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ABSTRACT
High volume fraction aligned carbon nanotube (CNT) nanocomposite specimens are
fabricated using mechanical densification of CNT forests and capillarity-induced wetting of
the forests with several thermoset polymers. Such nanocomposites approach the ideal
morphology of collimated aligned fiber systems used in aerospace composites, and have long
been expected to exhibit substantial engineering property improvements over existing
systems. Polymers used are unmodified and include two aerospace-grade complex
thermosets and a UV-curing thermoset used in microfabrication. Mechanical densification of
the CNT forests prior to polymer introduction results in uniform nanocomposites. High
volume fraction (to ~20%) CNT forests are effectively wet by the thermosets studied.
Modulus, hardness, and electrical resistivity are characterized as a function of volume
fraction for one of the epoxy systems. Multifunctional properties (modulus, hardness, and
electrical conductivity) of the nanocomposites are strongly influenced by CNT volume
fraction. Such specimens can be used to explore nano-scale interaction effects such as CNTCNT contact effects on thermal and electrical conductivities.
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Young´s modulus of sample in nanoindentation
Young´s modulus of indenter in nanoindentation
Reduced modulus in nanoindentation
Hardness
Volume fraction
Resistivity
Poisson’s ratio of sample in nanoindentation
Poisson’s ratio of indenter in nanoindentation

I. Introduction

DVANCED composites utilizing aligned carbon nanotubes (CNTs) in various morphologies are being
developed targeting enhanced laminate-level multifunctional properties. Since their identification [1,2], CNTs
have been envisioned as a constituent in various applications due to their numerous and attractive multifunctional
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(i.e., mechanical and nonmechanical) properties. At small scales, and for defect-free CNTs, many of their
mechanical properties are unrivaled by any other material, especially when the properties are normalized to density,
(e.g., specific stiffness, modulus over density, E/, making them an attractive material for aerospace applications.
The most common approach to realize the attractive properties of CNTs is the combination of CNTs and polymers
to create polymer nanocomposites (PNCs). However, it has proven difficult to produce nanocomposites that take full
advantage of CNT properties at engineering-relevant length scales due to synthesis/fabrication issues. Hybrid
systems, or ‘nano-engineered composites’, employing aligned-CNTs arranged within existing advanced fibers and
matrices have been developed (see Figure 1) [3-5]. In this case, the aligned-CNT polymeric nanocomposite is part of
a larger microstructural description of the hybrid nano-engineered composite laminate. The representative volume
element (RVE) shown in Figure 1 is the subject of this paper, and it is studied experimentally as a function of
aligned-CNT volume fraction.
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Figure 1. Illustration of aligned-CNTs in a nano-engineered composite indicating the representative volume
element (RVE) of an aligned-CNT PNC [0-0]. CNT alignment and spacing in the RVE are idealized.
Similar to existing advanced composites, the ideal PNC has high volume fraction (Vf) of aligned, continuous,
high-quality CNTs homogeneously dispersed in a surrounding matrix with no voids (i.e., the composite is simply
aligned-CNTs and matrix). In advanced composite materials (e.g., carbon fiber reinforced plastics, CFRP), high
fiber volume fraction allows the properties of the advanced fibers to dominate the composite properties, while the
matrix provides support (e.g., from buckling under shear or compression), protection, and a path for load-sharing
between the fibers. The ideal nanocomposite morphology likely looks similar, with the CNTs replacing the microndiameter fibers as the reinforcement. The effect of CNT alignment on nanocomposite mechanical properties is
significant (220% vs. <100%) [6]. Typical Vf’s for CNTs dispersed in polymers are only a few % and dispersion of
the CNTs is difficult to achieve [7-8]. In this paper, we discuss a densification platform that allows the production of
high volume fraction aligned-CNT/polymer nanocomposites by mechanical densification of forests of alignedCNTs. Our process allows mm-scale specimens of near-ideal morphology nanocomposites to be fabricated: alignedCNT PNCs with ultra-high (approaching practical and theoretical limits) CNT volume fraction (to ~20%). The
examples in Figure 2 show various volume fractions of aligned-CNT forests before wetting with a polymer, and the
example in Figure 3 shows ideal morphology nanocomposites. Using the densification platform, variable-Vf
CNT/polymer nanocomposite specimens are fabricated and subjected to multifunctional characterizations. Results of
the fabrication studies, as well as the multifunctional testing of PNCs with the ideal morphology are discussed.
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Figure 2. Collage illustrating mechanical densification of aligned-CNT forests for subsequent wetting by
polymers to form aligned-CNT PNCs. A 1 cm2 as-grown CNT forest at 1% Vf is shown in the first row. Scale
bars are 500 m, 10 m, and 20 m, respectively.

