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INTRODUCTION

Composite materials have largely demonstrated their
potential in terms of weight reduction, improved corrosion
and fatigue resistance, and design flexibility. Autoclave
processing of long-fiber-reinforced composites ensures
the production of high quality parts that have all the
above-mentioned advantages. The high cost of the equip-
ment, raw materials, and long processing times involved
have restricted the application of high performance
composites to aerospace and aeronautic applications
where performances and light weight are more important
than the cost [1]. Recent developments in aeronautical,
transportation, and commodity applications have made
this class of material comparable to metals and ceramics.

The diffusion of nanocomposites is necessary to develop
new correlations and new models for the processes. Owing
to the recent developing of these new materials, few data
and processing model are yet available. Most of these mod-
els refer to the injection molding of thermoplastic layered
silicate nanocomposites; in this case, it has been shown
that the available processing models can be slightly mod-
ified to take into account the changes in the rheological
behavior caused by the use of layered silicates, analogous
attempts were made on modeling liquid molding processes
with nanocomposite resins [2]. It has been pointed out
that the most critical parameters to obtain a valid model
of nanocomposite processes are the rheological behav-
ior, which is strongly influenced by the presence of the
nanocharges, the diffusion of the resins in the fiber bed,
and the determination of the main physical properties of
the nanocomposite resin.

Regarding the materials, many chances of improvement
exist. For high performance applications, for example,
there is a need to have injectable and, at the same time,
toughened resin. For low performance applications, there
is the need of having fast, reliable, and economic materi-
als and compounds. But, the most important development
is represented by the use of nanotechnologies applied to
composites. Nanotechnologies can represent a great oppor-
tunity for composites. In this field, there are still opened
many possibilities. The current research is more dedi-
cated to nanotailored fiber-reinforced composites that can
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offer multifunctional performances, whereas nanocompos-
ite resins can provide new and improved properties to
composite parts.

Researchers and companies usually practice this
bottom-up approach in designing, processing, and man-
ufacturing fiber-reinforced composites. When designing
a composite, the material properties are tailored for
the required performance at all length scales. From the
choice of the adequate matrix and fiber materials and the
layup of the laminate (meter scaled) up to the design and
optimization of the fiber/matrix interface and interphase
(microscaled), the integrated approach used in composites
processing is a remarkable example in the successful
use of the bottom-up approach [3]. When to these levels,
a nanoscaled one is added, applying nanotechnology to
composite materials, tremendous opportunities for inno-
vative approaches in the processing, characterization, and
analysis/modeling of this new generation of composites
can be found. To better understand the meaning of this
approach, Fig. 1 represents the shift from the higher
dimension level represented by a fiber fabric to the
micrometer level represented by the fiber diameter up to
the nanometer level represented in this picture by the
carbon nanotubes (CNTSs).

Considering that nanosized particles usually tend to
stay in agglomerates because of their huge surface area
and, on the other hand, that the exploitation of their
benefits is possible only if they are evenly dispersed into
the matrix, it is clear that the most important challenge in
nanocomposite development is the study of the dispersion.
In fact, a really good technique for this goal needs to
produce an even dispersion of the particles and to be
intrinsically up-scalable to the industrial level, in order to
avoid that a good laboratory result did not get employed
outside of Universities and did not carry a real benefit for
the entire human community.

Many techniques have been employed to improve the
dispersion of nanoparticles inside the matrix. In the case
of the processing of thermosetting-based nanocomposites,
most of the approaches involve different steps that include
mechanical stirring [4-7], high energy sonication, and
solution-evaporation processing [8—12]. During last years,
the possibility in employing the calendering technique for
the dispersion of nanoparticles was successfully inves-
tigated [5,13—15]. Moreover, covalent and noncovalent
functionalization of the nanofillers with the initiators of
thermosetting curable systems has been the focus of recent
investigations, which has also been exploited to prepare
nanocomposites with superior conductive properties [16].

Advanced composites are increasingly used in
aerospace, naval, and automotive fields. Their high
mechanical performances, together with their low weight,
make the employment of these materials a key factor
for the development of a competitive high performance
product.

For this reason, researcher all over the world are work-
ing on it. In particular, whereas companies are developing
new materials for fiber production and new fabric layout,
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Figure 1. Example of multiscaled fiber-reinforced

nanocomposite [3].

researchers in Universities are focusing their attention
on the polymeric matrix of the fiber-reinforced polymers
(FRPs), studying new formulations essentially based on
the employment of nanocomposites, see for instance [17].
In fact, the idea is to transfer the improved mechan-
ical characteristics and the new functional properties
obtained, thank to the interaction of the nanoparticle with
the polymer to a fiber-reinforced composite in which the
nanocomposite is the polymeric matrix.

PROCESSES FOR PRODUCTION OF FIBER-REINFORCED
NANOCOMPOSITES

The development and production of fiber-reinforced com-
posites based on nanocomposite matrices (fiber-reinforced
nanocomposites, FRN) are basically performed utilizing
the same techniques commonly employed for commercial
FRPs. Nonetheless, thermosetting suspensions on behalf
of homogeneous liquid thermosets, which are commonly
more viscous, may create pitfalls in the processing that
can lead to a laminate of poor quality. A heterogeneous
dispersion throughout the laminate, a reagglomeration of
the nanoparticles, and a poor impregnation of the fibers
are some of the most common trouble that a composite
manufacturer could face.

Hand layup represents the most common technique
to produce fiber-reinforced composites, and their applica-
tion to nanoreinforced matrices can be hindered only by
the increasing of the viscosity because of the presence of
the nanofiller themselves. As an example, Norkhairunnisa
et al. [18] produced glass fiber composites based on epoxy
filled with organo-modified montmorillonite (OMMT) and
did not encounter significant problems because of the pres-
ence of the nanoparticles. The same finding was recovered
by Chang and Chow [19] who studied the weathering on
glass fiber/epoxy/OMMT and by Chow [20].

Many studies have been conducted on FRNs produced
by liquid molding techniques [21-28]. Gojny et al. [21]
in one earlier work on this topic developed a glass fiber
composite where the matrix was constituted by an epoxy
with amino-functionalized double-wall carbon nanotubes
(DWCNT-NHy). In spite of the increase in viscosity that
they observed, the production of a laminate via resin
transfer molding (RTM) technique with an epoxy 0.3 wt%

CNTs was achieved. Nonetheless, they advise that much
higher filler contents lead to processing problems due to a
dramatically increasing viscosity. Interestingly, they did
not notice any filtering effect by the glass fibers, with a
nanotube concentration even over the entire laminate.

In a following study [22], they compared different fillers,
CNTs, carbon blacks (CBs), and fumed silica nanoparti-
cles, added to the epoxy matrix for the production of a
RTM-based glass fiber composite. They remarked that
nanoparticles significantly influence the viscosity of the
matrix, complicating the RTM processing, as well as
extending both the degassing and the injection time. In the
case of electrically active fillers, the mold was modified to
apply an electrical field during the curing process, in order
to induce a preferred orientation of the CNTs perpendic-
ular to the fiber plane. Even in this study, they could
not observe any filtering effect of the glass fiber bundles
on the nanoparticles, although, especially in the case of
CNTs, they found a reagglomeration behavior during the
RTM injection.

