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Abstract

A new interlaminar reinforcement for layered
composite materials is presented utilizing aligned
carbon nanotubes (CNTS) to bridge the matrix-rich
region between advanced composite layers (plies).
Fabrication of the CNTs and their incorporation via
pattern transfer  into a  graphite/epoxy
preimpregnated (prepreg) system to form a hybrid
composite are described.  The interfaces are
characterized via optical and scanning electron
microscopy which demonstrates excellent wetting of
the aligned CNT forests by the epoxy in the prepreg.
A first-order fracture mechanics model with a simple
traction law indicates significant toughening via
such aligned CNTs. Mode 1 fracture tests of the
first-manufactured 'nanostitched' prepreg laminates
shows a 160% improvement in critical strain energy
release rate. Future work includes more detailed
strength and fracture testing, including other modes,
multifunctional  property  characterization and
modeling, and refinement of the manufacturing
process to create improved nanostitches.

1 Introduction

Composite laminates contain matrix-rich
regions at ply interfaces that reduce their overall
performance. The thin, unreinforced pure matrix
layer that exists between plies has poor mechanical
properties (stiffness, strength, fracture toughness)
when compared to in-plane properties of the
laminate. Delamination and matrix cracking between
plies are the dominant modes of damage and
therefore responsible for the reduction of properties
in the direction normal to the plane. In recent years
several different solutions have attempted to
overcome this limitation: 3D-braiding, weaving and
stitching (e.g., z-pinning) are the most promising
solutions to date. All these processes increase to
some extent the through-thickness mechanical
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properties of layered composite materials, but also
reduce the laminate’s performance in the in-plane
directions of the laminate [1]-[8]. A possible method
to increase a composite’s resistance to delamination
without compromising the in-plane properties is the
use of carbon nanotubes (CNTs) in the interface
between layers that would not only improve the
mechanical properties across the interface, but also
help reduce crack propagation by bridging the two
plies across the interface. This bridging mechanism
has been identified previously by others for
polymers reinforced with low volume fractions (to
avoid the formation of agglomerates [9], [10]) of
randomly oriented CNTs, with limited toughness
improvement [11]-[12] in a pure polymer matrix
(i.e., not at an interface).

The concept of reinforcing the region between
plies using nanomaterials had been used in previous
studies with limited success. Additional layers of
polymer matrix reinforced with randomly oriented
carbon nanofibers (CNFs) [13]-[14] and CNTs [15]-
[16] have been introduced between plies with no
apparent improvement in the properties of the
composite material. Other manufacturing methods
reported in the literature include placing randomly
oriented bulk CNTs in between plies through
spraying [17] and electrophoresis [18]. The matrix
interlayer region thickness did not increase, and the
mechanical results showed an improvement in the
interlaminar shear strength that ranged from 4% [17]
to 30% [18]. It is also possible to grow the CNTs on
the surface of the fibers before applying the matrix,
and mechanical results reported in the literature
showed improvements from 70% for the
interlaminar shear strength of alumina fiber
composites [19] to ~350% improvement in critical
strain energy release rate (Gyc) of silicon carbide
(SiC) fiber polymer composites [20]. Although
promising, CNT growth on fibers is for the moment
not applicable to carbon or glass fibers. Thus, the
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problem of reinforcing (graphite/epoxy) prepreg or
similarly processed composites remains.

The interlaminar hybrid architecture proposed
in this work is based on the architecture presented by
Wardle and Kim [21], and further developed by
Wardle, Garcia, Hart, and Slocum [22]. Vertically-
aligned long CNTs are placed between plies of
graphite/epoxy prepregs and wet by the epoxy
contained in the prepreg during curing. This
architecture’s main advantage over the previously
mentioned approaches is the orientation of the
CNTs. In the current architecture, the CNTs are
perpendicular to the ply/laminate plane (“z-
direction”), reinforcing the matrix in the direction
where it is most needed (see Figure 1). The aligned
CNTs act as ‘“nano-stitches” between the plies,
bridging cracks produced at the matrix-rich
interface, and also strengthening and stiffening the
interface. Analysis [23], [26] has demonstrated that
toughening is possible with CNTs in this
configuration.

