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Sheets of aligned multi-walled carbon nanotubes (AMWCNTS) were used to study the
structural annealing of pyrolytic carbon (PyC) coatings with various thicknesses on
MWCNTs. PyC was deposited using chemical vapor infiltration and the thickness was con-
trolled via the infiltration time. Structural annealing of the PyC coated AMWCNT
(AMWCNTY/C) sheets at 2150 ‘C provided different results for different thickness coatings.
Transmission electron microscopy images showed that the carbon deposited from acety-
lene formed laminar PyC coatings, resembling rough tube walls, on the CNT surfaces. Fol-
lowing the high temperature heat treatment, coatings from short PyC deposition times
changed their structure, resulting in radial growth of the MWCNTSs. Raman and X-ray dif-
fraction measurements also revealed that the radially grown MWCNTs had graphitic qual-
ity very close to pristine nanotubes after annealing. Electrical conductivity of AMWCNT/C
sheets after high temperature heat treatment was twice that of pristine AMWCNT sheets.
The focus of this study was to determine the PyC coating thickness at which a rough PyC
coating would no longer change its structure into new CNT walls. The samples treated
longer than 30 min had much more disordered PyC deposited on the surface and the addi-
tional material did not form additional tube walls after thermal annealing.

© 2014 Elsevier Ltd. All rights reserved.

the ability to retain high performance in non-oxidizing atmo-
spheres to temperatures of approximately 3000°C [1-3].

1. Introduction

Carbon/carbon (C/C) composites are often produced by chem-
ical vapor infiltration (CVI) of carbon source gases into fiber
preforms. While CVI of carbon fiber structures has been the
industrial standard, there is a growing interest in infiltrating
CNT structures and characterizing the resulting morphology.
CNT/carbon (CNT/C) composites are attractive as advanced,
high-performance materials due to their potential combina-
tion of outstanding mechanical, thermal, and electrical prop-
erties, low density and coefficient of thermal expansion, and
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Applications of C/C composites in the aerospace and defense
industries include aircraft brakes [4], rocket nozzles, re-entry
vehicles, nose cones [5-7|, engine components, protection
tubes and high temperature fasteners [1]. While the above
applications are currently filled by traditional carbon fiber C/
C composites, CNT/C composites may eventually provide
superior properties.

CNTs have been applied in C/C composites as a secondary
reinforcement material to obtain better properties [8-15].
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Newer studies, however, utilize CNTs as the main filler mate-
rial using a combination of chemical vapor deposition (CVD)
and CVI to prepare CNT/C composites. Fabrication of CNT/C
composites via CVI has been accomplished using multiple
routes. Gong et al. [16,17] fabricated aligned CNT/C compos-
ites by CVI of pyrolytic carbon (PyC) on an CNT preforms
and studied the morphology and microstructure of deposited
PyC along with thermal and electrical properties of the com-
posite. A similar aligned CNT/C composite was fabricated in a
simultaneous process by combining CVD and CVI processes
in one step [18]. Other than aligned CNT structures, CNT/C
composites have also been fabricated using isotropic pre-
compressed blocks of multi-walled carbon nanotubes
(MWCNTS) [19].

Despite the increasing number of studies focusing on the
mechanisms and morphology of PyC deposition on CNTs,
there is a lack of understanding in the graphitization mecha-
nism of CNT/C composites fabricated through CVI of PyC into
CNT structures. Work exploring the influence of CNTs on
graphitization of the carbon matrix has been instead mainly
limited to CNT/C fabrication through polymer infiltration
and pyrolysis. Separate studies performed by Tzeng et al.
[20] and Lanticse-Diaz et al. [21] showed that CNTs can induce
stress graphitization in resin-derived carbon matrices such as
glass like carbon, which is known to be a non-graphitizing
carbon. This work focuses on the changes in the structure
and morphology of PyC coatings deposited onto AMWCNT
sheets when samples were structurally annealed at high tem-
perature. An understanding of the relationship between PyC
coating thickness and morphology after high temperature
annealing will be significant for those wanting to produce
highly graphitic CNT/C composites.