Thostenson and Chou in their studies [23-25]
successfully produced multiwalled carbon nanotube
(MWNT)-based glass fiber-reinforced polymer (GFRP)
via vacuum-assisted resin transfer molding (VARTM),
adding a resin distribution layer to assist infiltration and
hermetically sealing the layup in a vacuum bag. In order
to compensate the increase of the viscosity because of the
presence of the nanotubes, they heated the nanocomposite
matrix up to 50-60°C.

Filament winding is another technique that can be uti-
lized in the presence of a nanocomposite matrix. Hussain
et al. [29] developed a filament-wound glass/epoxy com-
posite with 10% of nanosized alumina, observing that,
despite the increased viscosity, the possibility in produc-
ing a workpiece of good quality was the same of the one
with the neat epoxy.

Spindler-Ranta and Bakis [30] utilized an epoxy 1wt%
SWNTs system to produce a carbon fibers filament-wound
composite. Although the composite was successfully pro-
duced, this study concluded that SWNT did not produce
any significant effect in the composite produced. Zhou
et al. [31] produced, by means of filament winding tech-
nique, a carbon fiber/epoxy composite, with silicon carbide
nanoparticles dispersed in the liquid epoxy resin, before
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the wetting of the fiber strands. They found a general
increase of the mechanical properties of the composite.

Many papers were published on fiber-reinforced
nanocomposites produced by preparing prepregs with the
nanofilled matrix and allowing them to cure in autoclave.
Yokozeki et al. [32] studied nanocomposite laminates
manufactured from prepregs that consist of traditional
carbon fibers and epoxy resin filled with the CNTs.
Although they did not mention experimental details
on the prepregs processing, they were able to obtain a
three-phase composite with increased fracture toughness
and decreased residual thermal strain. Chen et al. [33]
work on the development of basalt fibers/epoxy prepregs
with a functionalized MWNTs embedded in the matrix,
observing an enhancement of the mechanical proper-
ties. Srikanth et al. [34] produced nano silica-modified
carbon—phenolic composites for enhanced ablation
resistance. They utilized four different matrices adding
0.0 (neat phenolic), 0.5, 2.0, and 4.0wt% of nano silica
powder in the phenolic resin. Viscosity of the mixture
was controlled adding ethanol, and each composition was
applied to the carbon fabric with a brush and allowed to
dry at room temperature to form the prepregs.

As already mentioned, most of the techniques uti-
lized for the production of fiber-reinforced nanocompos-
ites are based on the production of a nanocomposite
blend—before—and to use this blend to impregnate the
fibers just like for the neat resin—afterward. The advan-
tage of this approach comes from the fact that only
well-established techniques are utilized for the produc-
tion of nanocomposites, especially those that can produce
large volume per hour material, and for the production of
composite laminate. Nonetheless, this approach can lead
to some problems all connected to the different rheologi-
cal behavior of a nanocomposite with respect to the neat
resin, which can affect the flowing rate and the homogene-
ity of the dispersion in a liquid molding process or the
impregnation effectiveness in all the techniques ( Fig. 2).

However, other techniques with a different approach
have been developed. Thostenson et al. [35] let CNT's grow
directly on carbon fibers using chemical vapor deposition.
The experimental details they utilized were those of Li
et al. [36], which basically consist in applying a layer of

catalyst to bundles of carbon fiber using magnetron sput-
tering. Prior to the application of the catalyst, the carbon
fiber bundles were heat treated at 700°C in a vacuum to
remove any polymer sizing applied to the fiber. The out-
come of this process is shown in figure. As a result, they
found that the presence of the CNTs at the fiber/matrix
interface improves the interfacial shear strength of the
composites (Fig. 3).

He et al. [37] prepared a CNT/carbon fiber multiscale
reinforcement, grafting amino-functionalized MWNTSs
onto the surfaces of carbon fibers, via chemical process
that consists of several steps. First, they functionalized
the nanotubes at the end caps of the surface with hex-
amethylene diamine (HMD) using condition previously
studied [38,39]. After a treatment in acetone to remove
the sizing agent, carbon fibers were first oxidized and then
treated in dimethylformamide (DMF) so that the carboxyl
groups obtained through oxidation on fiber surfaces could
be transformed into carbonyl chloride groups. Finally,
carbon fibers were mixed with the functionalized MWNTs
in DMF solvent to graft onto fiber surfaces through
nucleophilic substitution reaction between amine groups
and acyl chloride groups. As a result, they produced a
uniform distribution of the nanotubes along the carbon
fiber length.

Bekyarova et al. [40] reported an approach to the
development of advanced structural composites based
on CNT-carbon fiber reinforcement, which utilized
electrophoresis for the selective deposition of multi-
and single-walled CNTs on woven carbon fabric. The
CNT-coated carbon fabrics were consequently infiltrated
with epoxy resin using VARTM. As a result of the complete
integration of the nanotubes into the fiber bundles, the
CNT/carbon fabric/epoxy composites showed a significant
enhancement (about 30%) of the interlaminar shear
strength (ILSS) with respect to that of carbon fiber/epoxy
composites without CNTs and demonstrated significantly
improved out-of-plane electrical conductivity.

When dealing with CNTs and carbon nanofibers (CNF),
another approach can be utilized, as a very effective alter-
native to the use of these nanoreinforcements, which is
constituted by the employment of buckypapers. Buckypa-
pers are CNT free-standing mats of tangled CNT ropes

Figure 2. Liquid molding process of CNT-epoxy matrix during
impregnation of a glass fiber laminate [26].
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Figure 3. SEM micrographs of carbon fibers (a) before and (b) after nanotube growth.

[41] that can be produced by the filtration of CNT suspen-
sions. Such membranes were also produced using CNFs
(carbon nanofiber sheets, CNSs). CNT buckypapers and
CNSs were successfully applied to composite laminates by
means of traditional processing techniques. Wu et al. [42]
placed CNT buckypapers and CNSs on the surface of an
epoxy/carbon fiber-reinforced composites using hand layup
followed by vacuum bagging. CNSs were also used as tra-
ditional fiber mats. Gou et al. [43] incorporated CNSs into
glass fiber-reinforced polyester composites through RTM
process. The composite laminates consisted of eight plies of
CNSs and eight plies of glass fiber mats. These researches
clearly pointed out how these sheets can be handles as
traditional fiber reinforcements.

NANOSTRUCTURED FIBER-REINFORCED COMPOSITES
WITH IMPROVED MECHANICAL PROPERTIES

Beside the well approaches that can be considered for the
improvement of mechanical properties in fiber-reinforced
composites (selection of fiber reinforcements that opti-
mized properties, toughening of the matrix, and opti-
mization of the fiber—matrix interface to enhance the
stress-transfer properties), attempts to incorporate both
nanoscale and microscale reinforcements have been
extensively considered during the last two decades. Even
if the replacement of FRPs by nanocomposites can be
regarded as improbable because of the highly developed
and well-established conventional fiber reinforcement
of polymers and their still unsurpassed level of mate-
rial properties, the incorporation of nanofillers to give
three-phase composites is expected to improve specific
mechanical properties such as fracture toughness and the
compressive strength [17]. Candidates in the collectivity of
nanoparticles with a high potential for the enhancement
of mechanical and physical properties of polymers are
nanoclays, CNTs, and nanofibers, whereas, among the
different matrices, epoxy, phenolic, and polyester resins
in conventional fiber-reinforced composites have been
widely reported in the literature.

