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Single walled carbon nanotubes~SWNT! produced by the anodic arc discharge over a range of
constant background pressures of helium~100–1000 Torr! were examined under a high-resolution
transmission electron microscope, and a Raman spectrometer. It was found that the average SWNT
diameter is about 2 nm and fairly independent of the background pressure. Analysis of the relative
purity of SWNTs samples suggests that highest SWNT relative concentration can be obtained at
background pressure of about 200–300 Torr. Measured anode ablation rate increases linearly with
background pressure. The model of the anodic arc discharge was developed. It was found that the
predicted anode ablation rate agrees well with experiment suggesting that electron temperature in
the anodic arc is about 0.5 eV. ©2004 American Institute of Physics.@DOI: 10.1063/1.1642737#

INTRODUCTION

Carbon nanotubes~or just nanotubes! are long tubular
chains of carbon molecules. They were discovered in
1991,1,2 and are produced from graphite carbon similar to the
‘‘lead’’ of a pencil. Nanotubes can be readily created from
several different production methods. The three most general
methods include production by laser,3–5 arc discharge,6–8 and
chemical vapor deposition~CVD!.9–11

Nanotubes are extremely light, remarkably strong yet
ductile, and electrically and thermally highly
conductive.12–15 These favorable physical properties lend
themselves to many potential industrial applications; func-
tional nanoscale machinery, microscale electronics, and rein-
forcement for materials. Nanotubes come in either multi-
walled nanotube ~MWNT! or single-walled nanotube
~SWNT! structures.16 Due to sliding between the walls,
MWNTs are not a suitable potential composite reinforce-
ment, and therefore SWNTs are preferred as the reinforcing
medium for nanotube composites.17,18Hard elastic thin films
of pure carbon can be created by depositing carbon nano-
tubes onto a substrate.19

Carbon nanotubes are also among the best emitters; they
can operate at a very large current density, as high as 4
A/cm2.20 In particular vertically aligned nanotubes have su-
perior field emission characteristics due to high aspect ratios,
resulting in large field enhancement factors.21,22 In this re-
spect a role of the background pressure on the nanotube char-
acteristics produced by CVD was studied.23

The mechanism of the formation and growth of the
nanotubes in arc discharge is a subject of some controversy
in the literature.24 Several models of the carbon nanotubes
growth were proposed such as the open-ended growth
model,25 growth from small carbon particles by an electro-
static force,26 and the two-step growth model.24 In order to
better understand the mechanism of carbon nanotubes
growth a detailed model of the arc discharge is required.

Previous studies have examined the efficiency of carbon
nanotubes as a reinforcing medium in epoxy based short-
fiber composites.17 The composite modulus for a weight frac-
tion of 5% was reported to be 3.21–4.21 GPa, i.e., an im-
provement of 3.6%–35.8% from the pure epoxy modulus.17

Other studies have utilized vapor-grown carbon fibers, which
include multiwall, single-wall, and carbon fibrils as
reinforcement.27 This has been done for weight fractions
ranging from 5% to 40% and 60%, giving a yield strength in
the range of 49–69 MPa~with a steady decline in strength as
higher weight fractions are introduced due to interface slid-
ing between matrix and fiber, and fibers inbetween!. Further-
more, the elastic modulus was found to increase from 100%
to 350% for weight fractions of 2% and 60%, respectively.
Ajayan et al.28 have produced carbon nanotube composite
pellets with a weight fraction of 5%, which revealed a slight
increase in composite modulus for the pellets under axial
tension and axial compression. However, no means were
used to fully disperse the carbon nanotubes within the
composite. Stephan et al.29 produced SWNT–
poly~methylmethacrylate! thin film composites for different
weight fractions in order to obtain information about the in-
teraction between the matrix and the SWNTs. Results indi-
cated that homogeneity was not completely obtained, which
was due to the fact that the SWNTs used were not pure.
Other studies30 have also indicated a twofold increase of the
modulus for weight fractions of less than 10% using purified
SWNTs.

Even though the arc-discharge method has been widely
used in nanotube production, the effect of chamber param-
eters on the yield and geometric properties~aspect ratio! of
nanotubes has not been considered. In particular, several
studies6–8 have used a range of chamber pressures to pro-
duce the nanotubes, yet the effect of a constant chamber
pressure on nanotube yield and nanotube aspect ratio have
not been investigated. From previous studies, it is known that
nanotubes can be produced using various production
methods.3–11 The range of pressures at which nanotubes can
be produced using the arc-discharge method has been deter-
mined to be 100–700 Torr.6–8 The pressure range at which
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abundant amounts of carbon nanotubes are produced has
been identified to be approximately 500–700 Torr. When
producing nanotubes in this pressure range, it has been em-
pirically determined that the yield of nanotubes was a maxi-
mum at a pressure of approximately 620 Torr.