This work presents the fabrication and testing
of a new hybrid multiscale composite material.
Forests of long (>20 micron), aligned carbon
nanotubes (CNTs) are grown on commercially-
available Si wafers and transplanted between layers
of graphite/epoxy prepreg. During the curing of the
laminate, the epoxy resin from the prepreg layers
fully wets the CNTs, creating aligned CNT
“nanostitched” composite laminates with enhanced
interlaminar properties.
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Figure 1: Illustration of interlaminar “nanostitching”
using aligned CNTs.

Effective reinforcement of a polymer matrix by
the CNTs grown using the CVD process in this work
has been demonstrated previously using novel
nanocompression  techniques on aligned-CNT
polymer nanocomposites [24]-[25], and wetting of
CNT forests characterized for different off-the-shelf
thermoset polymers [19], [25]. The wetting behavior
and microstructure of the CNT-reinforced composite
laminates is investigated here via optical and
scanning electron microscopy (SEM). Interlaminar

fracture toughness of the nanoengineered laminates
is obtained through tests and compared to that of
laminates without CNTs.

2 Analytical Model

An analytical model was developed using
fracture mechanics and a “traction law” to compare
the effective interlaminar reinforcement of the CNT-
bridging (termed ‘“nano-stitching” [21]) with the
traditional approach of using fibers to stitch the
laminates [2]. Consider a double cantilever beam
(DCB) specimen with isotropic properties E and v
and applied moment M. For a composite specimen,
E would be associated with the ply modulus in the
fiber direction (aligned with x-axis). The crack
opening can be described by u(x). A schematic of
the model, including the nanostitches bridging the
crack, is shown in Figure 2. A simple linear traction
law was used to model the pressure applied to close
the crack tip by the bridging CNTs. The traction law
is linear in the crack coordinate, x, and varies from a
maximum at the crack tip (a + Aa) to zero where the
CNTs end. An improved model is under
development for a traction law linear in crack tip
opening displacement (u).
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Figure 2: Illustration of the model.

In the model, perfect wetting of the CNTs by
the polymer matrix and perfect alignment of the
CNTs is assumed. This model is similar to the
cohesive zone modeling reported by others for
unaligned CNTs [26]. The model here focuses on the
effects of bridging fiber (CNT) radius and volume
fraction. Applying the principle of superposition, the
complete problem can be considered as a sum of two
independent problems: the specimen subjected to
moment (pure bending), without the bridging fibers
and the specimen subjected to the forces/tractions
generated by the CNTs. The solution for the fracture

toughness is shown in Eq. 1:
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where K, is the stress intensity factors of the
unreinforced composite laminates, v, is the volume
fraction of the stitching fibers (or CNTs), f is the
friction coefficient of the CNTs pulling out of the
matrix, » is the radius of the stitching fibers, # is half
the thickness of the laminate, and Aay, is the size of
the crack of the extension for steady-state bridging,
and is obtained from Eq. 2.
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Here, the mechanism of bridging modeled is
frictional sliding using a highly conservative friction
coefficient (10 MPa) vs. the pullout strength
reported for CNTs embedded in a polymer (ranging
from 138 MPa obtained through computational
simulations [27] to 500 MPa obtained
experimentally by Wagner et al. [28]) .

As shown in Figure 3, this model demonstrates
that reducing the diameter of the stitching fibers
from microns (fibers traditionally used to stitch
laminates [2]) to nanometers (CNTs) dramatically
increases the resistance of the material to fracture. A
small diameter provides a considerably better
reinforcement, e.g., for CNTs of diameter 7 nm and
a vy = 40%, the toughening increases by ~100x . The
analysis as developed is very sensitive to the
assumption for the frictional coefficient, f; if this