Fiber-reinforced epoxy composites filled with nanopar-
ticles give the opportunity to improve the bulk composite
properties with the minimal sacrifice of other properties
of the composites. Among nanoreinforcements, MWNTs
stand out because of the ultrahigh strength/stiffness, large
aspect ratio, and relative affordability. The introduction
of carbon-based nanoparticles in carbon fiber-reinforced
epoxy has been extensively studied. One key area where
nanocomposites can make a significant impact is in
addressing interlaminar toughness in the fiber-reinforced
composites. Interlaminar toughness improvement of
fiber-reinforced composites has been in the research focus
for a considerable time because it is directly related to
the dynamic as well as the damage tolerance performance
of the composite. Veedu et al.[44] reported significant
improvements in the interlaminar fracture toughness,
hardness, delamination resistance, in-plane mechanical
properties, damping, thermoelastic behavior, and ther-
mal and electrical conductivities. They presented an
approach to the three-dimensional through-the-thickness
reinforcement, without altering the two-dimensional (2D)
stack design, on the basis of the concept of interlaminar
CNT forests that provided enhanced multifunctional
properties along the thickness direction. Gojny et al.
[21] investigated the ILSS of nanoreinforced FRPs in
epoxy resin. The produced CNT and CB epoxy composites
exhibit a significant increase in fracture toughness as
well as an enhancement of stiffness, especially for the
functionalized nanotubes (Fig. 4a). In a following work,
they compared the influence of CNTs with CB and
fumed silica as fillers for improving the ILSS of a glass
fiber-reinforced composite [22]. Moreover, they applied
a z-direction electric field while curing to the laminate.
They reported that all fillers showed a significant increase
in ILSS. In particular, they observed that the application
of the electric field yielded in a further slight increase
in ILSS, in particular, in the case of carbon-based fillers
(Fig. 4b).

Zhao et al. [45] fabricated CNTs and continuous carbon
fiber (T300)-reinforced unidirectional epoxy resin matrix

12:40 A.M.

P. 4


https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-a48d0ccb5d6dbdc7901dffc5301575e9-XXX&enrichSource=Y292ZXJQYWdlOzIzMDk5NzE4MTtBUzoxMDQ4Njc0MDYyODY4NDhAMTQwMjAxMzc0NjA2Mw==
https://www.researchgate.net/publication/228026440_Epoxy-Based_Fibre_Reinforced_Nanocomposites?el=1_x_8&enrichId=rgreq-a48d0ccb5d6dbdc7901dffc5301575e9-XXX&enrichSource=Y292ZXJQYWdlOzIzMDk5NzE4MTtBUzoxMDQ4Njc0MDYyODY4NDhAMTQwMjAxMzc0NjA2Mw==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-a48d0ccb5d6dbdc7901dffc5301575e9-XXX&enrichSource=Y292ZXJQYWdlOzIzMDk5NzE4MTtBUzoxMDQ4Njc0MDYyODY4NDhAMTQwMjAxMzc0NjA2Mw==

@

Nicolais weoc025.tex V1-07/01/2011

ADVANCED FIBER-REINFORCED COMPOSITES BASED ON NANOCOMPOSITE MATRICES 5

ILSS (MPa)
w
W
L
\
\
\
\
\

ILSS (MPa)

— = -GFRP with EP matrix

- & - GFRP with DWCNTNH,/EP matrix

2 3 - & -GFRP with CB/EP matrix

0.0 0.1 0.2 0.3

Filler content [wt.%)]

(@)

[10.5 vol% fumed silica

0.5 vol% fumed silica (epoxy mod.)
42 —, [10.3 wt% carbon black
| 0.3 wt% DWCNT
40 | I 0.3 wt% DWCNT-NH,

38 1 — _I_

36

34

Y

32

30

ol VA |

Electric field

7z

No electric field

(b)

Figure 4. Interlaminar shear strength (ILSS) of (a) GFRPs based on CB and DWCNT-NH2 [21].
(b) Fumed silica, CB, and unmodified and amino-modified CNT with and without the application
of the electric field (the dashed line in this case represents the neat epoxy matrix).

composites. They prepared CNTs by catalytic decompo-
sition of benzene using floating transition method at
1100-1200°C. The CNTs used were straight with diam-
eter 20—50nm, internal diameter 10—30nm, and length
50-1000 pm. The volume fraction of continuous carbon
fiber in the composites without CNTs was 60%. The flexu-
ral strength of the composites reached the maximum value
of 1780 MPa when the weight percent of CNT in epoxy
resin matrix was only 3%. The study concluded that flexu-
ral strength and modulus of the composites increased first
and then decreased with the increasing of CNT contents
in epoxy resin matrix.

Hsiao et al. [46] and Meguid and Sun [47] investigated
the tensile and shear strength of nanotube-reinforced com-
posite interfaces by single shear-lap testing. They observed
a significant increase in the interfacial shear strength for
epoxies with contents between 1 and 5wt% of MWNTSs
when compared with the neat epoxy matrix. In particu-
lar, instead of processing and characterizing CNT/polymer
composites, Hsiao et al. [46] explored the potential of
CNT to reinforce the adhesives in joining two compos-
ite structures. In this study, different weight fractions
of MWNT were dispersed in epoxy to produce toughened
adhesives. The reinforced adhesives were used to bond
the graphite fiber/epoxy composite adherents. This experi-
mental study showed that by adding 5 wt.% MWNT in the
epoxy adhesive, effectively transferred the shear load from
the adhesive to the graphite fiber system in the compos-
ite laminates and improved the average shear strength of
the adhesion by 46% (+6%). Despite the promising results,
the researchers concurred that further experiments involv-
ing increasing MWNT weight fractions and more detailed
SEM observations are required in order to understand and
model the role of the MWNT in enhancing adhesion.

Various studies can be found in the literature regard-
ing the incorporation of CNFs in polymeric matrices

and the final mechanical and/or electrical properties of
these materials [48—55]. In all cases where nanosized
fillers are involved, the development of high performance
CNF/polymer composites requires homogeneous disper-
sion of CNFs in the polymeric matrix and is crucial
to the composite performance. The quality of the stress
transfer between the nanofibers and the matrix mate-
rial is also reported to play an important role in the
composite properties interface quality in order to achieve
efficient load transfer from the matrix to the CNF's. Iwa-
hori and Ishikawa [49] reported that compressive strength
improvements in carbon fiber-reinforced polymer (CFRP)
laminates by using cup-stacked-type CNF-dispersed epoxy
as three-phase composites. More recently, Yokozeki and
Iwahori [56] investigated the damage accumulation behav-
iors in carbon fiber-reinforced nanocomposite laminates
under tensile loading. The nanocomposite laminates used
the study were manufactured from prepregs consisting
of traditional carbon fibers and epoxy resin filled with
CNTs. Thermomechanical properties of unidirectional car-
bon fiber-reinforced nanocomposite laminates were eval-
uated, and cross-ply laminates were subjected to tension
tests in order to observe the damage accumulation behav-
iors of matrix cracks. It was suggested that the dispersion
of CNTs resulted in fracture toughness improvement and
residual thermal strain decrease, which was considered to
cause the retardation of matrix crack formation.

