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a b s t r a c t

Mats of vertically-aligned multiwall carbon nanotubes were grown in an thermal CVD reactor with
simultaneous feed of the catalyst and carbon precursors. Mats were soaked into epoxy resin solutions
without any prior chemical modification and then cured to produce composite plates of z-axis nano-
reinforcement. Direct observations of the epoxy–CNT interactions at the nanoscale revealed that epoxy
interacted naturally with the MWCNTs without affecting their physical characteristics, alignment, or
the mat’s morphology. The compressive behavior of the pristine and composite mats was consistent with
mechanical predictions accounting for an elastic regime followed by elastic instability and compaction.
Strong evidence of reinforcement in the MWCNT/epoxy composites was indicated by increased strength,
stiffness and toughness values with respect to the as-grown mats and pure polymer. The elastic instabil-
ity strain of the composites was of the order of 0.4.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to their unique physical properties, Carbon Nanotubes
(CNTs) [1] are today the single most promising 1D material system
for nanotechnology, optical, electronic and composite materials
applications. Of particular interest to the material scientist is the
development of new composite materials due to the extraordinary
strengths achieved by both single- and multi-wall carbon nano-
tubes (SWCNTs and MWCNTs) [2] as well as their high toughness
and unfamiliarly high aspect ratios [3]. The combination of such
properties attracted the attention of the material science commu-
nity that, soon after the first massive growth of carbon nanotubes
in 1998 [4], foresaw the potential of the strong, tough and light
tubes as reinforcing media for composite materials. The ideal type
of nano-reinforcement would be long, continuous and well inter-
aligned carbon nanotubes.

Advances in CNT growth techniques led to considerable in-
creases in both production rate and product volume over the last
years. Chemical Vapor Deposition (CVD) and its variants (plasma-
enhanced-, vacuum-assisted-, aerosol-, catalytic-, etc.) is estab-
lished as the most promising technique for large-scale production
of CNTs [5,6]. Various research groups have grown vertically
aligned carbon nanotubes on silicon and other substrates via CVD
and have studied their compressive behavior [7–10]. Of particular
ll rights reserved.
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interest is the CVD route that uses camphor as carbon precursor
[11–14] because camphor is an economical and environmentally-
friendly chemical that conforms to the 12 principles of green
chemistry as issued by the United States Environmental Protection
Agency (US EPA). Despite the poor dispersibility of CNTs in poly-
meric matrices [15], attempts have also been made to infiltrate
such aligned CNT arrays with polymers, for use in thermal manage-
ment, conductive probes and field emission applications [16–18].
Indirect methods for homogeneously dispersing CNTs in polymeric
media have also been reported [19–23] together with electric field
[24], magnetic field [25,26], electrospinning [27] and mechanical
force [21,28] methods of aligning nanotubes for the production
of polymer nanocomposites of custom isotropies. The majority of
these studies employs the chemical oxidation/modification route
to increase the affinity of the graphitic surface with the polymer;
a route that may, under certain conditions, have negative side-
effects on the tubes’ physical, thermal and electrical properties
[29–31]. Wardle et al. have exploited the CNT-polymer capillary
forces to successfully wet CNT forests by epoxy matrices via a sub-
mersion process without prior functionalization of the tubes
[32,33]. According to their reports, they were able to control the
only side-effect of the submersion method, namely CNT contrac-
tion due to the capillary forces; a process that can affect the shape
of the nanocomposite microstructures. Very limited information is
also available on the compressive properties of such vertically-
aligned CNT nanocomposites [34–36]. Garcia et al. reported a
220% increase in the modulus of a CNT/thermoset–epoxy matrix
with respect to the dry product [36] while Ci et al. claimed a
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corresponding 3300% increase in a polydimethylsiloxane–matrix
nanocomposite [35]. Robust and straightforward methodologies
are still being sought for producing and characterizing polymer–
CNT nanocomposites while (a) maintaining the tubes’ orientation
and alignment, and (b) diminishing the effects of processing
parameters to the end product.

