30B),
he relative intercalation increases. Consequently, more and more
hain extender-cross-linker is probably segregated between the
nterlamellar galleries of the clays, where it can be hardly reached
y the epoxy base oligomers. Therefore, the presence of some
nreacted chain extender-cross-linker could explain the lower
ross-linking degree and its trend with the intercalation degree.
nother possible hypothesis is that a small part the epoxy base
ight react with the hydroxyl groups and/or with the counterions

f clays, thus reducing the amount of oligomer available for cross-
inking reactions with the chain extender-cross-linker component
51,52]. Comparing the results from XRD and DSC tests, it can be
oncluded that polymer–filler interaction promotes the dispersion
f the clay nanoplatelets in the matrix but hinders the crosslinking
egree of the materials. The balance between these two aspects
ight have important consequences on the mechanical properties

f the resulting composites.
Representative curves of quasi-static tensile tests on pure epoxy

esin and Cloisite 25A filled nanocomposites are reported in Fig. 5,

hile the most important results are summarized in Table 4. It

s evident that the elastic modulus is positively affected by the
resence of nanoclay, especially at higher filler loading. A similar

ig. 5. Representative quasi-static tensile tests on pure epoxy and Cloisite 25A filled
anocomposites.
Epoxy–25A-5 3.27 ± 0.28 21.8 ± 2.3 0.69 ± 0.09
Epoxy–15A-5 3.06 ± 0.20 26.1 ± 2.8 0.90 ± 0.12

trend of the elastic modulus was already reported by other authors
for epoxy–clay nanocomposite systems [3,44,45,49]. Considering
2 wt% filled samples, the highest elastic modulus is obtained for
30B filled composites, probably because the relatively intense
polymer–filler interaction leads to a better dispersion of the clay
nanoplatelets. Increasing the filler content, the highest stiffness is
registered for 25A filled composites. Even if the differences between
the elastic modulus of 30B and 25A filled samples are not so pro-
nounced, it is possible that at relatively high filler loading the
positive effect of the matrix-filler interaction is counterbalanced by
the decrease of the crosslinking degree. For this reason the highest
elastic properties are obtained with Cloisite 25A, an intermediate
hydrophobicity clay. In terms of tensile properties, the introduction
of the clay leads to a slight decrease of the tensile strength (�b) val-
ues. Also the strain to failure (εb) is negatively affected by the clay
addition, especially increasing the filler loading. According to some
authors [11,43,53], it is likely that the presence of a fraction of non-
intercalated clay tactoids with micrometric dimension acts as crack
nucleation sites, with detrimental effects on the tensile properties.
However, the drop in tensile strength and strain to failure values
registered for nanoclay filled samples is not so significant and this
is in agreement with the results reported on several papers dealing
with the tensile properties of nanofilled epoxy systems [3,44,49].

An opposite trend is instead displayed by nanofilled samples
when flexural tests for the evaluation of the fracture toughness
are considered. Fig. 6a shows representative force–displacement
curves of pure epoxy and relevant nanocomposites obtained from
flexural tests on notched samples, while in Fig. 6b and c KIC and GIC
values of epoxy–clay nanocomposites are reported. An increase of
KIC values with the filler content can be generally detected for the
nanofilled samples. Even in this case at low filler content (2 wt%) the
most important enhancement of the fracture toughness is obtained
for 30B filled sample, because of the better polymer filler interac-
tion, while at higher clay loadings (5 wt%) the best performances
are displayed by 25A filled composites. The enhancement of the
crack propagation resistance is even more pronounced if GIC values
are considered. As an example, GIC of Epoxy–15A-5 nanocomposite
is about three times higher than that of the pure epoxy matrix. It
is worthwhile to note that comparable increments of the fracture
toughness have been already reported in the scientific literature on
epoxy–clay nanocomposites [14,54]. If in quasi-static tensile tests
on un-notched samples the presence of clay aggregates is respon-
sible of the stress concentration and of the crack nucleation, it
could be hypothesized that when a notch is already present on the
sample the embrittling effect due to agglomerates is not effective
and other mechanisms can be responsible of the toughening effect
encountered for nanofilled samples. Considering that the dimen-
sions of individual clay nanoplatelets are probably too small to
produce an appreciable crack deflection within the matrix, it could
be tentatively hypothesized that the presence of aggregates formed
by stacked clay lamellae effectively modify the crack propagation