2. Experimental

2.1. Synthesis of MWCNTs

Vertically aligned CNT arrays were fabricated using a modified
version of the chlorine mediated chemical vapor deposition
route [22]. The modified procedure is detailed in previous
work [23]. In short, the arrays were grown on a quartz sub-
strate in a tube furnace at 760 °C with acetylene as the carbon
precursor and FeCl, (anhydrous 99.5% VWR) as the catalyst.
The process gases consisted of acetylene (600 sccm), argon
(395 scem) and chlorine (5 sccm). Growth pressure was main-
tained at 3 Torr. After 15 min of growth, the system was
allowed to cool to room temperature while purging with
argon. The resulting arrays were ~2mm tall containing
MWCNTs with an average diameter ~29+8nm. The as-
grown arrays were easily drawn into AMWCNT sheets.

After cleaning the furnace tube, the as-grown arrays were
reloaded inside the tube furnace and underwent a chlorine
treatment at 760 °C for 15 min while the pressure of the sys-
tem was maintained at 3 Torr. High temperature chlorine
treatments are known to purify CNTs of iron catalyst impurity
[24]. Iron quickly reacts with chlorine at high temperatures to
produce FeCl, which then vaporizes and leaves the process
tube. After the chlorine treatment, energy dispersive X-ray
spectroscopy showed that the iron level decreased from 1.5

to 0.53 wt%. Any iron remaining after the chlorine treatment
was thought to reside inside of the CNTs. For this study it was
important to remove as much iron as possible to avoid possi-
ble secondary reactions, to ensure that it would not influence
the final morphology of the heat treated carbon structures.

2.2.  AMWCNT/C composite fabrication

The concept of dry, continuous drawing of CNTs for fabrica-
tion of yarns [25-28] and AMWCNT sheets [29-32] is now quite
common. This technique was used to produce the AMWCNT/
C structures in this work. To minimize potential variability
that naturally comes from batch CNT growth, all of the sam-
ples utilized in this study were produced from arrays from a
single growth run. Fig. 1 shows a schematic of the processing
of the AMWCNT/C sheets. First, single layer AMWCNT sheets
were wrapped around multiple graphite frames for further
processing. Single layer AMWCNT sheets were used in the
first set of experiments to ensure maximum carbon deposi-
tion uniformity. The single sheets had a thickness of approx-
imately 20 um with a very low density (0.002 g/cm?). This
significantly reduced the potential of PyC coating variation
due to diffusion length of the carbon source gases. In the next
step, the AMWCNT wrapped graphite frames were placed
inside the tube furnace and PyC was deposited on them using
CVI, with acetylene as carbon source. Samples were heated in
vacuum and once the temperature reached 800 °C, acetylene
was released into the system at a flow rate of 600 sccm while
pressure was maintained at 30 Torr for the desired deposition
time (0, 10, 20, 30, 40 or 80 min). These samples are referred to
as pristine, 10_C, 20_C, 30_C, 40_C and 80_C, respectively.

A portion of the PyC coated AMWCNT sheet was removed
from each sample for analysis. The remaining portions of the
samples were further heat treated in a high temperature fur-
nace (RED DEVIL vacuum furnace WEBB 124) at 2150 °C (max-
imum furnace temperature) for five hours in an argon
atmosphere. The supplied argon had an initial purity of
99.999%. An in-line Concoa 580-1600 series oxygen/H,O trap
was also used to further reduce the concentration of oxidizing
gases. This trap is capable of reducing the oxygen contentin a
gas stream to less than 15 ppb. The heat treated samples were
labeled and referred to as pristine_G, 10_G, 20_G, 30_G, 40_G
and 80_G after heat treatment. Fig. 2 shows the steps taken
to make the AMWCNTY/C sheets.

M_._

MWCNT array Single sheet of
Graphitized AMWCNT PyC
_ PyC coating Z coating
MWCNT MWCNT
C—
After high temperature AMWCNT/C
heat treatment composite

Fig. 1 - Schematic of a single sheet AMWCNT/C composite
going through the multiple processing steps.
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Fig. 2 - Procedure for AMWCNT/C composite sheet fabrication. (A) A single sheet of AMWCNT wrapped around a graphite
frame. (B) AMWCNT wrapped graphite frames placed vertically onto a crucible holder inside the furnace for CVI of PyC. (C)
Single sheets of AMWCNTY/C after PyC deposition. (D) Dry drawing of thicker, multi-layer AMWCNT sheets.