In the current study, we report on the manufacturing and com-
pressive properties of epoxy-matrix nanocomposite plates rein-
forced by vertically-aligned, millimeter-high CNTs. The
composites were achieved by direct impregnation of self-standing
CVD-grown mats with epoxy resin. Possible applications of such
nanocomposite mats include sandwich panel elements, electro-
chemical energy storage media, vibration absorbers, multifunc-
tional and conductive composites applications. The proposed
methodology involves a number of experimental steps including:
(a) growth of thick mats of aligned MWCNTs in a thermal CVD
reactor, (b) non-destructive separation of the mat from the sub-
strate, (c) infiltrating the mats with resin by soaking in acetone
solutions of uncured epoxy and (d) curing the impregnated mat
to the resin-specific thermal cycle. The mechanical performance
of the nanocomposite mats was studied in comparison to that of
the as-grown CNT material.
2. Experimental

2.1. Growth of CNTs

The CVD procedure used in the current study is of particular
interest because the catalyst precursor is fed into the system in a
gas mixture in line with the carbon precursor; a method that elim-
inates the need of catalyst-coated surfaces. That way, MWCNTs can
be grown on bare silicon substrates, on unconventional substrates
such as Pyrex or quartz glass, even on curved substrates [37]. An-
other advantage of the continuous feed concept is that fresh cata-
lyst particles are constantly introduced into the reactor to help
maintain carbon precursor decomposition – hence also growth-
active for prolonged periods of time. For this reason, the specific
technique is known to be associated with growth of significantly
thick CNT mats.

In the current study, mats of vertically aligned MWCNTs are
grown in a horizontal quartz tube (1200 mm length, 40 mm diam-
eter) that rests in a three-zone split-type tubular furnace. The tube
is supplied with a constant nitrogen gas feed that maintains the
system at a pressure just above atmospheric. The pulverized solid
precursors, ferrocene (catalyst) and commercial camphor (carbon
source), were mixed in a 1:20 ratio and transferred in a flask rest-
ing on a heater plate that is used to evaporate the mixture at
230 �C. The vapor mixture was introduced into the system by
means of a T-join and was carried into the tube by the inert gas flux
(Fig. 1). All parts of the setup between the heated flask and furnace
inlet were kept at 230–240 �C by means of electrical heating bands
to avoid local condensation of the vapors. Deposition was carried
out on crystalline silicon substrates (1-0-0). The width of sub-
strates was kept within 38 ± 1.5 mm, close to the tube’s inner
diameter, while their length varied from 100 to 200 mm. Pyrolysis
of gases at 850 �C led to the deposition of carbon nanotubes on the
surface of the Si wafers. The gaseous output at the tube end was
introduced into a fume hood where it was burnt under an open
flame burner before being introduced to the environment. This
step is important for a forthcoming industrial application since it
allows to efficiently get rid of polycyclic aromatic hydrocarbons
(PAHs), such as naphthalene and phenanthrene, produced during
the deposition [38]. While this study does not claim to have over-
come the environmental concerns of the CVD process, which are
mainly the discharge of greenhouse gases such as methane and
toxic compounds such as benzene [39], to the authors’ knowledge,
this is the first CNT growth reactor to implement a purification/
reduction of the output gases. It was thereafter also possible to
maintain a constant deposition rate within the reactor by control-
ling the evaporation rate of the precursors so as to keep an even
flame length, downstream. Typical growth times ranged from 45
to 90 min and growth was terminated by stopping precursor evap-
oration and switching off the furnace. Upon cooling to room tem-
perature, a considerable deposit of MWCNTs was found on the
substrates and thinner deposits of MWCNTs were found on the in-
ner walls of the quartz tube. The net height of as-grown material
(excluding the silicon wafer thickness) ranged between 1.5 and
2.5 mm depending on deposition time. Given a constant feed sys-
tem, it appears that no particular limitation hinders production
of thicker mats. The optimal growth rate observed was 0.7 lm s�1

for a 2.3 mm high mat. CNT mats were separated from the silicon
substrates with the help of a razor blade for further examination,
processing and testing.

As verified by temperature measurements performed indepen-
dently using an industrial K-type thermocouple probe, tempera-
ture remained constant within the central 550 mm of the total
heated length of the tube, which was 750 mm (temperature distri-
bution depicted in Fig. 1). Additionally, by running consecutive
depositions while changing the wafer location along the tube, it
was observed that growth was maximum within the central
350 mm of the uniform temperature region. The effect can be
attributed to laminar flow characteristics acting locally to form a
zone of optimal deposition conditions (Zone II, Fig. 1). Deposition
was much less in the remaining two zones at the entry and exit
of the furnace (Zones I and III, Fig. 1), probably a result of not fully
developed and turbulent flows, respectively.