value 1is increased to 100 MPa, then the
improvement increases to ~900x.
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Figure 3: Effect of the radius and volume fraction of
the stitching fibers on the fracture toughness
increase.
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Traditionally, aramid or thermoplastic fibers
have been used to bridge the cracks, with diameters
in the range of 5 to 10 microns. The process used to
stitch these large fibers (as composite fibers or
greater) breaks some of the fibers in the composite
and also produces matrix-rich regions around the
stitched fibers. The mechanical properties of these
matrix-rich regions are two orders of magnitude
lower than those of the original composite material.
This effect is not considered in the model, which
means that the effective reinforcement of the
traditionally-stitched fibers is even lower than
shown in Figure 3. CNTs grown using the present
process are on the order of 10 nanometers (3 orders
of magnitude below the fibers previously
mentioned), which allows a significant toughening,
~100x vs. 2-3x for the traditional (5-10 micron
diameter) reinforcing fibers. Models for Mode 2 and
3 toughening have not yet been developed but it is
anticipated that the relative improvement will be
greater than for Mode 1. Strength of the CNTs
themselves is expected to similarly improve the
interface strengths.

3 Experimental Methods

The experimental work for this study can be
divided into four categories: Growth of carbon
nanotubes on silicon substrates, transplantation of
the CNTs to the surface of carbon fiber prepreg,
tests on the effective wetting of the CNT forest by
the epoxy present in the preimpregnated layers, and
mechanical testing of nanoengineered composite
specimens to determine the reinforcement obtained
by the use of aligned CNTs.

3.1 Growth of CNTs on Silicon Substrates

The first step in the construction of the hybrid
composite material is growth of forests of aligned
CNTs on silicon wafers using a modified thermal
chemical vapor deposition (CVD) technique
developed at MIT [29]. A continuous catalyst layer
was deposited on 6” Si wafers. The catalyst film of
1.2/20 nm Fe/Al,Os is deposited by electron beam
evaporation. In this case no pattern was applied to
the catalyst, because the desired configuration was a
forest of CNTs. The wafers with the catalyst layer
were cut into 60x20 mm pieces to fit in the quartz
tube furnace (22-mm diameter). CNT growth is
performed in a single-zone atmospheric pressure
quartz tube furnace (Lindberg). The CNTs obtained
are multiwalled CNTs (MWCNTSs) with 3 to 5 walls,
and an outer diameter of 7-10 nm. The CNTs can be
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grown to lengths exceeding 3 mm at a rate greater
than 2 um/second. The CNTs grow vertically
aligned and perpendicular to the surface of the
wafer. The CNTs are easily grown to lengths long
enough to fully populate the matrix region between
layers in a typical preimpregnated composite
laminate. The height for the CNTs (15 to 30 um)
needed for the hybrid architecture should be on the
order of the inter-ply matrix region (~10 pm). For
this initial study, more stringent conditions were
used and CNTs of approximately 150 microns length
were grown (see Figure 4). All SEM pictures, such
as Figure 4, were taken using an FEI/Philips XL30
FEG SEM.

Figure 4: SEM of cross-section of a vertically
aligned CNT forest grown using the thermal CVD
process.

3.2 Fabrication of Nanoengineered Graphite
Fiber/Epoxy Composites Reinforced with Aligned
CNTs

Experimental tests were performed to verify
the feasibility and scalability of the fabrication
process established for the interlaminar hybrid
architecture. In this architecture, the CNTs are
transplanted from their original substrate and placed
in between the plies of a prepreg laminate. The
epoxy needed for the wetting of the CNTs during the
fabrication process comes from two different layers
of prepreg (above and below the forest). The
assembly should follow the curing process from the
manufacturer, to avoid the flow of epoxy out of the
laminate.

The scalability of the fabrication of the
interlaminar hybrid architecture to a continuous
process relies on an effective transplantation of the
CNTs from the silicon substrate where the forests
are grown, to the surface of the prepreg plies at room
temperature. In order to ensure the future scalability
of the process, different purely mechanical
transplantation techniques were evaluated to transfer
the CNTs to the prepreg prior to curing. The results

presented in section 4 will demonstrate the
effectiveness of this approach.