path, with positive effects on the fracture toughness of the mate-
rial. Unfortunately, ESEM images reported in Fig. 2 are not helpful in
this sense, and the presence of stacked nanoplatelets in the samples
could be definitely assessed only by TEM images.
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improvements both of the strength and of the modulus by adding
2 wt% organoclay to epoxy–carbon fiber composites. Considering
that longitudinal properties of high performance composites are
mainly determined by the reinforcement, it is clear that the slight

Table 5
Quasi-static tensile properties of epoxy/carbon fiber and epoxy/carbon fiber/clay
laminates.
ig. 6. (a) Fracture toughness of epoxy/clay nanocomposites from SENB tests under q
f epoxy/clay nanocomposites from SENB tests under quasi-static conditions. KIC. (
onditions. GIC.

Mode I tests on CT samples provide comparable results in terms
f both values and trends. Similar results can be also found with the
nalysis of the fracture behaviour of neat epoxy and nanocompos-
te samples under impact conditions. Fig. 7a shows representative
orce–time curves of pure epoxy and 25A filled composites, while
n Fig. 7b and in Fig. 7c KIC and GIC values are respectively reported.
inally, in Fig. 7d specific energy at break values are summarized.
ven in this case an interesting enhancement of the fracture tough-
ess due to nanoclay addition can be easily detected. At low filler
ontent the best performances are displayed by 30B filled compos-
tes, increasing the filler loading 25A filled composites show the

aximum KIC and GIC values. As an example, GIC of Epoxy–30B-
composite is three times higher than that of the neat resin. The

ame considerations hold for the analysis of the specific adsorbed
nergy values.

Results of Mode I fatigue testing on neat epoxy and 2 wt% Cloisite
5A nanocomposite samples are presented in Fig. 8. The position
f the curves for the nanomodified epoxy in the right hand side of
he plot clearly indicates a significant improvement in the thresh-
ld for crack initiation due to the clay addition. The resistance to
rack propagation, quantified by the slopes of the curves, seems
nstead to be unaffected. In any case, further data and analyses
re required to provide statistically meaningful conclusions on this
oint as well as to identify the mechanisms responsible to this
pecific behaviour.

On the basis of an overall analysis of the results discussed above,

t can be concluded that the introduction of clay in these systems
eads to an interesting enhancement of the fracture toughness of
he material, both under quasi-static cyclic and impact loading
onditions.
static conditions. Representative force–displacement curves. (b) Fracture toughness
cture toughness of epoxy/clay nanocomposites from SENB tests under quasi-static

3.3. Tensile and impact behaviour of epoxy/clay/carbon fiber
laminates

In Table 5 quasi-static tensile properties of epoxy/carbon fiber
and epoxy/carbon fiber/clay laminates are summarized. Consider-
ing standard deviations, it can be concluded that the addition of
nanoclay in these systems leads to slight or negligible enhance-
ments of the elastic modulus with respect to the epoxy/carbon fiber
laminate, and also the stress at break is practically unaffected by
nanoclay introduction. Only a slight increase of the deformation at
break can be detected. The reported results are in agreement with
many literature references on the tensile behaviour of nanomod-
ified epoxy–clay laminates. Siddiqui et al. [23], Timmerman et al.
[55] and Rice et al. [38], studying quasi-static properties of carbon
fiber reinforced epoxy–clay laminates, found that the elastic mod-
ulus was little improved or unaffected by the presence of nanoclay,
while tensile stress was marginally reduced with the nanofiller
content. On the other hand, Chowdhury et al. [40] found slight
Sample E (GPa) �r (MPa) εr (%)

Epoxy–CF 54.0 ± 13.0 526 ± 60 2.3 ± 0.9
Epoxy–25A-5-CF 60.3 ± 7.4 534 ± 34 3.3 ± 0.8
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ig. 7. (a) Charpy impact tests on epoxy/clay nanocomposites. Force–time repres
mpact tests on epoxy/clay nanocomposites. GIC. (d) Charpy impact tests on epoxy/

mproving effect on the mechanical properties of the matrix due to
anoclay introduction can only marginally affect the quasi-static
ensile behaviour of the material. The little difference in the elastic

odulus between neat resin and nanofilled laminate can be also
artly attributed to possible fiber misalignments during the fibers
inding or the subsequent curing process.