2.2. Production of nanocomposites

The matrix material chosen for impregnating the grown mats
was the industrial Epikote™ 828LVEL/Epikure F205 resin system
(Resolution Europe BV, the Netherlands). We selected this popular
among the composite community thermosetting resin for its viscos-
ity, good mechanical properties and chemical resistance in the cured
state, as well as its ease of handling. Epikote™ 828LVEL is a medium
viscosity epoxy resin, produced from bisphenol A and epichlorohy-
drin and contains no diluent. At 25 �C, its viscosity ranges from 10.0
to 12.0 Pa s while its density is 1.16 kg/l [40]. Epikure F205 is a low
viscosity, modified cycloaliphatic amine curing agent with a viscos-
ity of 0.5–0.7 Pa s and a density of 1.04 kg/l at 25 �C [41].

A plausible method to impregnate the as-deposited material
with epoxy resin avoiding the complexity and side effects of chem-
ical functionalization of CNTs, was sought. Several unsuccessful at-
tempts to impregnate the mats with the uncured matrix, including
vacuum-assisted infusion under 9 bars of pressure in autoclave
environment, proved the material to be highly unfriendly with
the target matrix. An investigation of the wettability of the mats
in different solvents, eventually proved that the highly hydropho-
bic as-grown material was particularly friendly to one specific sol-
vent: acetone [42]. Mats floated on acetone would absorb the
liquid and sink while releasing entrapped air in an effervescent
manner. The established acetone-friendly characteristic was
important because acetone is also a good solvent for the uncured
epoxy resin. Thereafter, blocks of CNT mats were wet in acetone-
thinned solutions of 10%, 30% and 50% b.w. of uncured epoxy that
was prepared by mixing the curing agent and resin in a 58:100
weight ratio [40,41]. Prior to soaking, the mats were rinsed with
an acetone flow to remove all excess carbon particles and surface
debris. The mats were left to soak in the epoxy solutions for 1 h;
all effervescing activity appeared to cease already after approxi-
mately 30 min into soaking. The mats were subsequently cured



Fig. 2. Typical dimensions of as-grown product used for the production of the
nanocomposite mats.

Fig. 1. Experimental setup for CVD growth of CNTs with simultaneous feed of carbon and catalyst precursors.
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to the resin-specific cycle into a vacuum oven (Gallenkamp, Leices-
tershire UK); the cycle included a curing step at 80 �C for 2 h fol-
lowed by post-curing at 130 �C for 1 h [40,41]. Upon cooling to
room temperature, the impregnated mats were stiff enough to be
straightforwardly cut into any right shape with a sectioning saw.

2.3. Specimens and testing

Compression specimens were prepared by cutting the impreg-
nated mats into rectangular parallelepipeds of cross sectional areas
of 15–20 mm2 using a diamond wafering blade (Diamond Blade,
Medium Grit, Medium Concentration, Ted Pella Inc., California,
USA) on a low-speed precision sectioning saw (Buehler Isomet
Low Speed Saw, Buehler Ltd., Illinois, USA). The height of the
resulting composite plates remained equal to the as-grown value,
1.5–2.5 mm. Similar specimens were also prepared for the pristine
material by sectioning the pure CNT mats with a razor blade. The
cross sectional area of the latter specimens was approximately
25 mm2.

To establish the compressive behavior of the matrix material
independently, samples of pure epoxy were prepared by casting
a 58:100 weight mixture of Epikure agent and Epikote resin in a
Teflon assemblage providing an internal block volume of
20 � 20 � 30 mm3. Vacuum was used to compact the mixture for
a period of 15 min. The system was then cured to the resin-specific
cycle, following a procedure identical to the impregnated mats.
Pure resin slices of cross sectional areas of 75–85 mm2 and heights
of 2.3–2.4 mm (comparable to the composite mats) were cut from
the block using the aforementioned sectioning equipment.