3.2.1 Wetting and Microstructural Characterization
of the Transplanted CNT Forests

Two tests were used to assess the wetting of
the transplanted CNTs in two  different
configurations: a one-sided nanostitched composite
(similar to the configuration presented in the first
two sets of tests) and a complete nanostitched
architecture comprising two prepreg layers with
transplanted CNTs in between.

For the first wetting test of mechanically
transplanted CNTs a 20-mm square forest of 150-um
long CNTs was transplanted to a 30 mm x 50 mm
IM7/977-3 prepreg strip (single ply). A sheet of non-
porous Teflon was placed on top of the assembly,
covering it completely. A caul plate with the same
dimensions as the prepreg strip (30 mm x 50 mm)
was then placed on top of the non-porous Teflon
sheet. The assembly was put on a vacuum table and
two more layers were added: First, a porous Teflon
sheet was used to cover the first assembly
completely; second, a sheet of glass fiber cloth was
placed on top of the assembly to ensure that vacuum
was effectively applied. Finally the whole assembly
was closed with a vacuum bag, as shown
schematically in Figure 5.

Vacuum  Glass Non-porous

) Aligned
bag slide Teflon sheet CNTlg;:)iest
Y v o

’ Vacuum table Prepreg ply .

Figure 5: Illustration of the vacuum assisted curing
of the one-sided nano-stitched hybrid laminate. The
layers on top of the glass slide (porous Teflon and
glass fiber cloth) are not included in the scheme for
reasons of simplification (not to scale).

The assembly was introduced into an
autoclave, vacuum (15 psig) was applied, and the
specimens were cured following the manufacturer
recommendations (100 psig of total pressure, heat at
5 °F/min to 355 °F, hold for 6 h, cool at 5 °/min to
140 °F and vent pressure, let cool to room
temperature). The resulting one-side nano-stitched
hybrid composite was diesawed using a DAD-2H/6T
disco abrasive system, and analyzed using scanning
electron microscopy (using a FEI/Philips XL.30 FEG
SEM).

The next step was to create a nanostitched
laminate, with the CNT forest placed between two
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laminae of prepreg. An additional prepreg layer was
added to the assembly used in the previous set of
tests. A square 20-mm forest of 150-pum long CNTs
was transplanted to a 20-mm x 20 mm IM7/977-3
prepreg ply. After transplantation, a second single 20
mm x 20 mm prepreg ply was placed in direct
contact with the transplanted CNT forest. The rest of
the layers were the same used in the previous set of
tests, as shown schematically in Figure 6.

Non-porous
Teflon sheet

Vacuum Glass

bag sli%‘

Aligned
/ CNT forest

Vacuum table Prepreg plies

Figure 6: Illustration of the vacuum assisted
curing of the two side nano-stitched hybrid laminate
(not to scale).

The curing process was the same described
previously. The resulting two-side nano-stitched
hybrid composite was diesawed (using a DAD-
2H/6T disco abrasive system), and the wetting and
alignment was analyzed using an FEI/Philips XL30
FEG SEM.

3.3 Mechanical Characterization of the
Interlaminar Hybrid Composite

As described in section 3.2, effective
transplantation of the CNTs, maintenance of the
CNT alignment, and effective wetting of the CNTs
are key factor to maximize the effective
reinforcement of the interlaminar  hybrid
architecture. Experiments were performed to
compare the mechanical properties of unidirectional
prepreg composite laminates with and without the
CNT nanostitches.

ASTM Mode I fracture tests [30] are used to
assess the interlaminar fracture toughness. A double-
cantilever beam (DCB) specimen (as the one shown
in Figure 8) contains a precrack, and during the test
the crack grows and the fracture toughness is
determined.

For the manufacturing of the DCB specimens,
160 x 20 mm strips of 1D IM7/977-3 prepreg were
cut and stacked to create two 12-layer laminates. A
90 x 20 mm CNT forest 150 pm-high was
transplanted from the silicon substrate to one of the
two 12-layer laminates, (three 30 x 20 mm patches
of CNT forests), leaving a 50 x 20 mm section not
covered by CNTs. A 13-um sheet of Teflon was
placed in that free section. Then the two laminate
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stacks were assembled together, forming a 24-layer
composite laminate with a ~50 mm long precrack in
the mid-plane, as shown in Figure 7. This laminate
was then placed in a mold on the vacuum table
inside the autoclave, and closed under a vacuum
bag, as described in section 3.2.1. The curing cycle
inside the autoclave followed the recommendations
of the manufacturer.