If we consider the effect of the graphene nanoplatelets
(GNPs) carbon source, it is well accepted that the high
aspect ratio and excellent electrical conductivity of GNPs
make them an effective reinforcement for polymer com-
posites in providing high electrical conductivity. From
the point of view of mechanical properties, few examples
are reported in the literature in which the epoxy matrix in
carbon fiber—epoxy composites was modified with graphite
nanoplatelets. Cho et al. [57,58] studied the effect of the
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introduction of graphite nanoparticles in the epoxy matrix
by sonication, followed by a vacuum-assisted wet layup
process. The composites reinforced with nanoparticles
showed enhanced compressive strength and in-plane shear
properties.

Using nanoclays in the epoxy matrix, Rice and cowork-
ers [59] found no major improvements of the mechanical
properties of carbon fiber-reinforced laminates, even
though 2wt% of organosilicate induced a modulus
improvement of 12% of the nanocomposite as compared
with the pure epoxy [60]. Similarly, Chowdhury et al.
[61] employed VARTM process to manufacture woven
CFRP matrix composites. They investigated the effects
of nanoclay particles on flexural and thermal properties.
Different weight percentages of a surface-modified
montmorillonite mineral were dispersed in SC-15 epoxy
using sonication route. Flexural test results of thermally
postcured samples indicated a maximum improvement in
strength and modulus of about 14 and 9%, respectively.
Li et al. [62] successfully prepared layered silicate/glass
fiber/epoxy hybrid composites using a VARTM process.
The results indicated that introducing a small amount of
organoclay to the glass fiber/epoxy composites enhanced
their mechanical and thermal properties, confirming
the synergistic effects of glass fibers and clays in the
composites.

Several other studies have reported on properties
enrichment because of the addition of nanoclay in the
composite matrices. For instance, Schmidt [63], Mark
[64], and Hussain et al. [29] demonstrated the possible
technology of dispersing AlaO3 particles in the matrix and
investigated their effect on the mechanical properties of
CFRPs. The incorporation of the filler particles resulted
in higher fracture toughness by improving significantly
the toughness of the matrix and the crack deviation.

Mohan et al. [65] evaluated the tensile performance
of S2-glass epoxy composites dispersed with alumina
nanoparticles up to 1.5% weight fraction and found an
increase of 12% in tensile modulus and 8% in tensile
strength. Kornmann et al. [66] successfully synthesized
epoxy-layered silicate nanocomposites based on DGEBA
and an anhydride curing agent.

Karaki et al. [67] incorporated layered clay, alumina,
and titanium dioxide into an epoxy matrix and fabri-
cated continuous carbon fiber-reinforced polynanomeric
matrices to study tension—tension fatigue behavior. Wang
et al. [68] demonstrated that the exfoliated clay with only
2.5wt% in epoxy showed a significant improvement in
fracture toughness and concluded that an increase in
the microcracks and the fractured surface due to crack
deflection resulted in the toughness increase.

Siddiqui et al. [69] investigated the mechanical proper-
ties of nanoclay-dispersed CFRP and showed that the
interlaminar fracture toughness of nanoclay-dispersed
CFRP is higher than that of the conventional CFRP.
Seferis et al. [70] demonstrated the ability to incorporate
nanosized alumina structures in the matrix and interlayer
regions of prepreg-based carbon fiber/epoxy composites.
Subramaniyan et al. [71] observed that the addition of
5wt% of nanoclay increased the elastic modulus of epoxy
resin under compression by 20% and the compressive

strength of glass fiber composites with nanoclay when
made by wet layup technique increased by 20—25%.

Beside the epoxy matrices, phenolic resins represent
another important thermoset polymer used as matrix in
FRPs. The literature reports a few examples of the use
of nanoreinforced matrices, basically based on CNTs and
CNFs, in FRPs for the enhancement of the mechanical
properties, while more papers reported, for example, the
modification of phenolic matrix in carbon—carbon (C-C)
composites.

In Tzeng and Lin [72], the C—C composites were
obtained by pyrolyzing the phenolic resin composites. For
the phenolic resin composites, limited strength enhance-
ment was measured. However, better reinforcing results
were obtained for CNF reinforcement as compared to the
CNT reinforcement because of the better interfacial bond-
ing. CNF reinforcement also showed better results for
the modulus measurement than those of CNTs. Prop-
erty enhancement of carbon fabric/phenolic composites
is possible through carbon nanomaterial dispersion in
the matrix. The effect of CNF dispersion in phenolic
resins/carbon fabric composites was also investigated by
Joshi and Bhattacharyya [73], in which the dispersion
efficiency in different systems and conditions was studied
and the effect of nanofiber concentration on the properties
was determined. It was proved that carbon nanomaterial
incorporation influences the mechanical properties of the
composites and gives better thermal stability.

CNF dispersion also shows better adhesion of phenolic
resin to the fabric under fracture surface study. It has
been observed that nanofiber alters the interface behavior
of the carbon fiber and phenolic resin matrix. This may give
better load transfer into the reinforcement and results in a
synergistic effect of nanofiber into the property alteration
beyond common mixture rules.

Zou et al. [74] studied the use of both hydrophobic
epoxy resin mixed with surface-modified nanoclay and
hydrophilic phenolic resin mixed with unmodified raw
nanoclay. Long carbon fibers are also added into the
nanocomposites to produce hybrid composites. A series of
epoxy—clay and epoxy—clay—carbon fiber composites were
prepared. Phenolic raw clay nanocomposites and phenolic
carbon fiber—raw clay hybrid composites were prepared
and were confirmed that adding nanoclay into the phe-
nolic matrix can enhance the flexural properties and T'g
substantially. Other examples are represented by the use
of silica reinforcement in CFRP. Lin et al. [75] investigated
the thermal and mechanical properties of a novel carbon
fiber-reinforced phenolic/silica nanocomposite composite
fabricated by sol—gel method. Different mixing ratios of
the phenolic resins and the sol—gel solutions were adopted
for preparing the nanocomposites. The influence of dif-
ferent mixing ratio on the properties of the fabricated
composite materials is investigated, and the incorporation
of inorganic phase into the matrix confirmed the increase
in the flexural modulus of the fabricated composites.

The same approach was used by Chen-Chi et al. [76],
who reported that phenolic resin—silica nanocomposites
can be used to fabricate C—C composites. The effect of
inorganic silica on the microstructure, the mechanical
properties change of 2D microstructure, and physical
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and mechanical properties of C—C composites during
the CVI densification composites were studied. Results
show that the densities of the C—C composites increased
with increasing silica content and the porosity decreased
with increasing silica fiber-reinforced phenolic resin—silica
nanocomposites content. The existence of silica enhances
the stiffness of the fabricated C—C composites but does
not affect the strength significantly.

Another property that was considered as improved
selecting nanoreinforced phenolic-based composites was
the wear resistance in tribological behavior. Wang
et al. [77] considered the use of graphite and nano-SiOg
to improve the friction and wear behavior of basalt
fabric-reinforced phenolic composites. The tribological
properties of the resulting composites under different
sliding conditions were investigated systematically on
a model ring-on-block test rig. Experimental results
showed that graphite was more beneficial than nano-SiOq
in improving the tribological properties of basalt fabric
composites (BFC) when they were singly incorporated.
Moreover, the friction and wear behavior of the filled
composites were improved further when nano-SiOg and
graphite were added together, indicating that there
was a synergistic effect between them. The tribological
tests under different sliding conditions revealed that the
BFC/Gr/SiOs composites seemed to be more suitable for
the tribological applications under higher sliding speed
and load.