The objective of this article is to experimentally study
the effect of chamber pressure~held constant during the pro-
duction! on the arc-discharge production of carbon nano-
tubes, and the characteristics of the nanotubes produced for
nanocomposites reinforcement. The characteristics consid-
ered are: quality, quantity, and type of nanotube produced as
a function of chamber conditions.

Nanotubes produced over a range of constant pressures
were examined under a high resolution transmission electron
microscope~HRTEM!, to determine their geometric charac-
teristics. Representative samples were further examined us-
ing Raman spectroscopy to determine the relative concentra-
tion of nanotubes within each sample. When examining the
nanotubes under HRTEM, the geometric properties empha-
sized were the aspect ratio~i.e., ratio of length to diameter of
the individual SWNTs!. The nanotubes produced by the arc-
discharge method are gathered in random bundles, making it
difficult to determine the specific lengths of the nanotubes.
Thus, since only the diameter of the nanotubes can be deter-
mined with the HRTEM, the smaller diameter nanotubes are
optimal, since if the length is assumed to be constant a
smaller diameter nanotube will lead to a larger aspect ratio.

The experimental details of the arc-discharge method of
production are described, followed by an explanation of the
preparation and examination procedures for the TEM, Ra-
man spectroscopy, and anode ablation. A model for the anode
ablation rate is introduced, with details of the model given in
the Appendix. Finally, a discussion of the experimental re-
sults and significant conclusions are given.

EXPERIMENTAL SETUP AND PROCEDURES

The arc-discharge facility consists of a stainless steel
flanged chamber that is capped at both ends~with an anode
endcap at the bottom and a cathode endcap at the top!, with
a linear drive connected to the bottom of the chamber acting
as the anode feed system~see Fig. 1 for a schematic and
photographic representation!. Two portholes on the vertical
sides of the chamber are connected to a digital pressure
transducer and a constant pressure control system~CPCS!,
respectively. The pressure transducer and the CPCS are fur-
thermore interconnected in order to generate a feedback loop
to maintain constant pressure. The generated arc between the
anode and cathode is sustained with a constant power supply
of 120 V dc at 78.50 A, using aLABVIEW feedback program
connected to the linear drive of the anode and the power
supply generating the arc. The anode and cathode are both
pure carbon rods, with the anode being hollow and the cath-
ode being solid. The cathode has a length and diameter of 1.5
and 0.5 in., respectively, while the anode has a length of 3
in., and an outer and inner diameter of 0.25 and 0.125 in.,
respectively.

The anode is packed with carbon powder and various
metal catalysts. Previous quanta sizing and microscope ex-

aminations of arc-discharge products for equal arc runtime
has revealed that the catalyst combination yielding the larg-
est amount of nanotubes was C:Y:Ni in a 13:1:4 at. % ratio.31

This ratio was thus utilized for all the carbon nanotube pro-
duction runs.

Using the production method described above, nanotube
samples were produced using constant specific background
pressures of helium ranging from 500 to 700 Torr, with 20
Torr increments. Furthermore, samples at 100 and 1000 Torr
were produced and examined in order to include extreme
pressures. The duration of each production run was 180 s,
with the actual production pressure being within a65 Torr
range of the target pressure.

Upon completion of each production run, the arc-
discharge facility was cooled to room temperature, and
samples were taken from ‘‘spiderwebs’’ of carbon nanotubes
hanging from the cathode to the cathode endcap@see Fig.
1~a!#. The majority ~;95%! of the carbon nanotubes were
deposited on the cathode endcap and the cathode itself as a 1
mm thick rubber-like layer. The rest~;5%! were deposited
on the chamber walls as a thin dust layer.

The samples produced were examined under HRTEM
using a JEOL-4000EX at the EMAL at the University of

FIG. 1. Schematic~a! and picture~b! of arc-discharge facility.
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Michigan. The digital TEM images taken of the two samples
per specific pressure~i.e., 26 samples total! were postpro-
cessed and the geometry of the nanotubes in the samples
were determined. From these examinations a plot of the
nanotube diameter versus chamber pressure was produced.
During the TEM examinations only SWNT was found in the
unpurified samples. A typical TEM image of a SWNT bundle
is shown in Fig. 2.

