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There are documented advantages to using carbon nanotubes (CN'Ts) in composites for various property enhancements. However,
to date, only limited studies have been conducted on using of longer CNTs over 1 mm in length. This study used long multiwalled
carbon nanotubes (LMWCNTs) and their longer extended networks to test multiple properties in thermal conductivity, electrical
conductivity, mechanical strength, and modulus and then compared these properties to those of shorter multi-walled carbon
nanotubes (SMWCNTs). For carbon fiber-reinforced composites, the longer graphite paths from LMWCNTs in the matrix were
expected to improve all properties. The longer networks were expected to allow for more undisturbed phonon transportation to
improve thermal conductivity. This in turn relates to improved electrical conductivity and better mechanical properties. However,
results have shown that the LMWCNTs do not improve or decrease thermal conductivity, whereas the shorter MWCNTs provide
mixed results. LMWCNTs did show improvements in electrical, mechanical, and physical properties, but compared to shorter
MWCNTs, the results in other certain properties varied. This perplexing outcome resides in the functioning of the networks made

by both the LMWCNTS and shorter MWCNT.

1. Introduction

The addition of carbon nanotubes (CNTs) to improve vari-
ous mechanical and electrical properties in fiber-reinforced
composites has undergone numerous studies [1-6]. A great
deal of research has been published on the thermal conduc-
tivity improvements of CNT/polymer-based composites [7—
12]. However, very few studies have been conducted to show
the thermal conductivity characteristics of fiber-reinforced
composites with CNTs enhancements [13]. All studies were
done with the use of single-walled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWCNTs)
of lengths ranging from 10nm to 80 uym [8, 11, 13] when
length dimensions were provided. One study showed the
delamination toughness of what they state is long multi-
walled carbon nanotubes [14] with a maximum length of
80 um. To date, however, no studies have shown the thermal

conductivity, electrical conductivity, and mechanical prop-
erties of millimeters-long multiwalled carbon nanotubes
(LMWCNTS) in fiber-reinforced composites.

This study tests the LMWCNTs versus shorter multi-
walled carbon nanotubes (SMWCNTSs) at a range of 0.5 wt%
to 10.0 wt%. This is one of the first introductions of ex-
tremely high loadings of CNTs in polymer composites. The
limiting factor to having high loading additives in viscous
resins is the dispersion quality. One method to overcome
the thick viscosity of epoxy resins is using solvents to dilute
the mixture to use high-speed shear mixing with blades. The
disadvantage to this process is removing the solvent 100%
and not, ultimately, affecting the resin composition. Using
alternative shear mixers without solvents has been discovered
in this study and results in uniform dispersion to accomplish
high CNT-loaded composites. The LMWCNTs used are
from Nanotech Labs CVD grown to 2mm in length and
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FiGURre 2: Comparison of LMWCNTs (a) and SMWCNTS (b) introduced in fiber-reinforced composite.

compare them to 1 micron length high-purity MWCNTs
from Bayer. Figure 1 shows SEM images confirming the
length of LMWCNTSs up to 1.5 mm.

Using LMWCNT and SMWCNT in composites would be
to overcome the primary weakness of low thermal conductiv-
ity in the matrix of fiber-reinforced composites. Studies have
been conducted to improve the thermal characteristics of
polymers with the additives of CNTs or other nanoparticles
and fillers [15, 16]. The interlaminar interface in composite
structures is a resin-rich layer. Improving the thermal per-
formance of the interlaminar interface would increase the
through-thickness thermal conductivity. Prior works for
enhancing the interlaminar conductivity through the use of
nanostructuring have shown good results using carbon black
[17].

Phonon thermal conductivity is the principal mechanism
of heat transfer that is responsible for thermal conductivity of
composite materials [18, 19]. Phonon transport is known as
phonon-phonon scattering or normal scattering [18]. Ther-
mal conductivity benefits from normal scattering. Having
a continuous conductive path that is free of defects and

disruptions with the molecular structure that is crystalline-
like, such as metal or graphite lattice, would promote an
effective and efficient means of producing high thermal
conductivity in composites [18-22]. The polymers’ non-
crystalline structure hinders the normal scattering [23].