These single sheet AMWCNT/C structures were used for
Transmission Electron Microscopy (TEM) and Raman studies.
Thicker samples were needed for X-ray diffraction (XRD),
Thermogravimetric analysis (TGA) and electrical property
analysis to increase accuracy of the measurements. To make
thicker structures, the AMWCNT sheets were drawn from the
array and continuously collected around two parallel glass
rods rotating at 13 rpm. After 8 min of winding, the resulting
multi-layer AMWCNT sheet was ~3 mm thick. These thick
sheets were then separated from the glass rods using a razor
and were placed inside the CVI furnace for PyC coating of 0, 30
or 80 min. This was followed by high temperature heat treat-
ment of the samples. The conditions for PyC coating and heat
treatment were the same as for the single layer AMWCNT/C
sheets.

2.3. Characterization

Density values were calculated using the physical dimensions
of the samples obtained by a calibrated scale bar in a stereo
microscope, and the mass of the samples measured with an
analytical balance with readability to 0.1 mg. After calculating
the density of the pristine samples, they were PyC treated and
the density was recalculated. The same samples were then
heat treated and the density was recalculated again. Using
the same samples throughout each step of the process
allowed us to compare densities after each step without hav-
ing a large number of samples.

TEM images were obtained using a JEOL 2000FX TEM oper-
ating at 200 kV. The TEM samples were prepared by dispersing
a small amount of the AMWCNTY/C sheet in chloroform using
sonication. Following sonication, a droplet of the dispersion
was deposited on a carbon mesh TEM grid and allowed to

dry. To calculate the average diameter and diameter
distribution, 100 measurements were taken from TEM images
for each sample using Image] software. A Renishaw 2000
Raman microscope with a laser wavelength of 514 nm
(50 x magnification) was used to analyze the quality of each
structure. The single layer AMWCNT/C sheets were mounted
to a microscope slide prior to spectrum acquisition and at
least five spectra were obtained in different locations across
each sample.

Diffraction experiments were performed on a PANalytical
Empyrean diffractometer with a 7-circle goniometer configu-
ration, using a Cu Ko source with a wavelength, / = 1.5406 A. A
continuous, coupled scan (20—w) was taken for each sample
for 20 =20-60°. As mentioned earlier, thicker samples were
fabricated for X-ray, TGA and electrical property measure-
ments. However, due to the low density of thick sheets and
the interaction depth limitation, the signal strength for
X-ray measurements was lower than expected. To increase
signal intensity, samples were compressed and densified by
infiltrating dilute epoxy solution and further curing the
composite under pressure. A piece of quartz filter paper was
placed under the composite before curing to absorb excess
resin solution. The background for the amorphous epoxy
and quartz was measured and subtracted from the final spec-
tra for each sample. Samples were placed so that nanotubes
were aligned parallel to the sample stage.

TGA experiments were conducted on a Perkin Elmer Pyris
1 TGA, where 5-10 mg of each sample was heated at a rate of
20°C/min in air to 900°C. Electrical properties of the
AMWCNT/C sheets were measured using a four probe resis-
tance measurement system. The samples were placed onto
a glass plate across four parallel gold line electrodes. A square
shaped piece of glass along with a 500 g weight was placed on
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top of the sample to ensure consistent contact between
sample and all four gold electrodes during resistance
measurements.

3. Results and discussion

Raman spectroscopy was used to compare the structure of
arrays before and after the chlorine treatment. Generally,
the G peak (centered around 1580 cm™" in SWNT) originates
from the perfect graphite crystal structure while D peak
(centered around 1350 cm™! in SWNT) originates from the
defects in the structure [33]. The integrated intensity ratio
of disordered to graphitic carbon (R = Ip/Ig) was used to eval-
uate the defect density of carbon materials [34]. After the
chlorine treatment, the average R changed from 0.45 to
0.41 indicating a slight improvement in the quality of the
MWCNT arrays. Raman spectra of the arrays collected before
and after chlorine treatment are provided in the Supporting
information.

Table 1 shows the variation in average CNT diameter with
PyC deposition time. CNT diameter increased significantly
with increasing CVI time. The thickness of the PyC layer (half
of the difference between diameter of PyC coated CNTs and
pristine CNT diameter) increased from 3 nm after 10 min
PyC deposition to 34 nm after 80 min PyC deposition. The
diameter distribution of coated CNTs also broadened as depo-
sition time increased. The use of a single layer CNT sheet
ruled out the possibility of deposition variation due to a diffu-
sion length limitation. The reason for a larger diameter distri-
bution for longer PyC coating times is not understood at this
time.