Among all these resin materials, vinyl ester nanocom-
posites have significant importance because of their wide
range of applications. Until now, most of the work that
is carried out related to polymer nanocomposites basi-
cally consists of layered silicate in polymer matrix. There
is very little information available about continuous FRP
nanocomposites. In the paper of Hossain et al. [78], empha-
sis is given in manufacturing S2-glass fiber-reinforced
vinyl ester nanocomposites through an affordable process
and studying the structures, thermal, and mechanical
properties of these nanocomposites. In this article, the
effects of silicate nanoparticles in both neat vinyl ester
resin and S2-GFRP matrix composites were investigated.
Silicate nanoparticles were incorporated into neat organic
vinyl ester resin at various weight percentages. The ILSS,
flexural properties, and fracture toughness of nanocom-
posites were also determined for both conventional com-
posites and nanocomposites. Owing to the incorporation of
silicate nanoparticles in vinyl ester resin, an improve-
ment in both mechanical and thermal properties was
observed. Addition of 1% nanoclay particles, S2-glass/vinyl
ester—clay nanocomposites attributed to almost 8, 17, and
23% improvement in the ILSS, flexural strength, and frac-
ture toughness than the conventional S2-glass/vinyl ester
composites.

Owing to the bigger volumetric shrinkage during the
copolymerization between unsaturated polyester (UP) and
styrene and the brittleness of cured UP, many researches
have been done to modify this resin in order to improve
its mechanical properties. In the paper of Yuan et al. [79],
three series of glass fiber-reinforced UP/organic rectorite
(OREC) (GF/UP/OREC) composites were manufactured by
selecting two types of fibers, different gelation time of UP

matrix and different content of OREC. The results have
shown that the mechanical properties and the resistance
to hot—wet and alkali of UP composites can be improved
by adding appropriate OREC without reference to the
gelation time of UP matrix or the type of glass fibers
and the best mechanical properties of UP composites can
be obtained by adding 2wt% OREC because of the high
stiffness and uniform dispersion of OREC.

Another result is the one obtained by Zhou et al. [80],
who investigated the use of the addition of the CNF in
GF-reinforced UP. The CNFs improved both the ther-
mal and mechanical properties of the UP resin. In this
study, a new approach was used to prepare polymer
composites reinforced by both nanoparticles and contin-
uous fibers. CNF's were prebound onto glass fiber mats,
and then UP composites were prepared by VARTM. The
mechanical and thermal properties of these composites
were measured and compared with those of the composites
synthesized by premixing CNFs with the polymer resin.
Flexural strength and modulus of composites improved
with the incorporation of nanoparticles. Specifically, the
property improvement was higher in the case of the com-
posites prepared by the new prebound method. It was also
found that CNFs increased the glass transition tempera-
ture and reduced the thermal expansion coefficient of UP
composites.

MULTIFUNCTIONAL NANOSTRUCTURED
FIBER-REINFORCED COMPOSITES

Besides the use as mechanical reinforcements, nanosized
fillers can offer opportunities in creating fully new prop-
erties because of intrinsic characteristics of the nanopar-
ticles utilized or improve properties that are not directly
related to a mechanical property. For this reason, many
nanofillers are considered multifunctional.

For example, the polymeric nanocomposite materials
for applications in the field of electromagnetic (EM) inter-
ference protection are obtained by adding one or more
nanofillers during the processing, which increase the con-
ductivity shielding or attenuating the incident EM waves.

Thanks to their high electric conductivity, carbon-based
nanofillers (i.e., CNTs, CNFs, and graphenes) allow the
exploitation in many different applications involving the
tailoring of the electrical properties of the fiber-reinforced
composite. In fact, in last decade, researchers have demon-
strated that it is possible to successfully employ electrically
conductive nanoparticles to obtain a polymeric nanocom-
posite with enhanced electrical conductivity [6,81,82]. If
such nanocomposite is used as a matrix of a nonconducting
fiber composite, such as glass or aramid fibers, it is pos-
sible to obtain a fiber-reinforced composite with improved
electrical properties, which can be employed for advanced
applications.

On the basis of the physico-mechanical properties of
nanostructured carbon materials, it results clear that the
transfer of such features to polymeric materials suitable
for real applications holds a deep scientific interest. How-
ever, for the time being, just a very limited number of
studies have been done on the harnessing of these proper-
ties into functional nanostructured carbon-based polymer
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composites: an important step was actually done in under-
standing that such composites exhibit extraordinarily low
electrical percolation threshold (0.1 vol%) because of the
large conductivity and aspect ratio of carbon nanofillers,
thus suggesting a possible introduction of percolating
network within an insulating material rendering it a con-
ductor.

For instance, electrically active carbon nanoparticles
can be employed to design a radar absorbing structures
(RAS) based on a fiber-reinforced composite. Oh et al. [83]
studied the microwave EM absorptance of a glass/epoxy
composite filled with CB, where the content of the nanopar-
ticles and the thickness of the laminate were modulated in
order to maximize the performance in terms of absorbance
in the X-band frequency range. Chin and Lee [84] tested
a composite RAS based on a UP resin and CB (Fig. 3).
In both cases, absorbance levels as high as 90% were
obtained adding few points percent of CB and optimizing
the thickness of the laminate.

Lee et al. [85] exploited the high aspect ratio of CNTs
to design RAS with load-bearing ability in the X-band,
fabricating a glass/epoxy plain weave composites contain-
ing a low content of MWNTSs to induce dielectric loss.
The optimization of the design of the RAS, consisting
of two-layered MWNT-added glass/epoxy fabric compos-
ite, was performed by linking a genetic algorithm with a
program for the reflection/transmission of EM waves in
a multilayered RAS. As a result, the developed RAS was
verified to have 90% absorption of EM energy for the entire
X-band. In a further study, the same research group [86]
compared the absorbance efficiency of CNTs with CNFs
and CB, demonstrating that similar good efficiency can be
obtained with a much less content when handling CNT
and especially the CNF's that they used.

The same polymeric system can be exploited to develop
composite EM wave shielding enclosures. Das et al. [87]
evaluated the electromagnetic interference (EMI) shield-
ing effectiveness of natural rubber and ethylene vinyl
acetate (EVA) composites filled with CB and short carbon
fiber. They reported that the maximum SE is obtained
with EVA-based composites having 30 phr SCF, remark-
ing that short carbon fiber is more effective than CB for
the same filler loading and polymer used.

Annadurai etal. [88] studied microwave shielding
materials based on ethylene propylene diene monomer
(EPDM) rubber composites with ferrite and CB, demon-
strating how both filler are suitable as EMI shielding
materials in the radar and television industries.

Park et al. [89] investigated the applicability of glass
fabric composite materials to EM wave shielding enclo-
sure. To this aim, they added to the epoxy matrix CNTs
at several contents and showed that the MWNT-added
composites had more than 90% shielding of EM energy
over the 300 MHz to 1 GHz frequency range.

