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ABSTRACT: In this article, we report an interesting
employment of multi-walled carbon nanotubes as a filler
in the epoxy matrix of a glass fiber reinforced composite
(FRP). The intrinsic electrical conductivity of carbon nano-
tubes made the development of a nanocomposite with
enhanced electrical properties possible. The manufactured
nanocomposite was subsequently employed in the produc-
tion of a glass FRP. Due to the high aspect ratio of carbon
nanotubes, very small amounts of these particles were suf-
ficient to modify the electrical properties of the obtained
glass fiber composites. Basically, a three-phases material
was developed, in which two phases were electrically
insulating—epoxy matrix and glass fiber—and one phase
highly conductive, the carbon nanotubes. The main goal of

this study was to investigate the possibility of developing
a glass fiber reinforced nanocomposite (GFRN), which is
able to provide measurable electrical signals when sub-
jected to a low-velocity impact on its surface. Following
this goal, the drop in the mechanical performance of the
composite was evaluated before and after the impact. At
the same time, the variation in its electrical resistance
was measured. The results have shown that it is possible
to associate the increase in electrical resistance of the
composite with the formation of damages caused by
impact. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 122:
2829-2836, 2011
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INTRODUCTION

The increasing use of fiber reinforced composites
(FRP) in the aerospace, naval, and automotive indus-
tries, due to their high specific strength and stiffness,
is directly connected to an increase in the need to
monitor the status of the structure in which the FRP
is utilized. In fact, the mechanical performance of
composite materials may be severely reduced in the
presence of damage produced by impact to the sur-
face. This damage can either be fully invisible or
barely visible (BVID) to the naked eye. These dam-
ages constitute an important limitation in the use of
any structure,’ as a wide variety of damage modes,
such as matrix cracking, delaminations, debonding
and fiber failure in composite structures are easily
induced by an impact.

The monitoring of the status of a structural mate-
rial is commonly carried out between two subse-
quent uses. However, the possibility in performing
real-time monitoring is very attractive for the indus-
trial market: it reduces inspection times, which obvi-
ously reduces the waste of money and even more
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importantly, guarantees safer employment of the
structure. For this reason, in the past years, many
researchers have been spending time and efforts on
structural health monitoring (SHM) systems, devel-
oping new nondestructive inspection techniques
which are exploitable directly in real-time or trying
to convert traditional existing technologies into new
real-time SHM systems.

As examples, some of the nondestructive inspec-
tion techniques commonly employed are acoustic
emission (AE) based sensors and ultrasonic waves
based technology.>® Other techniques which are
worth mentioning are the so-called comparative vac-
uum monitoring (CVM) techniques,* which include
the use of fine tube-based sensors in which the vac-
uum is exploited for monitoring crack propagation
and damages in structures and fiber Bragg diffrac-
tion grating sensors,” consisting of fiber-optic cables
embedded in the structure, where any local strain
causes a slight change in the sensor’s light transmis-
sion wavelength.

The use of techniques that exploit the electrical
properties of the composite have been widely recog-
nized as a noninvasive way to monitor damage in
carbon fiber reinforced plastic, due to the good elec-
trical conductivity of the carbon fibers themselves.®™'®
In fact, they can act as electric conductors included
in an insulating material, such as a thermosetting
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matrix. When applying a mechanical load to the
composite, the electrical resistance variation in the
composite can be associated to a change in the con-
ductive path of the carbon fibers. This piezoresistive
behavior of carbon fiber composites have been dem-
onstrated since the late eighties.® On the other hand,
carbon fiber composites have revealed to be very
sensitive to the damage produced by impact: differ-
ent failure modes, which consist of fiber breaks,
intra laminar cracks, as well as inter laminar delami-
nation and debonding, can be detected by electrical
measurements with an efficient positioning of the
electrical contacts.'*"”

In the last decade, researchers have demonstrated
that it is possible to successfully employ electrically
conductive nanoparticles, dispersed in plastics, to
obtain a polymeric nanocomposite with enhanced
electrical conductivity."”” If such nanocomposites
are used as a matrix in a nonconducting fiber com-
posite, such as glass or aramid, it is possible to
obtain a FRP with improved electrical properties
which can be employed in advanced applications.

Kupke et al?>?! have shown how carbon black
(CB) can improve the electrical conductivity of a
glass fiber reinforced epoxy resin and how this
novel nanocomposite shows piezoresistive behavior.
On the other hand, carbon nanoparticles with high
aspect ratios, namely carbon nanotubes and nanofib-
ers, can overcome the electrical conductive threshold
at very low concentrations if adequately mixed.”>’

Glass fiber reinforced nanocomposites (GFRN)
based on carbon nanotubes have been widely stud-
ied for their potential functionality as sensors of
strain and damage in themselves, demonstrating
that both strain accumulation and damage formation
can be detected by modifications in electrical resist-
ance. >

In this study, the enhanced conductive properties
of an epoxy-CNT nanocomposite were exploited to
produce a glass FRP, in which the drop in mechani-
cal performance due to impact, is strictly related to
an increase in electrical resistance.