Specimens of pure resin, as-grown MWCNT mats and epoxy-
impregnated nanocomposite mats were tested in compression in
an Instron

�
5900 Electromechanical testing frame (Instron Indus-

trial Products, Pennsylvania, USA) equipped with a 100 kN load
cell. Testing was performed in cross-head displacement control
with a strain rate of 0.1 min�1.
3. Results and discussion

After separation from the silicon substrate, the as-grown
MWCNT mats were self-standing and of macroscopic dimensions;
a typical block of the pristine material is presented in Fig. 2. The
microstructure of the mats was investigated by SEM. As seen in
Fig. 3, growth of MWCNTs followed a predominant vertically ori-
ented pattern (Fig. 3a) coupled with a certain degree of inter-CNT
entanglement prominent in higher magnifications (Fig. 3b). This
branching is responsible not only for the free-standing integrity of
the mat, but also for its potential, under certain conditions, to be
drawn and twist-spun into CNT yarns [43]. The diameters of
MWCNTs in the as-grown material ranged from 30 to 70 nm
whereas the density of the mats was calculated at 0.35 g cm�3. This
value is higher than what has been previously established with sim-
ilar experimental setups [44]. On the other hand, the obtained value
is lower than the bibliographically reported range for MWCNTs,
2.3–2.6 g cm�3 [45], an observation suggesting an openly-packed
material. The actual pore structure of the as-deposited mats was
analyzed in a PoreMaster

�
60 mercury porosimeter (Quantachrome

Instruments, Florida, USA). The results (Fig. 4) were fitted with a
trimodal log-normal distribution function (dashed-line). It was
observed that 88% of the pores ranged around a mean value of
0.4 lm with a standard deviation of 0.34 lm while 9% and 3% of
the pores were found at 17 lm and 170 lm respectively. Hence,
in the major part of the volume, the distance between tubes of a
mean diameter of 50 nm, is equal to 8 tube diameters. This finding
is compatible with the morphology pictured in Fig. 3b and indicates
that the MWCNTs were fairly isolated throughout the volume of the
mat. We believe that this is important in view of (a) the well-
documented difficulty of other methods to achieve similar CNT
homogeneity and (b) of the uniformity required in the target com-
posite system. It should be stressed that the CVD synthesis process
does not allow the formation of agglomerations (a situation usually
encountered in nanotube mixing techniques) as each nanotube



Fig. 3. SEM micrographs of the as-grown MWCNT mat. (a) Low magnification
image demonstrating the dominant vertical arrangement of CNTs, and (b) branch-
ing observed between individual MWCNTs at higher magnifications.

Fig. 4. Results of porosimetry measurements in the as-growth MWCNT mats.

Fig. 5. SEM micrographs of sections of nanocomposite mats soaked in different
concentrations of Epikote/Epikure epoxy showing the degree of resin coverage (a)
10%, (b) 30% and (c) 50% epoxy.
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grows separately in the vertical direction. The void fraction of the
material was also established by porosimetry to be 0.73.

The void space coverage efficiency of the epoxy was examined
under SEM by observation of cross-sections of composite mats
soaked into solutions of varying resin concentration. Fig. 5a–c, dem-
onstrates the topology of mats soaked in 10%, 30% and 50% b.w.
solutions, respectively. In the thinner 10% and 30% solutions, epoxy
was uniformly dispersed throughout the volume of the material and
mixed well with the CNTs, forming, where available, well-defined
menisci between CNTs (Fig. 5a and b). However, it only provided
partial coverage of the void space. As established by porosimetry,
complete void coverage was achieved with the 50% by weight epoxy
solution (Fig. 5c). Fig. 5 also demonstrates that the vertical orienta-
tion of CNTs in the mat remained unaffected by the interaction with
the polymer and the thermal curing procedure. It appeared that
epoxy interacted naturally with the acetone-soaked CNTs, a finding
that contradicts a documented tendency of CNTs to aggregate in the
presence of polymeric media [15].