Results for Charpy impact tests on unnotched laminates are
hown in Fig. 9a, where representative force–time curves are

eported. Fig. 9b shows instead the specific energy adsorbed at
rack initiation and at complete failure. The amount of energy
dsorbed at crack initiation is not influenced by nanoclay addition,

ig. 8. Mode I fatigue plots of (©) Epoxy and (�) Epoxy–25A-2 nanocomposite.
ve curves. (b) Charpy impact tests on epoxy/clay nanocomposites. KIC. (c) Charpy
anocomposites. Specific energy adsorbed at break.

while a slight improvement can be detected if the energy adsorbed
at failure is considered. This probably means that the toughening
effect provided by clay nanoplatelets is effective during the second
part of test when, after initiation the damage propagates and the
dissipative mechanisms are actived.

These conclusions are confirmed, even though from a slightly
different point of view, by the results deriving from drop weight
tests. These results, are shown in Fig. 10 where the values of the
specific energy adsorbed during impact by neat epoxy and clay
modified laminates are presented. Energy values are normalised
by the thickness raised to 1.5 to properly account for the differ-
ent thickness of the laminates. When the available impact energy
is larger than the penetration threshold, the maximum value of
the absorbed energy is indeed the penetration energy. As one can
expect, being the penetration energy mainly controlled by the fiber
strength, there is only a limited influence of the nanomodification.
This results in an increase of the penetration energy for nanomodi-
fied laminates of 4% only, also in the presence of a significant scatter.
On the other hand, a rather different behaviour is observed if the
available energy impact is lower than that required to penetrate
the laminate. In this case, after the impact, the striker rebounds:
part of the impact energy is absorbed, inducing damage in the lam-
inate in the form of matrix cracking, delamination and fiber failures,
and the remaining is released as rebound energy. For non pene-
trating impact test, the damage mechanisms activated are mainly
controlled by the matrix properties and, in this condition, the con-
tribution of the nanomodification to the capability of the laminate

to absorb energy is clearly evident. There is in fact an increase in
the specific absorption capability of about 26% (associated to a very
limited scatter) for the nanomodified laminates when compared to
the neat epoxy laminates.
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Fig. 9. (a) Charpy impact tests on epoxy/carbon fiber and epoxy/carbon fiber/clay lamin
fiber and epoxy/carbon fiber/clay laminates. Specific energy adsorbed at crack initiation a
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ig. 10. Specific energy adsorbed by epoxy/carbon fiber and epoxy/carbon fiber/clay
aminates in drop weight tests.

. Conclusions

Epoxy–clay nanocomposites, to be used as matrix for the
reparation of carbon fiber reinforced composite materials, were
repared and thermo-mechanically characterized. Three kind of
lay at different filler contents were utilized. XRD tests revealed the
ormation of an intercalated structure for all the samples, increas-
ng the dispersion degree of the clay nanoplatelets with the clay
ydrophilicity, while DSC tests evidenced that the crosslinking pro-
ess was negatively affected by nanoclay addition, especially for
ydrophilic clays. Therefore, the resulting mechanical properties
ere determined by a balance between polymer–filler interaction

nd crosslinking degree. The mechanical behaviour under quasi-
tatic, impact and fatigue loadings was positively affected by resin
anomodification, and also the fracture toughness was greatly

mproved.
Introduction of Cloisite 25A in epoxy–carbon fiber cross-ply

aminates produced a slight improvement of the tensile properties
ith respect to the unfilled epoxy–carbon composites, especially
nder impact conditions. Furthermore, a significant improvement

n the energy absorption capability of the laminates due to resin
anomodification was detected in drop weight tests.
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