EXPERIMENTAL

A low-viscosity epoxy resin, supplied by Hexion
under the commercial name of RIM 235, was
employed as a matrix. Multi-walled carbon nano-
tubes (MWNTs) were employed as a nanofiller.
They were supplied by CNT Co. (Korea) under the
commercial name of Crype-100. As claimed by the
technical data sheet, they have an average diameter
in the range of 1040 nm, a length between 1 and 25
microns and a purity of 93%.

The dispersion procedure consisted of several
steps. At first, carbon nanotubes were added to the
liquid epoxy monomer. A high-speed mechanical
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stirring technique (for 30 min) was exploited to dis-
aggregate the nanotube agglomerations. Afterwards,
an ultrasound bath (for 1 h) was used to improve
the homogeneity of the dispersion and to degas the
mixtures.

The dispersion degree was evaluated by TEM
analysis, performed with a TEM Philips EM 208.

At the beginning of this study, the electrical
behavior of the epoxy-based nanocomposite as a
function of the nanoparticle content, was analyzed.
To achieve this, mixtures with various contents of
CNTs were produced, from 0.1 to 0.5 wt %. 0.5 wt %
represented the maximum limit because at this con-
centration, the viscosity of the mixture increased too
much and therefore processing was seriously com-
promised. A Keithley electrometer 6517B, with a re-
sistivity test fixture 8009, was employed for this
characterization.

Glass fibers were chosen for the production of the
composite laminates. In fact, thanks to their electri-
cally insulating properties, it is possible to isolate
the contribution to the electrical conductivity given
by the matrix. E-Glass fibers were employed to pro-
duce a balanced symmetric laminate, constituted by
woven roving fabrics and chopped strand mats as a
reinforcement. eight plies were used in the stacking
sequence, six woven rovings and two mats arranged
in the following mode: (Mat, 3 Rowings)s. Vacuum
infusion was used for processing.

Once the composites were cured, they were cut
and utilized for mechanical characterization. Two
different sets of specimens were considered. The
first one was directly tested for its tensile properties.
The latter was first impacted and then characterized
by tensile tests, to evaluate the drop in mechanical
performance caused by the impact in terms of elastic
modulus, residual tensile strength and failure strain.
The electrical resistance of the second set of speci-
mens, those which were impacted, was measured
before and after the impact, to evaluate the change
caused by the impact itself.

Regarding the electrical characterization, the way
in which the current is forced to flow in the speci-
men is an important factor: it obviously depends on
the electrical contact configuration. Many studies
have been conducted on testing different configura-
tions, to evaluate which one was the most sensitive
to the presence of damage.>'* In this work, the cho-
sen solution was to perform a DC two-probe resist-
ance measurement, using metal vices holding the
specimen in the impact equipment directly as elec-
trodes. To enhance electrical contact and to ensure
that no change in the contact surface at the electro-
des occurs during the impact, a silver paint was
applied to the contact surface between the vice and
the specimen. In this way, due the small thickness of
the laminate (2 mm), a simple system to get a
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Figure 1 Electrical contact configuration. (a) global sketch; (b) through-thickness view; and (c) laminate surface view.
Note that points A-A" and B-B’ have the same potential (due to the metal sample holder). Dotted arrows indicate the cur-

rent flow.

through-thickness measurement of the electrical cur-
rent was realized. In Figure 1, the electrical contact
configuration is summarized.

To make the impact tests, a self-made pendulum
impactor was realized. A sphere with a diameter of
40 mm was employed as an impactor. It was left free
to drop down from an angle of 90° and the energy
absorbed by each specimen was calculated recording
the angle reached by the impactor after the impact on
its way back. The value of the impact energy was
estimated as 11.7 ], and the impact velocity as 3.6
m/s. The impact energy was set to avoid the com-
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Specimen

(a) (b)

Highlyelenoal.  Poomen

insulator support

(c)

plete failure of the specimen, but enough to produce
damage and was the same for all the tests. Ten speci-
mens for each set were tested, to make an appropri-
ate evaluation of the standard deviation of the results.
In Figure 2, a schematic layout of the equipment and
the test procedure are reported.

A dynamometer Lloyd Instruments, model LR30K,
was utilized to perform mechanical tests, using
extensometers to acquire the strain. The dimensions
of the samples were 125 x 10 mm (the thickness of
the laminate was 2.0 mm). The crosshead speed was
set at 2 mm/min.