Another promising field in which nanotechnology, and
in particular electrically active nanofillers, can play a
very interesting role is the strain and damage self-sensing
properties of a composite material. Although the use of
techniques that exploit electrical properties of the compos-
ite has been widely recognized as a noninvasive way to
monitor damage in carbon fiber-reinforced plastic, due to

the good electrical conductivity of carbon fibers themselves
[90-96], this approach cannot be employed with noncon-
ducting fibers, for example, glass or aramid. Moreover,
it is intrinsic anisotropic, that is, it is very sensible for
the in-plane stress; it gives less information regarding the
out-plane fracture mechanism. Several works have been
published in the past years on the exploitation of carbon
nanoparticles for enhancing the electrical conductivity of
the matrix [21-25,27,28,97—106].

Kupke et al. in their studies [97,98] showed how CB
can be successfully used for the development of electrically
conductive glass fiber-reinforced epoxy resin and how this
material shows a piezoresistive behavior.

In their review, Fiedler et al. [99] first introduced the
concept of conductive modification with nanotubes as hav-
ing potential for damage sensing. Thostenson and Chou
[23] developed a glass fiber composite based on an epoxy
resin filled with MWNTs in which the enhanced electri-
cal conductivity was exploited as a sensor to evaluate the
onset and evolution of damage caused by a mechanical
stress (Fig. 5a). They established that the change in the
order of magnitude of the reinforcements, from conven-
tional microsized fibers to CNTs, allows unique chance
for the creation of multifunctional in situ sensing capa-
bility. In fact, CNTs dispersed in the matrix can attain a
percolating nervelike network of sensors throughout the
composite laminate.

In a following study [24], they utilized the CNT conduc-
tive networks as a sensors for detecting damage accumu-
lation during cyclic loading of advanced fiber composites.
They showed that the resistance—strain relation has a
substantial hysteresis due to the formation of cracks that
are opened and closed during cyclic loading (Fig. 5b).

Boger et al. [100] modified an epoxy resin with two dif-
ferent types of CNTs and with CB in order to achieve good
electrical conductivity and utilized these nanocomposites
as matrices for glass fiber composites. These materials
were tested by incremental tensile tests and fatigue tests
and the ILSS, simultaneously with the monitoring of the
electric conductivity, demonstrating how the sensitivity
of this new method is higher compared to other damage
sensing methods.

Fernberg and Joffe [101] studied a glass epoxy system
showing that changes of electrical resistance, during ten-
sile loading of composites containing CNT-doped matrix,
give highly relevant information about the damage state
of the material. In particular, they focused their attention
on the different mechanisms that contribute to changes
of the electrical resistance, that is geometrical changes
of the specimen, piezoresistive material response, and
accumulation of microdamages.

Park et al. [102] compared the effect in detecting the
presence of damage via electric conductivity measure-
ments of CNTs, CNFs, and CB.

Monti et al. [27] developed a glass fiber-reinforced
nanocomposite produced via RTM and based on UP resin
and helical ribbon CNFs. They found that good sensing
characteristics pertain to this composite both when a
continuous stress was applied and in the case of impact. In
particular, regarding the impact load, a strong correlation
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Figure 5. (a) Load/displacement and resistance response of a CNT-based GFRP [23] and
(b) resistance change during a loading—unloading cycle [25].
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Figure 6. Electrical resistance variation of a CNF-based GFRP
as a consequence of subsequent impacts [27].

was reported between the step increase in the electrical
resistance of the sample and the impact itself (Fig. 6).
Carbon nanoparticles are supposed to have an intrin-
sically high thermal conductivity [107,108]. This prop-
erty can be used to rise up the thermal conductivity of
a fiber-reinforced composite in which carbon nanopar-
ticles are embedded. Kim et al. [109] developed a car-
bon fiber/phenolic composite, in which the matrix was
doped with MWNTs, by a solvent-assisted sonication tech-
nique. They demonstrated that 7wt% of CNTs dispersed
homogeneously in a phenolic resin acted as an effec-
tive thermal bridge between adjacent carbon fibers and
resulted in an enhancement of the thermal conductivity.
Wang and Qiu [110] studied low viscosity polyester/vinyl
ester resins filled with CNTs as a matrices for glass
fiber composites and found that thermal conductivity

excellent. However, the fracture toughness of the glass
fiber/epoxy/OMMT nanocomposites was reduced on expo-
sure to UV radiation. In another work [20], Chow studied
the same system to obtain a glass fiber-reinforced compos-
ite with reduced water absorption. In fact, this reduction
is attributed to the increasing of tortuosity path for water
penetration in the epoxy composites by the hybrid of glass
fiber and OMMT.

NANOSTRUCTURED FIBER-REINFORCED COMPOSITES
WITH ENHANCED FLAME RETARDANT PROPERTIES

FRP composites have become very attractive candidates
to replace metallic materials in many important sectors of
the industry. They are used in the production of aircrafts,
buildings, ships, and offshore structures. However, there
is an urgent need to improve their fire retardant proper-
ties. The use of thermosetting polymers is widely diffused
in all those applications where a protection against fire
is required. If compared to thermoplastics, thermoset-
tings can ensure insulation at higher working temperature
because they do not melt. In any case, they are organic

12:40 A.M.

P.9


https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-a48d0ccb5d6dbdc7901dffc5301575e9-XXX&enrichSource=Y292ZXJQYWdlOzIzMDk5NzE4MTtBUzoxMDQ4Njc0MDYyODY4NDhAMTQwMjAxMzc0NjA2Mw==
https://www.researchgate.net/publication/257545420_Enhancing_Thermal_Conductivity_of_Glass_FiberPolymer_Composites_Through_Carbon_Nanotubes_Incorporation?el=1_x_8&enrichId=rgreq-a48d0ccb5d6dbdc7901dffc5301575e9-XXX&enrichSource=Y292ZXJQYWdlOzIzMDk5NzE4MTtBUzoxMDQ4Njc0MDYyODY4NDhAMTQwMjAxMzc0NjA2Mw==
https://www.researchgate.net/publication/234911832_Measurement_of_thermal_conductivity_of_individual_multiwalled_carbon_nanotubes_by_the_3-o_method?el=1_x_8&enrichId=rgreq-a48d0ccb5d6dbdc7901dffc5301575e9-XXX&enrichSource=Y292ZXJQYWdlOzIzMDk5NzE4MTtBUzoxMDQ4Njc0MDYyODY4NDhAMTQwMjAxMzc0NjA2Mw==
https://www.researchgate.net/publication/244757179_Water_absorption_of_epoxyglass_fiberorgano-montmorillonite_nanocomposites?el=1_x_8&enrichId=rgreq-a48d0ccb5d6dbdc7901dffc5301575e9-XXX&enrichSource=Y292ZXJQYWdlOzIzMDk5NzE4MTtBUzoxMDQ4Njc0MDYyODY4NDhAMTQwMjAxMzc0NjA2Mw==

@

Nicolais weoc025.tex V1-07/01/2011

10 ADVANCED FIBER-REINFORCED COMPOSITES BASED ON NANOCOMPOSITE MATRICES

materials: when heated up above critical temperatures,
they degrade giving volatile combustible products. These
toxic gases constitute a serious hazards for human life.

The possibility to improve the thermal stability and
reduce the flammability of a polymeric matrix is gener-
ally based on two approaches. One deals with the use
of flame retardant additives such as halogen-containing
compounds [112—115]. One of the main drawbacks related
to the use of these additives is that during combustion
they can release toxic and corrosive products [116-118].
The other approach is basically related to the use of high
char retention thermosetting matrices such as phenolics,
benzoxazines (BZ), or cyanate esters (CE) [119].