One of the studies investigates if the use of LMWCNTSs
would provide longer network paths for more phonon
transportation using the superior graphite lattice of the
nanotube to overcome the polymer’s scattering effects.
Figure2 is a representation of the LMWCNT in fiber-
reinforced composite compared to shorter MWCNTs. The
improved, longer networks should minimize the defects
and disruptions the phonons encounter and reduce the
resistance along the heat flow path. The electrical con-
ductivity should also benefit from these principles as its
conductivity is dictated by electron transportation [18]. With
long networks, the electrons should travel with less resistance
throughout the composite. Along with the thermal and
electrical performance of the composite with LMWCNTs, the
mechanical properties should benefit as well. It is expected
that the LMWCNT will outperform SMWCNT.
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FIGURE 3: SEM of LMWCNT multiscale composite for (a) 0.5 wt%, (b) 1.0 wt%, (c) 5.0 wt%, and (d) 10.0 wt%.

2. Experiment

2.1. Fabrication. LMWCNTs and SMWCNTs were intro-
duced into fiber-reinforced composites by creating a highly
loaded nanotube epoxy mixture. The epoxy/nanotube mix-
ture (Epon 862 and Nanotech Labs LMWCNTs) was made
using Exakt triple roller mills for shear mixing. Four
MWCNT concentrations were mixed at 0.5wt%, 1.0 wt%,
5.0 wt%, and 10 wt%. The shear mixing process had 3 con-
trollable parameters to produce uniform mixtures: time span
of mixing, gap size between the rollers, and speed of the
rollers. As the gap size decreased to 5um and the speed
increased, the MWCNT clumps broke down resulting in
higher shearing of the material. The length of time the
material underwent the process ensured a uniform mixture.
The MWCNTs/Epon 862 mixture was then incorporated
into IM7 carbon fabric for composite fabrication. The
fabrication of the composite was performed as a 4-layer
hand-layup process using compression molding for curing.
The curing cycle was at 177°C for 4 hours. A 55% volume
fraction of fiber was achieved for each sample using the
controlled molding process. Five, 50 X 50 X 1 mm sample
panels of each CNT concentration were made in which
sample pieces were cut from for characterization testing.

2.2. Quality Test. SEM imaging was used to visually identify
uniformity of the MWCNTs/Epon 862 mixture in the
composite. Figures 3 and 4 show the SEM image results

for the LMWCNTs and SMWCNTs multiscale composites,
respectively. The LMWCNTs could be identified at lower
magnifications up to x2,500, whereas the SMWCNTs
required at least x60,000 for 0.5wt% and 1.0wt%. At
%20,000 magnification, the SMWCNTs could be identified
for 5.0wt% and 10 wt%. The images show random CNT
orientation and good uniformity of the mixture.

Between the C-Scan and SEM tests, the composites for
both LMWCNTs and SMWCNTs showed little or no defects
and had a uniformity in material that made for reliable
testing and analysis. Samples were polished on the surface
to remove any roughness and underwent a sonication bath at
15 minute intervals to clean any debris that might affect any
test results.

3. Results

3.1. Thermal Characterization. Samples were cut into 10 X
10 mm squares for thermal diffusivity testing using Netzsch
LFA 457 MicroFlash system. Netzsch LFA 457 uses a laser
flash method for absolute diffusivity measurement results.
Each sample was tested with a reference sample using Pyrex
7740 for specific heat (C,) calculation using the LFA 457.
Due to the samples’ anisotropic nature, using DSC would
not reveal reliable specific heat results. The LFA 457 can test
the thermal diffusivity while simultaneously extrapolating
the C;, measurement of the unknown samples. Gathering the
diffusivity («) results and the measured density (p) and C,,
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F1GURE 4: SEM of SMWCNTs multiscale composite for (a) 0.5 wt%, (b) 1.0 wt%, (c) 5.0 wt%, and (d) 10.0 wt%.

the thermal conductivity (K) of the samples was calculated
using (1). Figures 5 and 6 show the thermal conductivity
results for both types of samples taking the average of 6
separate tests:

K=a-p-C, (1)

The results of the LMWCNT samples were other than
what was expected. It was thought that the thermal con-
ductivity values would increase with increased LMWCNT
loading. Only the samples with 10wt% loading had a
clear advantage. The other samples were approximately the
same thermal conductance at each temperature range. The
SMWCNT samples had an inverse effect compared to the
LMWCNT samples but have a clear definition at which
loading performs better. Thermal conductivity at 0.5 wt%
of SMWCNTs was superior to all samples. As the loading
increased, the thermal conductivity values decreased below
that of the neat sample. Thermally conductive materials
typically have high diffusivity and specific heat values. It was
expected that the multiscale composites would show higher
values across all loading levels compared to the neat sample.
Table 1 shows an excerpt of the specific heat and thermal dif-
fusivity of both samples. The thermal conductivity, therefore,
showed no improvements. Only the results of the 10.0 wt%
sample showed marginal improvements. This could be due
to the induced loading.