Figure 3. Ideal morphology nancomposite with aerospace-grade thermoset (VRM34) polymer matrix: SEM
of a high (22%) Vf NC after machining. Scale bar is 500 m.
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II. Experimental Methods
In this section, the procedures and details of materials are provided, focusing on aligned-CNT PNC fabrication
and characterization by mechanical and electrical testing.
A. Aligned-CNT Polymer Nanocomposite Fabrication
Fabrication of aligned-CNT PNCs relies on a simple overall process: (1) Multi-walled CNTs (MWCNTs) of
~8nm diameter are grown using chemical vapor deposition and processes developed at MIT [9,10] using an
alumina/Fe catalyst system and ethylene carbon source. Self-aligned-CNT forests of ~1% volume fraction (~80 nm
spacing between CNTs) are grown at atmospheric pressure at rates exceeding 2 m/s to heights between 0.5 and 1
mm for this study. (2) The CNT forest is then delaminated using mechanical means (a laboratory razor blade) to
achieve a freestanding aligned-CNT film. The CNT forests/films are coherent structures that have finite stiffness due
to the self-aligned-CNT entanglement during growth. (3) Biaxial mechanical densification is used to densify the asgrown forests and allows volume fraction to be controlled from 1-20%. (4) The CNT forest is placed on a z-stage
using SEM tape and immersed in a pool of polymer at the temperatures indicated in Table 1. The polymers are
drawn up into the aligned-CNT forest via capillary action [11], a strong mechanism noted in earlier work to fabricate
micron-scale nanocomposites for compression testing [6]. (5) The polymer-impregnated CNT forest is removed
from the z-stage, cured as given in Table 1, and then diesawed prior to inspection via optical and scanning-electron
microscopy. The overall process for fabrication and inspection is provided in Figure 4, and polymers studied are
shown in Table 1.

Figure 4. Overall process for fabricating aligned-CNT polymer nanocomposites (PNCs).
Table 1. Properties of epoxies used in this study.

Epoxy

Supplier

Typical Application

Epoxy
Temperature
for Wetting

Viscosity at
Wetting
Temp.

VRM34

Hexcel

Aerospace Composite

90oC

12 cP

RTM6

Hexcel

Aerospace Composite

90oC

33 cP

SU-8 2002

MicroChem

Microfabrication

65o C

8 cP

SU-8 2010
SU-8 2015
SU-8 2025

MicroChem
MicroChem
Microchem

Microfabrication
Microfabrication
Microfabrication

65o C
65o C
65o C

450 cP
1500 cP
2300 cP

Cure Cycle
1 hour under 160o C
3 hours under 180o C
1 hour under 160o C
3 hours under 180o C
Pre-bake: 60oC for 5 min
UV light exposure for 1 min
Pos-Bake: 90oC for 5 min
Hard bake: 130oC for 30 min
Same as SU-8 2002
Same as SU-8 2002
Same as SU-8 2002