Teflon sheet (precrack)

Figure 7: a) CNT/Graphite/Epoxy DCB specimen;
b) Closer view of the precrack.

FER e )

After completing the curing process, piano
hinges were glued to the two precracked edges using
a 5-min curing epoxy. Lines marking regular
distances from the precrack were painted on the
specimen, as shown in Figure 8. The specimen was
then assembled on a universal tensile test machine.
An Instron 8848 MicroTester with a calibrated 2-kN
load cell was used to perform the Mode I fracture
tests. The microtester can apply and measure static
loads ranging from 5 N to 2 kN. The resolution is 1
mN for load and 1 micron for displacement.

Marks to measure crack
e growth

mounted in the universal tensile-compression test
machine.
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The test specimen is placed on the setup such
that the 0° fiber direction is along laminate axis of
the specimen, and then subjected to a Mode I
fracture test (see Figure 8) at a constant crosshead
speed of 1 mm/min. The load is applied while the
crack opens. The load, displacement, and crack
propagation are measured until the crack is grown
more than 20 mm [30]. All these three data are used
in the calculation of the Mode I toughness of the
laminate ply interface. Two unreinforced and one
CNT-reinforced specimens were tested.

For the tests the toughness is calculated using
the Compliance Calibration Method. The Mode I
interlaminar fracture toughness can be calculated
from Eq. 2:

_Ps.
" 2ba " 2

where P is the load, ¢ is the displacement, b is the
thickness of the specimen, a is the delamination
length (crack propagation length), and # is the slope
obtained from the plot log(d;/P;) versus log (a;).

R-curves (interlaminar fracture toughness
versus delamination length were obtained from the
experimental tests. These tests directly measure the
reinforcing effectiveness of aligned CNTs in a
composite material and explore the mechanisms of
this reinforcement (local stiffening of the polymer
matrix, and bridging of cracks).

4 Results and Discussion

The two most important factors for the
feasibility and scalability of the fabrication process
are the transplantation of the CNT forest from its
original substrate to the prepreg and wetting of the
CNTs by the epoxy in the prepreg. This work
contains promising preliminary results that indicate
that both transplantation and wetting are possible
with CNT alignment perpendicular to the
ply/laminate. It is important to note that the results
in all three tests were performed with first-
generation manufacturing processes, using non-ideal
(150-pm vs. “ideal” 20-pm CNTs).

Purely mechanical means of transplantation
were developed for transfer of CNT forests to the
graphite/epoxy prepreg. Transfer rate, pressure, and
geometry were optimized until full transplantation of
the CNT forests was achieved (see Figure 9). The
transplantation was equally effective for the two
different prepreg systems used. The process proved
to be repeatable and feasible for a scaled up version.

Figure 9: Forest of CNTs fully transplanted to the
surface of the prepreg

An example of the results of the transplantation
process on the IM7/977-3 prepreg is shown in the
SEM pictures in Figure 10 (pre-curing). As shown in
Figure 10.a), the interior of the forest is completely
stable (note there are no cracks), following the
surface of the prepreg, which is an indication of the
CNT forest penetrating in the prepreg. The
alignment is maintained even at the free edges, as
shown in Figure 10.b.