The thermal conductivity results for LMWCNT and
SMWCNT have altered perception of the thermal behavior
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FIGURE 5: LMWCNT multiscale composite thermal conductivity.

expected in multiscale composites. The idea to add high
conductive additives to composites to increase performance
must now consider several factors: the size of the material,
loading, and possible material structure and orientation
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TaBLE 1: Thermal diffusivity and specific heat values of LMWNT and SMWNT samples.

LMWNT SMWNT
o Cp o Cp
0.5wt% 0.662 0.863 0.695 0.851
25°C 1.0 wt% 0.642 0.882 0.622 0.811
5.0 wt% 0.641 0.885 0.618 0.786
10.0 wt% 0.528 1.277 0.490 0.943
0.5wt% 0.648 1.014 0.674 0.982
50°C 1.0 wt% 0.625 1.045 0.608 0.955
5.0 wt% 0.617 1.034 0.606 0.859
10.0 wt% 0.493 1.456 0.476 1.052
0.5wt% 0.615 1.120 0.638 1.246
100°C 1.0 wt% 0.592 1.156 0.575 1.209
5.0 wt% 0.582 1.136 0.572 1.014
10.0 wt% 0.464 1.614 0.444 1.199
0.5wt% 0.537 1.465 0.557 1.513
200°C 1.0 wt% 0.516 1.547 0.502 1.495
5.0 wt% 0.504 1.475 0.497 1.405
10.0 wt% 0.387 2.276 0.371 1.720
1.6 7 revealed that packed loadings of CNTs of high heat con-
1.5 ° ° ductance behaved as thermal insulators [25]. This discovery
4] ® . ¢ is largely contributed to the multiple contact resistance or
X . junctions of the CNTs that create interference effects on the
= 7 ° N " transport of phonons [25].
S 121 ° . . Bt Phonons can be impeded by position and vibration of
E 114 o @ " v v atoms in neighboring planes [26]. This would be a possible
2 L] ® ¥ v explanation of the interference effects on the transport of
v . . . . .
g s 7 phonons. With increased loading, there is more packing
= 097 m, M of MWCNTs where the scattering effects of the phonons
§ 084 “v v in each MWCNTs disrupt the harmonic frequency of the
= 0.7 - M neighboring phonon transportation in adjacent MWCN'Ts.
06 ] The diffused thermal conduction is also compounded by
‘ a well-known point that energy transfer between CNTs is
0S+——————— T T T affected by the interfacial resistance with the surrounding
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Figure 6: SMWCNT multiscale composite thermal conductivity.

in the composite. What is understood is that chemical
composition of polymers will independently dictate the
thermal conductivity. Low thermal excitation of polymers
along the molecular chain could possibly be accounted for
by diffusion of vibrational energy between atoms that relate
to thermal transport [24]. Other factors must be present of
the unchanging and lowering of thermal conductivity values
in the composite samples.

A research group [25] looked at the thermal conductivity
effects of carbon nanotube (CNT) networks. The study

polymer [19]. Similarly, a major thermal resistance factor
when dealing with multiscale composites is the thermal
boundary resistance. The thermal boundary resistance is the
increased heat resistance at the interface of two different
materials [24, 26]. As heat is applied to the system, the
heat passes through the carbon fiber region with minimal
decrease in conductivity. The moment the heat propagation
reaches the boundary into the resin, a major heat loss occurs.
Materials made with mismatched properties in phonon
velocity, specific heat, and density show a more significant
reduction in thermal conduction than with materials made
with substituent parts of similar properties [19, 24, 27].
There are many contributing factors that play a role
into the thermal effects observed from the LMWCNTs and
SMWCNTSs multiscale composites. In the case of the LMWC-
NTs, it is possible that the long networks snake around in
multiple directions that could divert the paths other than
the through-thickness direction as desired. Another theory
is that the length of LMWCNTs does not create a ballistic



6
2 -

1.8 1
E 6] /
2 ]
g 144
2
:; 1.2 1 §
E 1 1 /
19
=1
= 0.8
3
= 0.6 1
2
3 0.4
=

024 4

0 T T T T T T T T T T T
0 2 4 6 8 10
Weight fraction (%)
—m— LMWNT
-o— SMWNT

Figure 7: Electrical conductivity of LMWCNT and SMWCNT
multiscale composite.

effect of phonons dispersing heat energy [19, 27] where the
SMWCNTs at low loadings would. These results are some of
the first to be seen at high loadings of carbon nanotubes in a
multiscale composite.