Note that two nanoscale particle exposure studies [12, 13] have been completed related to working with the
aligned-CNT forests and composites handled in the manner described herein.
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B. Characterization
The aligned-CNT PNC morphology is evaluated using optical and scanning-electron microscopy (SEM). SEM
predominately utilizes a JEOL 5910 and also a Philips XL 30, having resolutions of 1 μm and 50 nm, respectively.
Volume fraction for all samples is assessed by volumetric considerations. As-grown forests have an aligned-CNT Vf
of 1%, and after biaxial densification, sample size is used to calculate the new Vf.
C. Nanoindentation
Modulus and hardness of the PNCs along the CNT axis were inferred using standard nanoindentation testing.
Samples were prepared as described above, and the surface was polished with progressively finer sandpaper to a
roughness of less than 0.3 m (determined by SEM). The tests were performed using a Nanotest 600
nanomechanical testing system (Micro Materials, UK) [14]. The nanoindenter monitors and records the load and
displacement of the indenter with a force resolution of ~100 nN and displacement resolution of ~0.1 nm. Tests are
performed inside the nanoindenter’s thermally insulated environmental chamber at room temperature of 25 ± 0.5 ºC
and relative humidity of 45 ± 2% on pure polymer, and PNC specimens of various volume fractions. The
mechanical properties of the epoxy resin are highly dependent on the rate of testing [15], therefore, in order to be
able to compare the results obtained for the unreinforced epoxy matrix and the nanocomposites, the test’s parameters
were held constant. A complete description of standard nanoindentation techniques is given by Bhushan and Li [16,
17]. Multiple indentation tests were applied over the surface of each sample. The samples (~500 m in height) were
mounted on an aluminium stub and indented to ~34 m. The unloading load-displacement curves are analyzed to
determine hardness and modulus using the Oliver-Pharr theory [18] with the projected area imaged under SEM as
seen in the examples in Figure 5.

Figure 5. SEM imaging of nanoindented samples (VRM34, 6.6% Vf): (left) set of indents; (right) set of indents
with measurements used to calculate indentation area. Scale bars are 200 m and 100 m, respectively.
D. Electrical Resistance Testing
DC resistance along the CNT axis is measured for the PNC specimens of various volume fractions. Aluminum
plates (1 mm thick) are used as electrodes for the multimeter measurements, and the contact force on the plates is
varied with a micrometer to ensure that good contact is made between the plates and the specimen. As the force on
the plates from the micrometer increases, resistance decreases to a steady-state value at displacements approaching
50-100 microns. Sample dimensions are then used to calculate resistivity. The PNC sample dimensions were 300600 µm high, and 1-4 mm wide.
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III. Results and Discussion
Results are presented here for fabrication, mechanical, and electrical testing of the aligned-CNT PNCs. VRM34
resin was studied most extensively including modulus, hardness, and resistivity testing at various volume fractions
and is the focus of the discussion herein.
A. Fabrication and Characterization
As discussed previously, in contrast to the lack of work on aligned-CNT PNCs, there is an extensive literature on
non-ideal morphologies, centered on discontinuous, unaligned-CNTs at low Vf in polymer matrices. Three recent
reviews survey the extant work on nanocomposites and identify the challenges [19-21]. The nanocomposite reviews
are consistent with earlier literature (including other, older reviews [22-24]) and indicate that the PNCs studied here
closely approximate the ideal morphology that has not been studied experimentally. Others have obtained high
volume fraction aligned-CNT forests (dry) using solvent-induced densification of CNT forests [25,26]. In that
method, a solvent is introduced and the capillary action from solvent evaporation densifies the CNT forests. This
chemical densification method has not been reported for making nanocomposites, and our work indicates that it is
not feasible to make well-controlled PNCs using chemical densification because of the cells formed in the forest
when it is densified in this way. Mechanical densification is more controlled, allowing volume fraction to be
continuously varied, and it can be managed so that cells (voids in a composite) are not formed over mm-scale
dimensions.
It is difficult to image the CNTs inside the polymer using SEM. The smooth and insulating nature of the epoxy
makes SEM visualization extremely difficult as has been found by numerous researchers. Improved SEM utilizing
fracture surfaces, and TEM imaging (prepared with focused-ion-beam machining) of samples fabricated with an
improved process have confirmed both CNT alignment and volume fraction within the PNCs [27]. An observed
trend is that matrix-rich regions can form in the CNT forest during wetting. This is hypothesized to be a result of the
contraction of the forest when the polymer first enters the CNT forest, contracting it somewhat, that is resisted at the
top of the CNT forest because it is attached to the z-stage. At higher volume fractions, the matrix-rich regions
diminish (see example trend in Figure 6). In the refined process recently developed, matrix-rich regions have been
effectively eliminated by allowing the CNT forest to be wet by polymers while unattached to a z-stage and/or under
slight mechanical compression.