Fig. 3 shows density variation with different PyC coating
times, before and after high temperature heat treatment. Pris-
tine sheets of AMWCNTSs (0 min carbon treatment time) are
very low density structures with apparent density of
~0.002 g/cm?®. After 30 and 80 min of PyC deposition, apparent
density increased to 0.004 and 0.007 g/cm?® respectively. Den-
sity of the structures did not change significantly after high
temperature heat treatment. The outer dimensions of the
multi-layer AMWCNT sheet samples did not change after
PyC deposition or heat treatment. While the mass (and there-
fore density) of the PyC coated structures increased fairly lin-
early with coating time, the change in tube diameter did not.
The much larger tube diameters at the longest deposition
time were attributed to the decreasing level of structural
order and corresponding decreased local density of the outer-
most PyC layers.

Table 1 - Average CNT diameter for different PyC deposition
times.

Infiltration time (min) Avg CNT diameter (nm)

0 29+8
10 357
20 37+7
30 44 + 10
40 50 =12
80 97 + 16

0.009 4

0.008 -

0.007 A

0.006 -

0.005 -

0.004 4

Apparent Density (g/cm?)

0.003 A

[
0.002 4

—o—Before Heat treatment
0.001 4 —&— After Heat Treatment
0
0 10 20 30 40 50 60 70 80 90

PyC Coating Duration (minute)

Fig. 3 - Changes in the density of thick multi-layered
AMWCNTY/C sheets with different PyC coating durations.

While the CNT diameters were increased significantly, it
is unlikely that this increase (and subsequent narrowing of
the space between the CNTs) had an effect on the deposition
mechanism of the PyC as the deposition time increased.
Even the AMWCNTY/C sheet samples treated for the longest
time of 80 min had an aerogel-like density, with CNT pack-
ing density lower than even the as-grown CNT array. This
highly porous nature, where inter-tube spacing is hundreds
of nanometers [23], is conducive for gas diffusion through
the structure at the deposition pressure utilized in this
study.

3.1.  Morphology of AMWCNT/C composites

TEM images in Figs. 4 and 5 show the structures of samples
coated for 10, 20, 30, 40 and 80 min before and after heat
treatment. Generally, the deposited PyC exhibited two mor-
phologies, transitioning from rough laminar PyC deposited
on the surface of CNTs toward disordered carbon at the out-
ermost surface of the coating. While this is consistent with
previous reports [19,35], it is different from results reported
by Allouche et al. [36-38], where little to no difference in
the quality of PyC coating was observed in layers close to
the surface of fibers compared to those near the center. Fur-
ther comparison between these images in Figs. 4 and 5 show
that by increasing carbon treatment time and thickening the
PyC layer, the deposited layers became more disordered and
contained more curved carbon segments which resulted in
disinclination of parallel carbon layers and thus, the surface
of the coating layer became less smooth and less dense. One
of the possible reasons for this is further explored in
Section 3.3.

The PyC layer was also discontinuous in some areas across
the length of CNTs. Zheng et al. observed this as well and pro-
posed that this variation occurred because “some layers
stopped growing laterally due to the edges of graphenes were
blocked by the top layer” [35]. Another possible reason is that
at some points, the MWCNTSs within the sheet were touching
each other which would suppress PyC deposition in those
areas. Those CNTs would then become separated after
dispersion.
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5nm

Fig. 4 - TEM images of PyC coated CNTs before (left column) and after (right column) heat treatment for samples with 10 min

(A and B), 20 min (C and D) and 30 min (E and F) PyC coating.

Images of samples exposed to the heat treatment at
2150 °C for five hours showed fewer structural defects in the
walls and improved graphitic quality of both the CNT struc-
ture and the deposited PyC coating layer. For samples with
shorter carbon deposition times (10_G, 20_G and 30_G), the
PyC layer rearranged, resulting in a crystalline structure
where the coating and original tube walls could not be easily
differentiated in the TEM images. In contrast, images of 40_G
and 80_G samples showed that while the PyC layers deposited
closest to the original MWCNT developed a structure similar
to the CNT walls, carbon layers close to the surface exhibited

a more disordered PyC structure, and remained disordered
even after the heat treatment.