For Raman spectrum analysis, equal portions~0.02 g! of
each sample were suspended in 10.0 mL of 100% ethanol,
and subsequently ultrasonically mixed for 15 min in order to
generate a homogenous SWNT sample/ethanol liquid. From
each SWNT sample/ethanol mix, two drops were placed on a
microscope glass slide and left at room temperature for 10
min, during which the ethanol evaporated, leaving a homo-
geneous sample on the glass. Raman spectrum analyses were
performed at three different locations within each of the
samples, using a Raman spectrometer. The spectrometer used
an argon gas laser~514.5 nm! running at 80 A current. The
specific run conditions for the Raman spectrometer was a
primary slit opening of 150mm. The characteristic Raman
spectrum for nanotubes has two major peaks for the radial
and tangential modes.16 The radial mode~RM! is found at a
Raman shift of 186 cm21, and the tangential mode~TM! is
found at 1591 cm21, which was identified and verified for
each spot in each sample. Due to difference in intensity am-
plitude the RM and the TM were examined using scan times
of 10 and 1 s, respectively. The power level for the laser was
furthermore recorded for each spot in each sample. For each
spectrum generated the delta intensity~i.e., the difference
between plateau to peak level as shown in Fig. 3! was deter-
mined, where the plateau is defined as the constant intensity
level away from the peak. The delta intensities were then

normalized by dividing through with both the laser power
level and the scan time. The average normalized delta inten-
sities for each sample were then computed, and the depen-
dence of the delta intensities or relative concentrations of
SWNTs of the samples on the chamber pressure was deter-
mined. Chianget al.32 have performed studies of purification
of SWNTs, and found that the delta intensity increased as the
SWNT sample was carried through several purification pro-
cesses, i.e., the purity increased as the delta intensity in-
creased. This implies that there is a direct relationship be-
tween purity/concentration and the Raman spectrum
intensity of the sample. Therefore, this approach was also
pursued in the present study. Furthermore, the plateau level
ranges for the Raman spectrums were determined to be
80.0–521 a.u. with an average of 175.6 a.u. for the RM, and
42–118 a.u. with an average of 60.8 a.u. for the TM. These
low plateau levels indicate that only instrumentation noise
was present in the Raman study, thereby rejecting the possi-
bility of background noise being an influence on the delta
intensity values.

By measuring the initial and final anode geometry cor-
responding to each production run, and dividing by the run-
time, the average ablation rate of the anode for each produc-
tion pressure was determined. From these measurements, the
dependence of the anode material consumption on the cham-
ber pressure was determined.

RESULTS AND DISCUSSION

Figure 4 shows the variation of the SWNT diameter as a
function of production pressure. Error bars indicate the range
of diameters measured through the TEM studies. Individual
nanotube diameters do not appear to vary significantly as
production pressure is varied. At most there is a slight trend
of an increase in diameter as production pressure is in-
creased. This indicates that nanotubes produced by the arc-
discharge method in the pressure range 100–1000 Torr are
all well suited for applications as reinforcement for structural
composites, since such tubes will result in a composite with
homogeneous macroscopic composite properties. At present,
studies are underway to examine the composite mechanical

FIG. 2. Typical TEM image of a SWNT rope.

FIG. 3. Typical Raman spectrum for nanotubes with the delta intensity
indicated.

FIG. 4. SWNT diameter~average! vs production pressure.

2751J. Appl. Phys., Vol. 95, No. 5, 1 March 2004 Waldorff et al.



properties of SWNT reinforced polymer matrix
composites,33 utilizing mechanics based models of SWNT
nanocomposites.14,34–37

Experimental results shown in Fig. 5 indicate that as the
production pressure increases the ablation rate of the anode
increases. Recall that the arc-discharge facility uses helium,
which is partially ionized during the arc discharge. As the
chamber pressure increases, the heat flux to the anode may
increase. This leads to an increase in the surface temperature
of the anode, which accelerates the anode ablation rate. To
describe these processes, a model of the carbon anode abla-
tion based on a previous kinetic ablation model was
developed.38 Some details of this model are included in the
Appendix.

Using this model~see Fig. 8 for model parameters!, the
ablation rate was found to be dependent on the production
pressure and the plasma temperatureTe . For the anodic arc
it has been determined, experimentally, in previous studies
that the plasma temperature ranges from 0.5 to 1.0 eV.39–41

Knowing this,Te was varied in order to fit the experimental
ablation data. As it can be seen from Fig. 5, values ofTe

between 0.5 and 0.55 eV fit the experimental data quite well.
One can see that the model predicts both the ablation rate
and its dependence on the background pressure very well.