Figure 6. SEM images of a uniaxially-densified aligned-CNT PNC (VRM34 epoxy) at several Vf’s. Scale bars
are 500 m, 200 m, and 100 m, respectively.
All epoxies in Table 1 were found to wet, via capillary action, the entire height (0.5 – 1 mm) of the CNT forests
to form PNCs, even at high volume fraction (~20%) for the aerospace-grade epoxies. This result was somewhat
surprising because at 20% Vf of CNTs, the inter-CNT spacing is on average 20-30 nm. This spacing is on the order
of polymer chain characteristic lengths and is therefore in the range (10-100 nm [28]) where the polymer should be
affected significantly by the presence of the CNTs. In an effort to explore morphology (packing, crystallization)
changes of the polymer due to the small inter-CNT spacing, X-ray scattering studies were undertaken on a small set
of polymers to explore any differences between the neat resin and the resin cured in the presence of the alignedCNTs. X-ray scattering can provide information about the alignment and distribution of CNTs [29] and can also be
6
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used in wide-angle mode (WAXS) to discern polymer morphology characteristics. It is beyond the scope of this
paper to discuss the details of the WAXS theory and interpretation. However, the interpretation of the initial data is
helpful to understand the degree to which CNTs are potentially affecting the structure (morphology) and therefore
the properties of the polymer in the aligned-CNT PNC. VRM34 and RTM6 were studied in neat form and as PNCs
at 4%, 1%, and 2% Vf via WAXS. Analysis of these results indicates that there is no evidence of polymer
morphology change due to the presence of the CNTs [27]. This is a preliminary result, and recommendations to
expand upon these findings are given in the Conclusions section.
B. Nanoindentation
Nanoindentation is used to extract hardness and also modulus information from VRM34 aligned-CNT PNCs at
four CNT volume fractions (0%, 6.6%, 14.6%, and 16.6%). The nanoindentation procedures are as given above, and
for each specimen at least 8 indents are performed to obtain averages. An example set of raw loading curves is given
in Figure 7. A general trend that is observed is that higher CNT volume fractions generated less scatter in the
reduced data, perhaps indicating that higher volume fraction samples displayed less effect of the CNT/polymer
heterogeneity than at low volume fractions. A noted issue with nanoindentation of aligned-CNT PNCs into the ends
of the CNTs is the likely spreading of the CNTs by the sharp indenter. Compression testing, either nanocompression
or microcompression, should be explored in parallel with nanoindentation to study this effect.

Figure 7. Nanoindentation loading curves for CNT/VRM34 aligned-CNT PNC.
Indentation and nanoindentation are generally accepted approaches for determining hardness (H) of a material.
Hardness is obtained using the straightforward Vickers Hardness reduction involving the applied maximum force
and the measured area of indentation (see Figure 5). Hardness is plotted vs. volume fraction in Figure 8, and there is
no clear trend. The datapoint at 6.6% Vf has a lower hardness than even the pure resin. This CNT forest was
uniaxially densified whereas the higher Vf forests were biaxially densified, so the results for hardness and also
reduced modulus should be considered with this in mind. Modulus is obtained using the Oliver-Pharr theory and the
unloading portion of the nanoindentation curve to obtain the reduced modulus (Er). The reduced modulus is related
to the specimen modulus through:
Vol. 1 | No. 1 | October. 2009 | www.JNST.org
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1 1  2 1  i2


E
Ei
Er

(1)

where E is the modulus of the sample,  is the Poisson’s ratio normal to loading of the sample, Ei is the indenter
modulus, and  i is the indenter Poisson’s ration normal to loading. The indenter is diamond with Ei = 1141 GPa and
i = 0.07,  is taken as 0.3 due to the matrix (polymer) dominated response in this direction. The specimen Poisson’s
ratio would be expected to change as a function of Vf, but that effect is not considered in the data reduction herein.
The specimen modulus is plotted vs. Vf in Figure 8. There is an increasing trend of modulus with Vf, although the
datapoint at Vf = 6.6% needs to be discounted due to the uniaxial densification issue noted earlier. These initial
results demonstrate some promise of nanoindentation to measure the hardness and modulus of aligned-CNT
reinforced PNCs, but clearly more work is required due to the small available dataset. The modulus is noted to
increase substantially due to the addition of the aligned-CNTs, increasing from ~5 GPa to nearly 15 GPa at 17% Vf.
Note that the neat resin modulus compares favorably to the manufacturer stated flexural modulus of 4.9 GPa.