=1 Impact point 177

Highly electrical
Electrometer insulator support

Dart release
mechanism
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Figure 2 Schematic layout of the impact test: (a) side view; (b) frontal view; and (c) overview of the test layout [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.].
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Figure 3 TEM micrograph of the 0.25%-CNT nanocompo-
site at two different magnifications.

To verify the consequences of the impact and to
correlate the increased electrical resistance with the
actual presence of damage, a morphological study
on the through-thickness surface was carried out.
A field emission scanning electron microscope
(FESEM) ZEISS, model Supra 25, was utilized for
these purposes.

RESULTS AND DISCUSSION

When working with nanocomposites, it is known
that the maximum exploitation of the advantages of
the nanoparticles are generally reached when uni-
form distribution and a good dispersion level are
obtained. Figure 3 shows TEM images of the pro-
duced nanocomposites, with 0.25 wt % MWNTs at
two different magnifications: beside areas in which
it is possible to find fully de-bundled single nano-
tubes there are still zones where small agglomera-
tions are present and zones where nanotubes are
barely present. However, as will be shown, the dis-
persion level reached easily allowed us to cross the
electrical percolation threshold at a very low nano-
tube content.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Electrical resistivity of the nanocomposites as a
function of CNT content.

The outcome of the electrical characterization of
the nanocomposites in Figure 4 shows electrical re-
sistivity as a function of the CNT content. It is possi-
ble to observe a sharp decrease even at a CNT con-
tent of 0.1%, where the resistivity passes from 10'
to 10> Ohm x cm, confirming the relevant role of
carbon nanotubes in improving the electrical proper-
ties of polymers.

As a consequence thereof and taking into account
the fact that the liquid mixture with a 0.5% content
is completely unworkable due to its extremely high
viscosity, the concentration of 0.25% CNT was cho-
sen for the production of a nanocomposite-based
FRP. The produced laminate presented a glass fiber
volume fraction of about 45%, calculated with a cal-
cination technique.

It has already been mentioned that an evaluation
of the impact energy absorbed by the specimens was
performed to correlate this amount of energy to the
actual creation of damage inside the composite.
Table I shows that about 54% of the energy associ-
ated to the impact was absorbed by the specimen.

As expected, the mechanical characterization of
pristine and impacted specimens have shown that
while damaging the composite, the impact strongly
affected its performance. An example of the change
in the mechanical trend due to impact in Figure 5
reports the stress—strain curve of a specimen before
the impact and of an impacted specimen.

A more detailed characterization of the mechanical
performance of the composite is reported in Figure 6,

TABLE I
Impact Energy Data
Impact energy [J] 11.7
Energy absorbed [J] 6412
Part of the impact energy absorbed [%] 543 + 0.7
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Figure 5 Representative stress-strain curve of pristine
and impacted specimens [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.].

where Young modulus, tensile strength, and strain
to failure are plotted. All these properties tend to
drop significantly, in particular the highest decrease
was in the tensile strength, which passed from 300
MPa to a little over 150 MPa. Both Young modulus
and elongation at break show a drop of about 30%
with respect to the initial value after the impact.

To verify this consideration and investigate the
morphology of the damage produced by the impact,
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Figure 6 Tensile properties of pristine and impacted
specimens.
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Figure 7 FESEM images of the through-thickness surface
of the composite (a) preimpact, (b) postimpact.

FESEM images were taken on the through-thickness
surface of the samples after the impact. Figure 7
shows the transversal surface of a specimen, before
(a) and after the impact (b). Figure 7(a) confirms that
the composite produced was void and micro-crack
free. Note that the right surface is quite rough as a
consequence of the presence of a vacuum bag during
processing.

The considerable drop in mechanical properties
due to the impact is obviously related to the actual
overcoming of the preinitial fracture region,*® in
which the impact energy is fully absorbed, as strain
energy by the elastic deformation of the composite.
More precisely, in this preinitial fracture region, the
impact energy is stored mainly by the elastic defor-
mation of the 0° fibers. In fact, in this phase, the con-
tribution in stored energy of the matrix and the 90°
fibers is negligible. The failure of the studied com-
posite consists of several fracture modes, as it is pos-
sible to observe in Figure 7(b). Fiber pull out is visi-
ble at the bottom of the specimen, i.e., in the surface
opposite to the impact and in exact correspondence

Journal of Applied Polymer Science DOI 10.1002/app
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Resin
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Figure 8 FESEM image of a representative micro-crack morphology in the composite [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.].

to the impacted area. Furthermore, transversal
micro-cracks which involve more than one ply, as
well as intralamina cracks are clearly present in the
cross-sectional area of the specimen, starting from
behind the impact area and extending in both direc-
tions. At the same time, the cross-sectional area also
exhibits delamination effects.