Figures 6 and 7 show the normalized delta intensity~as-
sociated with the Raman spectrum examination! for the RM
and TM, respectively, as a function of production pressure.
Since the normalized delta intensities are measures of the
relative concentrations of nanotubes, the plots indicate the
purity level ~with respect to the amount of SWNT! of the
samples. On the basis of the plots for both the RM and TM
we can conclude that the relative concentration of nanotubes
in a common pressure range reaches a maximum level be-
tween a production pressure of 200 and 300 Torr. These re-
sults indicate that nanotube samples produced at this specific
pressure are cleaner and thus efforts to purify the postpro-
duction samples will be easier. In addition, if nonpurified
nanotubes~nanotubes that are immediately collected from
the arc-discharge chamber! are intended for use in compos-

ites, then samples produced in the range of 200–300 Torr
will provide a larger relative SWNT surface area for the
matrix to interact with. This in turn will lead to superior
mechanical properties of the composite.

CONCLUSIONS

The quality, quantity, and geometric characteristics of
SWNTs produced using the arc-discharge method have been
studied over a constant production chamber pressure, rang-
ing from 100 to 1000 Torr. Results from the present study
have shown that geometric properties of the SWNTs are con-
stant throughout the examined production pressure range,
and that the maximum nanotube concentration can be found
for production pressures in the range 200–300 Torr. In addi-
tion, since the ablation rate increases with respect to produc-
tion pressure, one can conclude that the optimal pressure
range for SWNT production is between 200 and 300 Torr.
This conclusion is valid primarily when emphasizing SWNT
production, where characteristics are suitable for application

FIG. 5. Anode ablation rate vs production pressure. Comparison between
ablation model and experiment.

FIG. 6. Raman spectroscopy peak examination of radial mode for SWNT
samples.

FIG. 7. Raman spectroscopy peak examination of tangential mode for
SWNT samples.
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as reinforcement in a nanocomposite. Furthermore the devel-
oped anode ablation model predictions are in good agree-
ment with the experiment.
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APPENDIX: SUMMARY OF ANODE ABLATION MODEL

In this Appendix, the model of the anode ablation, which
is based on the previously developed kinetic model,38 is de-
scribed. The kinetic model takes into account the returned
atom flux that forms in the nonequilibrium layer during ab-
lation. This approach makes it possible to calculate the abla-
tion rate for the case when the surface temperature and the
density and temperature in the plasma bulk are known.38

Two layers are considered~see Fig. 8!, the Knudsen
layer ~a kinetic nonequilibrium layer which is adjusted to the
surface that is ablated! and the hydrodynamic nonequilib-
rium layer, where the electron and heavy particle temperature
differ. The right edge of the second layer~see Fig. 8! is
assumed to be in thermal equilibrium.

The ablation rate can be calculated as follows:

G5mn1V1 , ~A1!

wherem is the carbon atom mass, andn1 andV1 are density
and velocity at the edge of the Knudsen layer, respectively.
The kinetic approaches, namely bimodal distribution func-
tion and direct simulation Monte Carlo, are used to deter-
mine the parameters at the kinetic Knudsen layer edge.38,42,43

A coupling solution of the nonequilibrium, Knudsen layer
with the hydrodynamic layer, provides a self-consistent so-

lution for the ablation rate. Hence by knowing the plasma
density, the plasma temperature, and the surface temperature,
the ablation rate can be determined. Normally these quanti-
ties can be obtained experimentally, but for the present study,
a simple model44,45 for the plasma is used in order to obtain
the desired quantities.

To calculate the carbon anode ablation rate, the ablation
model38 is combined with the model for electrical discharge
presented previously.44,45In the framework of this model, the
background pressure determines the particle density in the
interelectrode gap. The discharge model is based on the local
thermodynamic equilibrium assumption.44,45 In this case, the
plasma ionization degree~electron density! is determined by
knowing the pressure and electron temperature. The electron
flux ~which is the main energy contributor to the anode! can
be calculated using the following equation:39,46

Qe5I arc•~2•Te1Ua1Uw!, ~A2!

whereUw is the work function andUa is the anode voltage
drop. The anode voltage drop is determined by

Ua5Te• lnS p•Ra
2
•e•ne•Ak•Te

me

I arc

D , ~A3!

whereI arc is the arc current,Ra is the anode radius,ne is the
electron density, andme is the electron mass. In this simpli-
fied model, it is assumed that power drawn by the anode is
dissipated mainly through thermal conductivity. Therefore
the balance between energy associated with electron flux and
thermal conductivity determines the anode surface tempera-
ture.

In order to close the system of equations, the electron
temperature should be determined. In this article, the elec-
tron temperature is used as a parameter. It is known from
numerous experimental and theoretical studies39–41 that the
electron temperature in the anodic arc discharge is about
0.5–1.0 eV. Therefore in this model the electron temperature
is taken to be in this~typical! range.
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