One of the most accurate way to study the flame retar-
dant properties of polymers and reinforced polymers is
the cone calorimetry [120,121]. The measurement of the
decreasing oxygen concentration in the combustion gases
of a sample subjected to a given heat flux (typically in the
range of 10—100 kW/m?) is used to calculate the quantity
of heat released per unit of time and surface area. In
fact, the gross heat of combustion of any organic mate-
rial can be related to the amount of oxygen required for
combustion. In a typical cone calorimeter experiment, the
heat release rate (HRR) is recorded as a function of time:
the value of its peak heat release rate (PHRR) is usually
taken into account in order to evaluate the fire behavior.
The loss of mass after burning is also another important
parameter. Moreover, to understand the mechanisms of
material flammability, many other useful information can
be obtained from cone calorimetry [122].

Polymer-layered silicate nanocomposites (PLSNs) can
be considered as a new class of flame retardant sys-
tems [123]. In fact, they show increased resistance and
decreased gas permeability and flammability [118,124].
While classic halogen-free flame retardants such as alu-
minum hydroxide and magnesium hydroxide require a
filler content of more than 60 wt% to achieve acceptable
flame retardant properties, a 5—10wt% nanoclay content
is able to reduce the maximum rate of heat release by 70%
[31,118,125,126]. However, because of industrial require-
ments and regulation constraints, the exploitation of the
synergy between traditional flame retardants and PLSNs
has also been proposed and investigated [127—-139].

Studies carried out on lamellar nanocomposites showed
that the fire retardant mechanism proposed for PLSNs
tested in a cone calorimeter is related to the formation of a
homogeneous silicate-carbonaceous char layer that works
as a heat shield during burning. This is widely accepted as
the main flame retardant mechanism common in nanocom-
posites. In PLSNs, such a phenomenon is driven by the
ablative reassembling of the inorganic nanoclay platelets
[124,140—144]. Also, in lamellar nanocomposites, the ther-
mal oxidation of the char is hindered because of the oxygen
barrier effect due to inorganic layers reassembling on
the surface of the ablating material. Schartel et al. [145]
deeply investigated the properties of epoxy-layered sili-
cate nanocomposites. According to this research, during
combustion, in order to obtain a homogeneous residue sur-
face skin exhibiting the desired flame retardancy, it is
critical to obtain a homogeneous nanoscaled dispersion of
nanoclay layers: the better the nanocomposite formation

through a greater dispersion of nanofiller, the higher the
efficiency in terms of fire retardancy. The same conclusion
is reported by several other authors [115,121,146,147].

Indeed, the morphology of the nanocomposite strongly
changes by virtue of ablative reassembly [144,148]. Only
a few studies have addressed the study of the evolu-
tion of barrier formation [149]. In most sources, only
the visual appearance (SEM or TEM analysis) is used
for the interpretation of these mechanisms [149-151].
However, it is commonly believed that a closed homoge-
neous silicate-carbonaceous surface layer yields an effec-
tive reduction in PHRR. Cracks in the residue layer or
even the formation of single islands lead to an ineffective
protection. Literature also reports that intense flaming
occurred in PLSN samples tested in a cone calorimeter
because some cracks were not closed by increased addition
of nanoclay platelets. The fact that the cracks were not
closed, even though the thickness of the layer increased,
clearly means that the enrichment in layered silicates
on the surface is a very complex phenomenon. Differ-
ent mechanisms such as ablation, migration, bubbling,
and accumulation are believed to play a role in distinct
morphologies [144,149, 152—154]. All these phenomenons
probably occur simultaneously in PLSNs, with the impor-
tance of each mechanism specific to each system. Schartel
and collaborators [145] also reported that epoxy-layered
silicate nanocomposites tested in a cone calorimeter did
not reach temperatures high enough to initiate crystal-
lographic changes all over the sample. Both XRD and
SEM results did not show sintering of the inorganic sil-
icates. According to SEM analysis, the fire residue is a
silicate-carbonaceous material, in which silicate platelets
with their typical sharp contours are stacked together
by the carbonaceous char. In depth, temperature profiles
acquired in the neat resin and in nanocomposites tested
by cone calorimetry were also studied. During burning
with an external heat flux of 70 kW/m?2, the surface of
the nanocomposite reached temperatures around 380°C
higher than the surface temperatures of the burning neat
polymer. The corresponding reradiation from the surface
is increased by a factor of around 4—5 because it increases
with T%. The increased reradiation from the hotter surface
is accompanied by a reduced heat flux transferred into the
material; thus, the mass loss rate is reduced.

Carbon nanofilaments such as nanotubes or nanofibers
are also being considered as candidates for flame retardant
additives. Kashiwagi et al. [155-158] found that CNTs
effectively act as flame retardant fillers. They attribute
the improved flame resistance to the formation of a con-
tinuous protective nanotube network structure working as
a heat shield. Such a protective barrier slows down mass
loss rate and material flammability. Consistent with this
mechanism, the flame retardancy improved with better
dispersion, higher loading, and a higher interface area
(aspect ratio) of the nanotubes. Also, CNTs embedded in
the charred surface reemit much of the incident radia-
tion into the gas phase from its hot surface, reducing the
transmitted flux to the inner layers of the material, and
slowing down the polymer pyrolysis rate [159,160]. How-
ever, in terms of processing, the addition of CNTs in a
thermosetting matrix significantly increases its viscosity.
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In addition, it is difficult to uniformly disperse and dis-
tribute CNTs into polymer matrix because of strong Van
der Waals force between them. Another carbon nanoaddi-
tive of interest is graphite oxide (GO). GO can be obtained
when bulk graphite is exposed to strong oxidizers such
as nitric acid. The oxidation prevents graphene stack-
ing and affords easy dispersion in organic media. The
enhanced processability of GO allows it to be incorporated
into polymer matrices, and the scalability and low cost
of this process make it attractive for industrial applica-
tions [161]. The flammability of GO has been studied in
poly(acrylic ester): the addition of GO was found to reduce
the PHRR by as much as 45% with only 1wt% GO content
[162,163).

In order to improve the flame retardant properties of a
composite, the use of buckypapers constitutes a very effec-
tive alternative at the use of CNTs directly dispersed in
the matrix. Dense nanotube networks and small pore size
within the buckypaper provide low gas and mass perme-
ability, which means buckypaper may act as an inherent
flame retardant shield when applied onto the polymeric
material surface. CNF-based papers were also studied
as fire retardant sheets. Wu et al. [42] compared the
flame retardant properties of buckypapers produced with
SWNTs, MWNTSs, and CNF's placed on the surface of an
epoxy/carbon fiber-reinforced composite. The composites
with and without buckypaper skins were fabricated using
hand layup followed by vacuum bagging. Cone calorime-
try testing was carried out at a heat flux of 50 kW/m?2.
MWNT-based buckypaper acted as an effective fire shield
to reduce heat, smoke, and toxic gases generated during
fire combustion. SWNT-based buckypaper was burnt out
after combustion and did not affect the flammability of
the composite. In the case of CNF paper-based compos-
ite, the big pore size of the network resulted in high gas
permeability leading to a poor flame retardant efficiency
(Fig. 7).