Transplanted forest

Gr/Epoxy prepreg layer :

R ot -

Figure 10: SEMs of a) Transplanted forest of CNTs
on the surface of a Graphite/Epoxy preimpregnated
ply; b) Closer view of the transplanted CNT forest
showing good alignment of the CNTs after the
transplantation process.
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Once a reliable method to transplant the CNTs
to the prepreg had been developed, the next step was
to test the wetting of the CNTs by the epoxy
contained in the prepreg. It is important to note that
the wetting test is more stringent than what is needed
to ensure the feasibility of the nano-stitched hybrid
architecture (the CNT forests are ~150-pm high
instead of the ideal ~10-20 pm). Initially a one-sided
architecture was tested. The results obtained from
this set of tests shows complete wetting of the CNTs
by the epoxy contained in the prepreg. A regular
upper surface of the CNT/epoxy with no voids
appeared, as shown in Figure 11.a. The pressure in
these regions favored the formation of a uniform,
fully wet nanocomposite layer. The CNT structure
and alignment were well maintained in most cases
(see Figure 11.b).

N

20 pm

Figure 11: SEMs of a) One-sided nanostitched
prepreg showing perfect wetting; b) Closer view of
the CNT/epoxy region, showing good alignment of

the CNTs after wetting and curing.

In the next set of tests a second layer of
prepreg was added to the hybrid laminate on top of
the CNT layer. The resulting nano-stitched hybrid
composite samples were diesawed (DAD-2H/6T
disco abrasive system) in two different directions
(perpendicular and parallel to the direction of the
graphite fibers) to better assess the wetting and
alignment of the CNTS in the interior of the
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composite. Scanning  electron  microscopy
(FEI/Philips XL30 FEG SEM) was used to study the
specimens. Due to the excessive length of the CNTs,
a third layer of CNT/epoxy nanocomposite, similar
to the one appearing in the previous test, was
observed (as expected) in between the two layers of
prepreg. As in the previous set of tests, the wetting
of the CNT forest between the two prepreg plies was
achieved during the curing process, as shown in
Figure 12.a) The intermediate layer of CNTs also
showed good alignment. No voids are observed in
the thick nanocomposite layer (as shown in Figure
12.a). A closer view of the interface between the
CNT/epoxy layer and the prepreg plies is shown in
Figure 12.a. The nanocomposite layer is completely
wet also in this cross section (no voids). The change
in color shown is due to the effect of the diesawing
process which creates a texture in the composite. As
seen in Figure 12.b, the CNTs in the nanocomposite
layer penetrate into the prepreg ply ~5-7 um (in the
same order of the carbon fiber diameter), depending
on the region.

“""CNT/epoxy layer

200 ].l;]]

E  20um

Figure 12: a) Cross-section of the 2-sided
nanostitched composite (note the CNT/epoxy layer
in between the two layers of prepreg; b) Closer view
of the CNT/epoxy layer, showing how the CNTs are
effectively penetrating the prepreg ply, acting like
nanostitches.
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After demonstrating wetting of the aligned CNTs
by the prepreg epoxy, mechanical tests were
performed on unreinforced and CNT-reinforced
specimens. Typical results from the Mode I fracture
tests are presented in the form of R-curves in Figure
13.
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Figure 13: R-curve showing the evolution of the
interlaminar fracture toughness while delamination
propagates for unreinforced and CNT-reinforced
(nanoengineered) composite laminates.

The effective reinforcement from the nanostitch
is the increase associated with the toughened
response vs. the initiation toughness. The
toughening (R-curve) in the unreinforced specimens
are due to the well-known 0° fiber bridging
('nesting') mechanism which is an artifact of the
ASTM standard test. As the plies in the nanostitched
specimen are separated by ~150um (nanostitch ply),
there is no toughening contribution from
bridging/nesting of the 0° fibers. The origin of the
mildly decreasing toughness for the nanostitched
interface is still under investigation, but is believed
to be associated with increased crack advance in the
regions of the nanostitch patch joints. These joints
are an artifact of the current manufacturing process
where the 60 mm in length of the nanostitched
specimen is obtained by placing three 20 mm CNT
patches in a row on the laminate (as discussed in the
Experimental section 3.3). Future fabrication efforts
will use larger, continuous nanostitch patches. The
results obtained from the analysis of the R-curves
are shown in Table 1.

Table 1. Interlaminar fracture toughness for
unreinforced and nanoengineered composites.