A higher magnification inspection of the damaged
through-thickness surface can explain the role of car-
bon nanotubes in the composite. Figure 8 shows a
micro-crack caused by the impact with various
enlargements. It is clear that the failure mechanism
of the composite, regarding the interphase CNT-
epoxy, occurred due to the pullout of the nanotubes
from the matrix. The preferential orientation of the
nanotubes in the direction perpendicular to the
impact direction was due to the processing condi-
tions. It has already been pointed out that the com-
posite laminate was produced using a vacuum infu-
sion technique and the tendency of the nanotubes to
be oriented towards the flow direction is to be
expected due to shear flow. From this figure, it is
clear that the carbon nanotubes acted as a bridge in
the resin, creating a conductive pathway for the elec-
trical current flow. The role of conductive mediums
exerted by carbon nanotubes in a glass fiber compos-
ite and by carbon fibers in a carbon fiber composite
is schematically reported in Figure 9. On comparing
them, it is possible to state that, although the contri-
bution given by the nanotubes is less effective in

Journal of Applied Polymer Science DOI 10.1002/app

terms of the final electrical conductivity of the com-
posite, the produced effect is more homogeneous,
that is, the conductive network is less bound to the
direction in which the current is forced to pass
through the composite. This occurs as a result of the
random distribution of nanotubes in the matrix,
although a preferential orientation is produced dur-
ing the vacuum infusion process.

Wicro e Carbon fiber

conductive

Carbon fibers  Insulating epoxy matrix
Fiber-to-fiber bridge connection pathway

80° Lamina

'1 Y ; v*} ) § ‘“J 0° Lamina

bt 2 X

(a)

CNTs conductive
pathway

Glass fibers

/ Conducting nanocomposite matrix

(b)
Micro-crack

Figure 9 Schematic representation of the conductive
mechanism in a carbon fiber composite (a) and in a glass
fiber composite based on a CNT-doped matrix (b) [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.].
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Figure 10 Electrical resistance variation in the sample
preimpact (a) and postimpact (b). Both the reported values
are averaged between longitudinal and transversal direc-
tions [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.].

These considerations of the conductive pathway
are needed to explain the results of the electrical
characterization. First, a difference in electrical resist-
ance of the virgin samples (R,) was found between
the direction parallel and perpendicular to the resin
flow. The electrical resistance of longitudinal cut
specimens was evaluated as 2.1 (=0.6) x 10" Ohm,
whereas the other was 3.3 (+0.7) x 107 Ohm was
measured. Although both quite high values, they are
still well measurable resistance using the adequate
equipment. Regardless of the longitudinal or trans-
versal cut of the specimen, the measurement of the
electrical resistance after the impact has demon-
strated that an increase of about 7.7 (*2.1) % is
observed, as a consequence of the impact itself (Fig.
10), calculated as AR/Ry.

A step increase in electrical resistance as a conse-
quence of the damage created by impact in carbon
fiber-based composites without the aid of a conduct-
ing matrix was also found in other literature.'” In
this system, where the conductive pathway only
consists of carbon fibers, an increase in electrical re-
sistance is produced by fiber breaks and fiber-to-
fiber bridging connection openings. The analogous
results obtained in our study suggests that, even in
this case, a step increase in electrical resistance is
due to the deterioration of the conductive network,
which is formed here by the carbon nanotubes em-
bedded in the matrix and not by the carbon fabric
filaments.

This means that an adequate measurement of elec-
trical resistance allows one to detect damages that
have not caused the catastrophic failure of the com-
posite but have affected its mechanical performance,
since its tensile and failure strain were reduced by
50 and 30%, respectively. Therefore, the use of a
CNT-doped matrix permits the production of com-
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posites whose status can be adequately monitored
using simple electrical measurements.

CONCLUSIONS

A MWNT-based epoxy nanocomposite with
enhanced electrical conductivity with respect to the
neat resin, was successfully developed. A content of
0.25 wt % was evaluated as the best compromise
between the improved electrical properties and the
increase in viscosity. Consequently, it was possible
to produce a glass FRP, based on this nanocompo-
site, using a liquid molding technique such as vac-
uum infusion.

The FRP produced was subjected to an impact
able to reduce its mechanical performance. Despite
the reduction in its mechanical properties, the com-
posite still maintained more than 50% of its initial
properties, which means that the damage produced
did not imply the catastrophic failure of the compos-
ite. Nonetheless, this damage is associated to a sig-
nificant increase in electrical resistance. Therefore,
the measurement of the electrical resistance of CNT-
doped glass FRPs can be considered a good method
for monitoring the presence of impact damage.
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for the SEM analysis.
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