Zhuge and collaborators confirmed such a result [165]:
the existence of a CNF paper placed on the surface of a
glass fiber-reinforced composite laminates was not effec-
tive in improving the fire performance of the composites.
However, the use of a CNF sheet placed on the surface of
a composite resulted to be more effective than in the case
in which the CNFs were directly dispersed in the matrix
of the laminate [159]. CNSs were also used as traditional
fiber mats. Gou et al. [43] incorporated CNSs into glass
fiber-reinforced polyester composites through RTM pro-
cess. The composite laminates consisted of eight plies of
CNSs and eight plies of glass fiber mats. The fire retard-
ing performance of the laminates was evaluated with cone
calorimeter tests with an external radiated heat flux of 50
kW/m2. The fire retardancy of the laminates was enhanced
through the barrier effect of the embedded multiply CNSs.
However, the CNS on the top surface of the laminates did
not contribute to the fire retardancy. It was also found
that the CNS plies survived the test except the one on the
top surface of the laminates.

To further optimize the fire retardancy of the carbon
nanofilament papers, the use of hybrid systems consist-
ing of two or more types of nanoparticles exploiting the
synergistic effect of different nanoparticles resulted to be
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Figure 7. Comparison of heat release rate curves of
heat emission curves for Epoxy/IM-7, Epoxy/IM-7/SWNT-BP,
Epoxy/IM-7/MWNT-BP, and Epoxy/IM-7/CNF paper [42]. HRRs
of composite laminates coated with hybrid nanopapers: 0—-120 s
[164].

extremely effective. Zhao et al. [166] developed two kinds
of clay/CNF hybrid sheets containing 0.05 and 0.20 wt%
of Cloisite Na' clay. These sheets were integrated onto
the surface of laminated composites by traditional RTM
process. Cone calorimeter tests performed at a heat flux of
50 kW/m? showed that hybrid sheets survived on the com-
bustion surface of composites and significantly reduced the
HRR by approximately 60.5%. It is believed that nanoclay
platelets can protect CNF's from severe burning. A similar
research carried out by Tang and collaborators [164] con-
firmed these results: the PHRR of composites coated with
clay/CNF paper decreased by 67% compared to the control
composite.

As it was pointed out at beginning of this section, in
addition to the use of fire retardant fillers, another way to
reduce the flammability of a polymer composite is based
on the use of high cross-linking density and high char
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retention thermosetting matrices: phenolic represents the
most popular alternative to epoxy or polyester. In spite of
some unfavorable properties such as brittleness, phenolic
is a large commodity resin system with production volumes
in excess of 5 million tons/year worldwide. Closely related
phenolic materials such as BZ and CE are emerging sys-
tems with remarkable properties such as fire, smoke, and
toxicity (F'ST) behavior: if compared to traditional phe-
nolics, these systems release little or no volatiles during
curing but, at date, they are still expensive [167]. Phe-
nolic resins exhibit exceptional thermal stability, high
dimensional stability, and thermal insulation. All these
properties can be directly related to their high cross-link
density and their chemical structure [168]. When exposed
at high heat fluxes, the high cross-linking density of pheno-
lics improves the mechanical performance of the residual
char, leading a better protection of the inner layers of the
virgin material [169]. Nevertheless, several investigations
were also carried out with the aim to further improve the
already high thermal stability of phenolics by means of
nanofillers [170-172].

Fibrous reinforcements such as carbon, glass, silicon
dioxide, and refractory oxides are typically added to pheno-
lics. E-glass/phenolic composites are gaining popularity in
marine, transportation, military, and construction indus-
try because of their excellent FST properties [167] and
their reasonable cost. The use of nano-modified phe-
nolic resins as matrices for fiber-reinforced composites
represents a very promising way to maximize their fire
retardant properties. However, such a technology can be
considered at its infancy: a few examples of fiber-reinforced
composites impregnated with nanocomposites based on
phenolics are reported in literature [2,173—179].

Koo et al. [2] carried out a wide series of researches
in which a resole (Borden Chemical SC-1008) was
nano-modified using several types of nanofillers such as
CNF, nanoclay, and POSS. A family of these nanocom-
posites based on the use of nanoclay (Cloisite 30B) was
used to impregnate a carbon/phenolic composite (Cytec
MX-4926) [180]. Cone calorimeter tests (at a heat flux
of 75 kW/m?) were performed both on the traditional
composite and on the nanoclay-loaded laminate. Com-
pared with the traditional carbon/phenolic composite, the
nanostructured system exhibited a 25% lower PHRR. Tate
and collaborators [181] dispersed a nanoclay (Cloisite
Na') in a water-based phenolic resin (Cellobond J2027L)
using high shear mixer. Water-based Cellobond liquid
phenolic resole resins have been available in the United
Kingdom for over 20 years, being used in several markets
such as mass transit, aircraft, marine, automotive,
architectural, mining, and tunneling. The nano-modified
phenolic resin was successfully used to manufacture
E-glass-reinforced composites using low cost VARTM
process. Mass loss calorimeter tests were conducted on
the laminates at a heat flux of 35 kW/m2. With respect
to control E-glass/phenolic composite, it was observed
that a 7.5wt% loading of Cloisite Na™ improved the
flammability properties by almost 33%. Nano-modified
phenolics were also combined to asbestos fibers. Even if
asbestos is banned in many western countries, by virtue of
its remarkable high temperature properties, some nations

still continue to use asbestos in the production of special
components: as an example, asbestos can be used to fabri-
cate high performance thermal protection heat shields for
space vehicle and engines. The flame retardant properties
of an asbestos cloth impregnated with a resole layered
silicate nanocomposite were investigated by Bahramian
and collaborators [182]. At first, they produced the PLSN
using a resole and a laboratory modified natural clay.
Then, asbestos cloth was impregnated by the phenolic
nanocomposite. All laminates were cured in autoclave
and tested by cone calorimetry at a heat flux of 80 kW/m?2.
According to experimental results, the laminate obtained
impregnating the fiber asbestos cloth with the PLSN
exhibited a 35% lower HRR and a 22% lower mass loss
than the asbestos cloth/phenolic composite. The study of
the morphology on postburnt surfaces showed that the
spatially uniform distribution of the silicate platelets led
to a uniform char.

CONCLUSIONS AND PERSPECTIVES

Nanostructured materials exhibit significantly different
properties that are dictated by size, shape, and chemical
composition. Having established many of their properties
during the last two decades, scientists switched attention
to their incorporation in polymeric systems.

The incorporation of nanofillers into the polymer com-
posites induces new properties and functions based on
synergetic effects. Several recent perspective articles high-
light current progress and emerging issues related to
polymer nanocomposites. This review provides a variety
of industrial scalable processes and techniques such as
solution mixing, in situ polymerization, and covalent graft-
ing for fabricating such nanostructured-based composites.
The composites exhibited improved electrical conductiv-
ity, mechanical strength, or thermal stability. With the
rapid development of nanostructured materials science
and technology, nanostructured-based composites become
one of the most important class of materials. The develop-
ments in the design of nanostructured-based systems will
continue to emerge as we venture into the 2D domain of
carbon nanostructures in the near future. With the multi-
disciplinary efforts from chemistry, physics, and materials
science, we believe that many applications of these mate-
rials will become reality in future.
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