Unreinforced Nanoengineered Effective
Composite Composite reinforcement
Interlaminar
fracture 0.209 0.532 155%
toughness
[kJ/m’]

Therefore, this hybrid architecture is shown to
possess significantly enhanced interlaminar fracture
toughness due to the aligned-CNT reinforcement.
Aligned CNTs obtained in this study present a
considerably more uniform dispersion than CNTs
which are grown in bulk and embedded into a
polymer matrix using sonication or other dispersion
methods used in previous studies. Dzenis et al. [13]-
[14] introduced an additional layer of carbon
nanofibers (CNFs) between plies of composite
material. The CNFs used were randomly oriented in
the plane of the laminate and have mechanical
properties that are an order of magnitude lower than
the CNTs, both limiting factors for the effectiveness
of the reinforcement. Gibson [15] introduced a thin
film of randomly oriented CNTs between plies, and
mechanical tests showed no apparent improvement
in the properties of the composite material. In both
cases the reinforcement was introduced in the form
of an additional layer. Adhikari et al.[16] did not
obtain any significant reinforcement (less than 2%)
in the interlaminar shear strength of laminates by
adding a thin layer of randomly oriented single-
walled CNTs (SWCNTS)/epoxy between the
composite plies Thakre er al[17] dissolved
randomly oriented functionalized SWCNTs in
ethanol and sprayed the solution on carbon fiber
cloth (avoiding the formation of an additional layer),
but the interlaminar reinforcement obtained by the
randomly was ~4.4% for functionalized CNTs.
Bekyarova et al.[18] reported an improvement
(~30%) for the interlaminar shear strength by using
electrophoresis to selectively deposit randomly
oriented multi- and single-walled CNTs on woven
carbon fabric.

The results presented in this work demonstrate
that the effective interlaminar reinforcement that can
be obtained by strategically placing aligned CNTs in
the interface between laminate plies yields is at least
1 order of magnitude higher than randomly
dispersing the CNTs. As shown, the process avoids
the formation of aggregates, maximizing the
composite mechanical performance. A second
possible explanation for the toughness observed is
the fracture of a large compliant interlayer (CNTs +
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epoxy) between the plies, resulting in plastic
toughening of the interface. Due to the particular
nature of the CNTs used in this study, it might also
be possible to increase the composite
multifunctional properties (electrical and thermal
conductivities), and possibly damping.

5 Conclusions and Recommendations

Aligned CNT-reinforced hybrid composite
laminates offer significant advantages for structural
and multifunctional applications relative to
laminates reinforced by randomly oriented CNTs
embedded into the matrix. The new interlaminar
(nanostitched) reinforcement presented in this work
has the potential to become a scaled-up solution for
the reinforcement of composite materials. The
thermal CVD process could allow the continuous
growth of CNTs on silicon substrates. The effective
transplantation method developed for this study has
demonstrated the feasibility of transplanting the
CNTs using exclusively mechanical means
compatible with the prepreg manufacturing process,
addressing the issue of CNT dispersion at the same
time. Wetting of the aligned CNTs with the epoxy
contained in the prepreg layers has been
demonstrated, even under more stringent conditions
than required. The interlaminar reinforcement of the
hybrid composites was studied by applying a
standard Mode [ fracture test to unreinforced and
aligned CNT-reinforced composite specimens. The
hybrid composite showed a 155% increase of the
interlaminar Gjc with respect to the unreinforced
laminate. This result indicates a clear interlaminar
strengthening due to the presence of aligned CNTs.

Current studies and future research will be
focused on the manufacturing of interlaminar hybrid
composites reinforced with shorter CNTs (~20 pm),
surface microscopy to determine if pullout is the
correct mechanism of bridging as assumed in our
model (vs. shear strength, etc), fuller mechanical
characterization (Mode II and III tests), and also
mechanical characterization of hybrid
nanoengineered composite materials with other
architectures (CNTs grown on advanced fibers and
wet with polymer matrices [19], [31]) built with
aligned CNTs, multifunctional property modeling
and characterization, and scalability of the CVD
process.

ALIGNED CARBON NANOTUBE REINFORCEMENT OF

GRAPHITE/EPOXYPLY INTERFACES
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