3.2.  Structure of AMWCNT/C sheets

Raman spectroscopy was used to analyze the graphitic struc-
ture of pristine and AMWCNTY/C sheets. Of particular interest
were the G peak and D peak, as they contribute to graphitic
and disordered carbon structures respectively. Each sample
was scanned at 5 different locations and the average R
(In/Ig) was calculated. As shown in Fig. 6, increasing the PyC
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Fig. 5 - TEM images of PyG coated CNTs before (left column) and after (right column) heat treatment for samples with 40 min

(A and B) and 80 min (C and D) PyC coating.

infiltration time increased the average value of R from 0.36 for
pristine AMWCNT sheet to 2.12 after 80 min PyC infiltration.
This indicates that thickening the AMWCNTs with PyC
increases the structural disorder. After heat treatment at
2150 °C, the average R for AMWCNT sheets with 10, 20 and
30 min PyC deposition all decreased to ~0.2. This average R
ratio was very close to that of the pristine AMWCNT sheet
after the same high temperature heat treatment (~0.17).
While the average R ratios of samples with longer PyC infiltra-
tion times (=40 min) also decreased after heat treatment, they
yielded higher ratios compared to PyC coated samples treated
for shorter times. In addition to the decrease in R ratio, a
smaller full width half maximum of both the G band and D
band was observed after high temperature heat treatment
of the samples. The decreased scattering after annealing indi-
cates a high level of CNT structural uniformity and has been
reported in previous studies of annealed CNTs [39,40]. Raman
spectra of pristine and PyC coated AMWCNT sheets before
and after annealing are provided in the Supporting informa-
tion. The Raman results support the results from TEM obser-
vations and show that there is a limit for the thickness of PyC
coating that allows for radial growth of graphitic CNT walls
after high temperature heat treatment. For the deposition
parameters used in this study, this limit was approximately
30 min, after which the additional deposited layer did not
reorganize to resemble tube walls and radially grow the

MWCNT structure. It is important to note that with different
deposition conditions, precursors or original CNT characteris-
tics, the structure of the deposited PyC will be different [41]
and thus the maximum thickness of PyC that can structurally
annealed into new tube walls may be different as well.

XRD spectra of pristine, AMWCNT/C, and heat treated
samples are shown in Fig. 7. Due to the parallel z-axis orien-
tation of the CNTs to the incident beam, the main visible fea-
tures are the 001 reflections at 002 (~26°). Based on the
position of the 002 peak, information about the average inter-
layer spacing, or d-spacing, can be calculated using the Bragg
equation, dooy = 4/2sinfo,. Additionally, the full width half
maximum (FWHM) of this peak can be used to calculate the
graphite stack size or crystallite size (L., using Scherrer’s
equation, L. = 4/fcosfuo, [42]. In these equations, 1 is the X-
ray wavelength, 0Opo, is the location of the 002 reflection,
and f is the FWHM of the 002 peak. The measured and calcu-
lated parameters for each sample are summarized in Table 2.

PyC deposited samples have larger d-spacings than pris-
tine CNTs. This indicates that the as-deposited material was
rough and poorly graphitized, which is confirmed in the
TEM images. The measurable increase in intensity of the
002 peak after heat treatment indicates improvement in the
interlayer graphitic structure due to removal of defects and
carbon atom rearrangement. Significant changes were mea-
sured in the stack size of graphite crystallites. L. for pristine
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Fig. 6 — Average R as a function of PyC coating duration
before (A) and after heat treatment (B).
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Fig. 7 - XRD spectra of pristine, PyC coated and heat treated
samples.

was 13.29 nm, and by dividing this number by the character-
istic d-spacing, the number of walls, n, was found to be 39.
L. increased after annealing sample 30_C due to the radial

growth of CNTs and the formation of additional walls, leading
to an increase in n from 39 to 45. L. did not continue to
increase for sample 80_G however, due to the inability to fully
graphitize the deposited PyC during structural annealing.
These findings are in agreement with TEM images and Raman
results. The decrease in L. and n for 30_C and 80_C and G
arises from the disordered structure so that the XRD parame-
ters cannot fully represent the structure of those samples [19].

Fig. 8 shows the TGA and derivative TGA curves of the
samples. Small mass loss was observed to occur between
200 and 400 °C which was due to the presence of amorphous
carbon. The relatively minute amount of mass loss that
occurred in this region for all samples (even those deposited
with PyC carbon) indicates that they were relatively free of
bulk amorphous carbon. The small loss could be attributed
to broken or incomplete surface layers of carbon, which
would be highly reactive with the oxygen in air. The average
onset temperature for AMWCNT sheets prior to heat treat-
ment was 625 °C. After high temperature heat treatment of
the samples, the average onset temperature was increased
to nearly 750 °C. Annealing healed some of the defects in
MWCNTs and PyC coatings, leaving a structure with greater
oxidative stability [43].