The compressive behavior of the vertically-aligned-MWCNT/
epoxy composites was compared to their as-grown counterparts.
The calculation of stress for the pristine material took into account
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the 0.27 CNT volume fraction obtained by porosimetry, whereas
composite stress was calculated based on the total specimen cross
section. The typical stress–strain behavior of pristine and compos-
ite mats is presented in Fig. 6a by the dashed and straight lines
respectively, while the response of pure epoxy specimens is repre-
sented by a dotted line. The mechanical response of all three mate-
rials was consistent with the triple regime behavior (elastic/
instable/plastic) expected by conventional mechanics for compres-
sion of identical beams entrapped between two parallel horizontal
plates [44]. Therein, the elastic regime endures for axial loads up to
the critical Eulerian buckling load for the beams, at which point
elastic instability occurs, giving rise to a plastic contribution. The
Euler load – hence also the stress of the beams – remains practi-
cally constant throughout the instability regime, which endures
until the compaction mechanism commences, at the onset of the
first nanotube fracture. This final regime is related with very steep
stress–strain behavior, comparable to that of single tubes.

Instability in the epoxy resin occurred at ca. 12% strain – at
which point the material had evidently failed – while compaction
at ca. 50% strain. The corresponding values for the pristine and
composite mats were identified in the plot of the first derivative
of stress with respect to strain (Fig. 6b). It was thereby observed
that both pristine and composite mats did not exhibit elastic insta-
bility up to 35% strain while nanotube fracture became significant
at 75% and 60% strain for the pristine and composite materials
respectively. By comparison it was noted that plasticity appears
in the epoxy composite at three times higher strain than in the
pure resin itself. Identifying the value of stress on the onset of com-
Fig. 6. Compressive behavior of as-grown and nanocomposite mats, as well as of
the epoxy matrix. (a) Stress–strain curve, and (b) differential curve for damage
regime allocation.
paction as the materials’ strength for the given test configuration,
we obtain values of 425 MPa and 1600 MPa for the as-grown and
composite mats respectively. This 4-fold increase in strength indi-
cates reinforcement.

The post mortem condition of the pristine and composite mats
was examined by SEM and is shown in Figs. 7 and 8, respectively.
As seen in Fig. 7a, the failed as-grown mats, which macroscopically
appeared pulverized, were in a highly disorganized state consisting
of randomly oriented short fragments of carbon nanotubes. The
average intact length of the nanotubes was measured at 100–
800 nm, while in many cases a carbon core was visible protruding
around failed outer graphitic walls (Fig. 7b). The smallest core
diameter was measured at ca. 8 nm. The post mortem appearance
of the composites was impressive: contrary to the pristine mate-
rial, the epoxy-filled mats retained their integrity up to 95% strain
and were macroscopically self-standing after unloading at the end
of the test. SEM imaging of the failed composite specimens re-
vealed that extensive buckling of blocks of nanotubes had occurred
during testing (Fig. 8a) and that cracks had formed and propagated
perpendicular to the loading direction (Fig. 8a and b). The type of
crack propagation, without crack deflection or delamination at
the nanotube–matrix interphase, was compatible with a brittle
material behavior and a strong CNT–epoxy bonding.

The pure polymer showed a typical linear behavior up to 12%
strain, consistent with a modulus of 1.2 GPa and a failure strength
of 90 MPa. The as-grown CNT mats exhibited quite low Young’s
moduli of ca. 80 MPa, which are considerably higher than previously
Fig. 7. SEM images of as-grown CNT mats failed under compression. (a) Low
magnification image illustrating the randomly oriented tubes in the pulverized
mass and (b) high magnification image illustrating typical intact length of tubes and
CNT cores (indicated by arrows) protruding around failed graphitic walls.



Fig. 8. SEM images of the thickness direction of failed composite mats. (a) Cracks
formation normal to the loading direction and extensive buckling and (b) crack face
separation during unloading.
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quoted values of 0.25 MPa [46] and 4.5 MPa [47] for similar materi-
als under compression. The corresponding modulus for the compos-
ite mat was 1.5 GPa, approximately 25% higher than the pure
polymer modulus and 1800% higher than the as-grown mats’ mod-
ulus. To comprehend the elastic performance of the mats under
compression, we consider first a fundamental buckling model con-
sisting of an array of identical, vertically-aligned beams of length L
and elastic modulus E, compressed under constant stress between
two parallel horizontal plates. The compressive modulus Ecompr of
this system can be approximated [46], for low strains, as:

Ecompr ¼
p2EI

8AL2 ð1Þ

where A is the average cross-sectional area of one tube and I the
tube’s area moment of inertia calculated as I ¼ pðD4 � d2Þ=64 where
D and d are the tube’s outer and inner diameter, respectively. Insert-
ing two extreme values of E established for CVD-grown MWCNTs,
12 GPa and 50 GPa [48], the mean outer and inner diameters of
D = 50 nm and d = 8 nm measured herein by SEM, Ecompr is found
to range between 0.6 and 2.7 Pa for a 2 mm-high mat. The estab-
lished range is four orders of magnitude lower than the as-grown
dry mats and six orders of magnitude less than the experimentally
measured composite modulus. Hence it is clear that the above anal-
ysis yields values much lower than both the values of as-grown dry
CNT mats in air but also the impregnated (composite) CNT mats. The
reason for that is that in both cases significant stress transfer occurs
which provides resistance to bending and buckling, therefore, the
column buckling analysis is not appropriate. For example, in the case
of the as-grown dry CNT mats the stress transfer occurs by the
mechanical contact between CNTs (Fig. 3b) similar to entanglements
between adjacent chains in polymers, whereas in the case of the
impregnated mats, stress transfer and additional resistance to buck-
ling is provided by the intervening polymer matrix. Schadler et al.
have also discussed the relation between nanotube buckling and
composite stiffness [49].

For the case of the composite mats, it is worth considering the
conventional rule-of-mixtures using a nanotube volume fraction
of Vf = 0.27:

Ecomposite ¼ UEMWCNT Vf þ Emð1� Vf Þ ð2Þ

where as mentioned earlier, EMWCNT = 12–50 GPa, Em = 1.2 GPa and
U is the efficiency parameter that accounts for partial reinforce-
ment due to discontinuous length of fibers and misorientation
vis-à-vis the stress direction [50]. Using Eq. (2) and assuming
U = 1, a composite modulus in the range of 4–14 GPa is calculated.
The experimental value corresponds to 10–38% of the calculated
modulus which indicates that U < 1. Given our previous findings
of (a) fairly isolated filler dispersion and (b) low void content in
the matrix, then the deviation from the conventional rule-of-mix-
tures (U = 1) should be mainly due to CNT misalignment and the
short length of the individual nanotubes. Other parameters that
can affect the value of U are the interface strength and the presence
of residual stresses [51]. Evidence has already been provided that
the fabrication procedure mentioned earlier can ensure minimal
residual stresses in the composite and that the interface is of rea-
sonable strength as very limited pull-out is observed (see Fig. 5).
However it is worth adding here that the interface strength is par-
ticularly important in compression as it affects significantly the
buckling resistance of the composite. One way to increase the rein-
forcement efficiency index, U, of CNT forests is to modify chemi-
cally the CNT mat so as to reduce the effective length required for
reinforcement. Possible routes for oxidative treatment of nanotubes
is either washing the as grown mat with an acidic solution [52] or
by prior plasma treatment. Both methods are currently in progress
and will be reported in a future publication.
4. Conclusions

Millimeter-thick mats of vertically-aligned multiwall carbon
nanotubes were grown via the thermal CVD route on silicon
substrates in a tubular reactor with simultaneous feed of the cata-
lyst-ferrocene, and carbon precursor-camphor, an environmen-
tally-friendly product complying with the principles of Green
Chemistry. The gaseous output of the reactor, containing PAHs,
was purified by full oxidation under open flame before being re-
leased to the environment. A viable method for impregnating whole
blocks of the highly hydrophobic as-grown material with epoxy
resin was established by soaking the mats into acetone solutions
of the uncured polymer. The soaked mats were cured to the resin-
specific cycle to produce the final composite mats. The porosity of
the as-deposited material was measured at 73% while the amount
of void space decreased with increasing epoxy concentration in
the soaking solution. SEM imaging indicated that CNTs did not
aggregate in the presence of the epoxy, which appeared to diffuse
naturally among the nanotubes. The morphology of the mats and
vertical alignment of the tubes was retained in cured specimens.
In accordance with theoretical predictions, a triple-regime mechan-
ical behavior including elastic behavior, instability and compaction
was observed for the as-grown and composite mats as well as the
pure epoxy. The classical column buckling theory was not found
appropriate to explain the experimental results that were ap-
proached satisfactorily through a rule-of-mixtures analysis. The
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findings of 20-fold increase in Young’s modulus and 4-fold increase
in the strength of the composite with respect to the as-grown case,
clearly indicated the effect of reinforcement in compression for the
MWCNT/epoxy mats studied here.
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