Figure 8. Hardness (H) and modulus (E) from nanoindentation testing of aligned-CNT PNCs using VRM34
epoxy as a function of volume fraction.

C. Electrical Resistance
Resistance of aligned-CNT PNCs is measured following the procedures described above, and then reduced to
resistivity () using the specimen dimensions. A detailed investigation was carried out for the VRM34 resin over a
range of Vf’s up to ~9% (uniaxially densified), and the results are presented in Figure 9. It is expected that the PNCs
should be conducting (due to the conducting nature of the MWCNTs because the CNTs are continuous from top to
bottom in the conduction path. There is a clear trend of significantly decreased resistivity due to the CNTs, with the
epoxy (0% Vf not plotted so as to visualize the conductive data) resistance registering as an open circuit (highly
insulating) on the multimeter. Conductivity increase due to the presence of unaligned-CNTs in polymers is welldocumented [30], but the authors are only aware of one study with aligned-CNT PNC electrical resistivity data [31].
In that study, the authors fabricated PNCs with polydimethylsiloxane (PDMS), a viscoelastic polymer, and observed
a trend similar to that in Figure 8. Future work with the aligned-CNT PNCs will focus on comparing transport
properties (electrical and thermal) along the CNT axis and transverse to it, where significant anisotropy is expected.
Nano-engineered composites (see Figure 1) have demonstrated significantly enhanced conductivity due to the
presence of aligned-CNTs grown on the surface of fibers in both DC and AC electrical testing [31-34]. Significant
modeling needs to be undertaken to bridge the understanding of CNT electrical transport behavior to nanoengineered composite effective properties, likely through the study and modeling of aligned-CNT PNC RVEs (see
Figure 1).

IV. Conclusions & Recommendations
Mechanical densification to achieve effective wetting and alignment of high-volume fraction CNT/polymer
nanocomposites has been presented. Such composites are of interest for various applications and comprise
representative volume elements of three-dimensional CNT-reinforced nano-engineered composites under
development. Ultra-high volume fraction aligned and continuous-CNT nanocomposites may have tremendous
8
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potential for numerous applications. Nanocomposites at the scale currently demonstrated are of interest in
applications where good electrical and/or thermal conductivities are required. The mechanical densification method
presented here is an early version, and has been recently improved. As presented in the Results section, wetting is
effective to ~20% CNT volume fraction for the unmodified (no solvents added) aerospace-grade thermosets.
Preliminary characterization via wide-angle X-ray scattering for three thermosets indicates no morphology change
due the presence of the aligned-CNTs. Mechanical properties of these nanocomposites (their Young´s modulus in
particular) increase with higher Vf’s of CNTs. Conductivity enhancement of several orders of magnitude is noted
when CNTs are introduced into the polymer with conductivity increasing as a function of CNT Vf.

Figure 9. Resistivity trend with Vf for aligned-CNT PNC (VRM34 epoxy) along the CNT axis.
Future research will focus on finding an upper limit of CNT volume fraction that can be wet by a given polymer
and correlated to governing physical properties such as contact angle and viscosity. The preliminary results
presented in this paper show clear trends with volume fraction, but further multifunctional (i.e., mechanical,
electrical, thermal) tests are needed on improved specimens to fully characterize the high-Vf PNC materials,
particularly fracture and strength properties for structural applications. The mm-scale nanocomposite specimens
should provide an effective experimental platform for studying topics such as CNT functionalization, polymer
modification, other processing effects such as microwave bonding, non-isotropic physical behavior (such as stiffness
along the CNT axes vs. transverse to it), the effects of CNT-CNT interactions (touching) on transport properties, and
the effects of very closely spaced CNTs on morphology changes of various polymer matrices including
thermoplastics.
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