To support findings from TEM, Raman and XRD analysis,
the electrical conductivity of the AMWCNT/C sheets were
measured before and after high temperature heat treatment.
As shown in Table 3, conductivity of pristine AMWCNT sheets
increased from 2.03 to 4.1 S/cm after 80 min PyC treatment
with subsequent annealing. This increase was reasonable
due to the addition of electrically conductive material on
the original CNT structure of the same physical dimensions.
Some of PyC would be deposited at CNT junctions, reducing
the contact resistance between CNTs [19]. High temperature
heat treatment also improved the conductivity of all of the
samples. The results show that the largest increase in con-
ductivity before and after heat treatment was 60%, for the
composite with 30 mins PyC deposition. This supports Raman
and XRD data, corresponding well to the structural changes
identified in that sample. The 30-G sample had the largest
tube diameter and mass increases while still being graphi-
tized well during the high temperature heat treatment. Fur-
ther PyC deposition increased the mass and diameter of the
CNTs, however the inability for the additional layers to graph-
itize limited the increase in electrical conductivity after heat
treatment to 37%.

3.3. Effect of MWCNTs quality on the microstructure of
PyC coating

Results from TEM observations suggest that the ordered
structure of carbon atoms in the initial PyC coating layers
was induced by CNTs. Gong et al. [16,44] reported formation
of a highly-textured, rough laminar PyC coating on CNTs,
while a smooth laminar structure was formed on carbon
fibers. Here, to further study the effect of graphitic quality
of CNTs on the microstructure of deposited PyC, a single layer
sheet of pristine AMWCNT was first annealed at 2150 °C for
five hours and then coated with PyC for 40 mins. Fig. 9 shows
a TEM image of this sample (labeled G-40-C). A comparison
between this image and Fig. 5a (for sample 40-C) shows that
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Table 2 - Measured and calculated structural parameters of the different samples.

Sample 20 (degree) dooz (A) FWHM (degree) L. (nm) n

Pristine 26.1 3.412 0.7398 13.29 38.95
Pristine_G 26.16 3.403 0.7194 13.67 40.16
30_C 25.99 3.426 0.8855 11.09 32.37
30_G 25.97 3.428 0.6284 15.63 45.58
80_C 25.75 3.458 1.109 8.836 25.55
80_G 25.92 3.434 0.8333 11.78 34.30
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Fig. 8 - TGA curves (A) and derivative TGA curves (B) of
pristine and PyC coated samples.

Table 3 - Electrical conductivity of AMWCNT sheets with

different PyC coating times.

Sample Conductivity (S/cm) Percent increase (%)
Pristine 2.03 32
Pristine G = 2.67

30_C 2.47 60

30_G 3.98

80_C 2.98 37

80_G 4.10

despite having the same infiltration time of 40 min, the PyC
coating in G_40_C is more ordered and the outermost surface
is smoother. The CNTs with higher quality graphitic walls

10 nm

Fig. 9 - TEM images of 40 min PyC coating on a graphitized
pristine CNT.

induced the ordered structure in PyC coating layer over a
longer range, which may allow for a further increase in the
thickness of PyC that can be recrystallized on the surface of
the CNTs. These results also help to explain why the PyC
coating on the as-grown CNTs transitions from a rough lam-
inar carbon to disordered carbon as the coating thickness
increases. It appears that the quality of the PyC deposited dur-
ing this process depends of the surface quality of the under-
lying tube structure (pristine tube or one that has PyC
deposited on it). Future work may include a more detailed
study in this area.

4, Conclusions

Aligned multi-walled carbon nanotube/Carbon sheets were
prepared using AMWCNT sheets and CVI of PyC for different
time periods. Results showed that while annealing PyC coated
samples at 2150 °C for five hours will radially grow additional
walls on nanotubes, there is a limit to the thickness of PyC
coating layer that can be annealed into additional MWCNT
walls. Raman studies revealed that annealing MWCNT sheets
with shorter PyC coating times (up to 30 mins) graphitized the
coating layer to a large extent. Further thickening of the PyC
layer by increasing carbon infiltration time (to 40 and 80 mins)
did not yield a coating that resembled nanotube walls after
annealing. These results agreed with XRD findings which
showed that the average number of tube walls increased from
39, for pristine nanotubes, to 45 for samples coated with PyC
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for 30 mins and then annealed (30_G). The number of gra-
phitic walls did not continue to increase, however, for sam-
ples with longer carbon treatment times. TEM images and
electrical property measurements also supported the above
findings.
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