3.2. Electrical Characterization. With the enhancement of
LMWCNTs and SMWCNTs into the carbon fiber-reinforced
system, the interlaminar regions were expected to increase
the overall electrical properties of the composite. Improve-
ments in the resistivity were evident when electrical con-
ductivity tests using the 2-probe test were performed.
Figure 7 shows the improved electrical conductivity through
the thickness of the composites as the LMWCNTs and
SMWCNTs loading increased.

The trend in the electrical resistance was outstanding
relative to the thermal conductivity indifference. It was
thought that the behavior of either the thermal or electrical
properties would show a parallel behavior for the other; how-
ever, this was not the case. The difference in characteristics
between thermal and electrical properties is that the electrical
conductance is not disrupted by the multiple contact points
or junctions or disrupted by the proximity of other MWCNTs
[25]. These junctions were not dependent on the coupling
strength between multiple MWCNTs [25, 28]. The electrical
conductivity had a strong relationship to the number of
junctions made in the composite [29]. The increase in weight
fraction of LMWCNTs and SMWCNTS created more contact
points, decreasing the distance electrons need to tunnel
through the polymer, effectively improving the electrical
performance [26, 28-31]. This also demonstrates that more
electron tunneling occurred. The phenomena of tunneling
overcame the contact resistance that thermal transport
encounters. For thermal transport, these resistances and
the multiple scattering effects created major barriers. The
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electrical performance can be greatly impacted when the
system has low thermal conductivity as the samples did [28].

3.3. Mechanical Characterization. Figures 8 and 9 show the
average of five tests of the flexural modulus and strength
using a Shimadzu AGS-J microtensile tester. The testing
showed mixed result where some samples performed better
in modulus and others did better in strength. In another
study, a similar outcome in flexural modulus was observed
where the initial loadings of CNTs acted as defects, but as
the loading increased, the modulus outperformed the neat
sample [32]. Itis hard to compare how well LMWCNTS really
performed in relation to shorter MWCNTs. In one study,
with 1.0 wt% of MWCNTS in a glass fiber system, modulus
and strength improved [33]. A study using T650 and 862
resin system with 1.0 wt% of MWCNTs resulted in decreased
modulus and strength [34].

The LMWCNT multiscale composite had little or no
effect in resisting deformation as the flexural strength shows.
The modulus would suggest that low loadings outperformed
higher loadings. This is reasonable considering that with
higher loadings the stiffness of the sample would increase.
However, in the SMWCNT multiscale composite, the values
of both strength and modulus spiked at 10.0 wt%. This
phenomenon was entirely unexpected. The Shimadzu was
recalibrated, and fresh SMWCNT samples were tested again
to validate the results with the same affect. Between the
5.0 wt% and 10.0 wt% loading range, the strength and mod-
ulus might be increasing. There was no literature published
that could provide a valid explanation on the reasoning of
the observed results for SMWCNT multiscale composites.
Opverall, the performance did follow the original theory that
LMWCNTs and SMWCNTs would improve the mechanical
performance. However, the LMWCNT samples did not show
a clear advantage over the SMWCNT samples.

4, Conclusion

The uses of LMWCNTs in composites have yielded unique
results. The expectation that the longer network paths of
the LMWCNTs would provide better thermal performance
at high loadings was proven false. Instead, they functioned
more like insulators due to various interference effects and
contact and boundary resistances on phonon transportation.
Only did LMWCNT samples at 10 wt% showed a visible
advantage. The SMWCNTs samples experienced degrading
thermal conductivity by this same reasoning. However, the
LMWCNTS’ network proved to be exceptional on the elec-
trical performance contributed by the increased junctions
made in the polymer system with the carbon fibers compared
to the SMWCNT multiscale composites. Additionally, the
conditions for improving the electrical properties were
promoted by the insulating factor the MWCNTSs provided.
The mechanical properties also benefitted from the use
of LMWCNTs and SMWCNTs. It could be said that the
SMWCNTs showed better performance with a unique value
at 10 wt% without a plausible reasoning.

The research work with different MWCNT sizes and
loading levels in fiber-reinforced composites has opened a
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new outlook on the expectation of physical performance
in multiscale composites. Much has to be explored in the
relationship of nanoscale materials in combination of macro-
and microscale systems. LMWCNTs, at this point, do not
significantly advance conventional composite’s performance
over SMWCNTs.
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