This is a work of the United States Government. In accordance with 17 U.S.C. 105, no copyright
protection is available for such works under U.S. Law. Access to this work was provided by the
University of Maryland, Baltimore County (UMBC) ScholarWorks@UMBC digital repository on
the Maryland Shared Open Access (MD-SOAR) platform.

Please provide feedback

Please support the ScholarWorks@UMBC repository by
emailing scholarworks-group@umbc.edu and telling us
what having access to this work means to you and why
it’s important to you. Thank you.



mailto:scholarworks-group@umbc.edu

meee————  Princeton Plasma Physics Laboratory s

PPPL- 5001 PPPL- 5001

Self-organisation Processes In The Carbon ARC For Nanosynthesis

J. Ng and Y. Raitses

FEBRUARY, 2014

PRINCETON
PLASMA PHYSICS
i LABORATORY

Prepared for the U.S. Department of Energy under Contract DE-AC02-09CH11466.


Pamela Hampton
Text Box
PPPL-

gczechow
Typewritten Text


Princeton Plasma Physics Laboratory
Report Disclaimers

Full Legal Disclaimer

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor any of
their employees, nor any of their contractors, subcontractors or their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or any third party’s use or the results of such use of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof or its
contractors or subcontractors. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

Trademark Disclaimer

Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof or its
contractors or subcontractors.

PPPL Report Availability

Princeton Plasma Physics Laboratory:

http://www.pppl.gov/techreports.cfm

Office of Scientific and Technical Information (OSTI):

http://www.osti.gov/bridge

Related Links:

U.S. Department of Energy

Office of Scientific and Technical Information

Fusion Links




Self-organisation processes in the carbon arc for nanosynthesis

J. Ng and Y. Raitses
Princeton Plasma Physics Laboratory, Princeton, NJ 08540
(Dated: February 17, 2014)

Abstract

The atmospheric pressure carbon arc in inert gases such as helium is an important method for the
production of nanomaterials. It has recently been shown that the formation of the carbon deposit
on the cathode from gaseous carbon plays a crucial role in the operation of the arc, reaching the
high temperatures necessary for thermionic emission to take place even with low melting point
cathodes. Based on observed ablation and deposition rates, we explore the implications of deposit
formation on the energy balance at the cathode surface, and show how the operation of the arc is
self-organised process. Our results suggest that the can arc operate in two different regimes, one of
which has an important contribution from latent heat to the cathode energy balance. This regime
is characterised by the enhanced ablation rate, which may be favourable for high yield synthesis
of nanomaterials. The second regime has a small and approximately constant ablation rate with a

negligible contribution from latent heat.



I. INTRODUCTION

Carbon arcs, first discovered in the early 19*" century [1], have had for numerous appli-
cations. They have been used as radiation standards [2], in image furnaces [3] and in carbon
arc welding among other things. A recent development has been their use as an efficient
method for the production of high purity carbon nanotubes [4-6], in which the graphite
anode ablates and nanotubes and other fullerines are formed in a deposit on the cathode
surface [5, 7]. As nanotubes have unique electrical and mechanical properties [8-10], they
could potentially be used for hydrogen storage, nanoelectronics, chemical sensors and many
other applications [8, 9, 11].

It has been proposed [12-14] and was recently shown [15] that the carbonaceous deposit
formed during the carbon arc discharge plays a crucial role in its operation. The deposit 1)
changes the arc from graphite-cathode to graphite-deposit, 2) reaches the high temperatures
necessary for thermionic emission to provide the electron current and 3) reduces heat flux
to the cathode.

Figure 1 illustrates the self-organisation process, in which the steady-state operation of
the carbon arc is treated as a self organised process. Electrons emitted from the carbonaceous
deposit heat the graphite anode, which ablates. The carbon ions and atoms travel to the
cathode and condense to form the deposit, which is at the high temperature necessary for

thermionic emission to support the electron current in the arc.
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FIG. 1. Schematic of self-organisation in the carbon arc.

The ablation and deposition during the arc should be accounted for in models as the
deposit formation changes the cathode material, which affects the arc-cathode interaction.
In our experiments, under the same operating conditions, we show that the arc can operate
in two regimes in which the importance of deposition in the energy balance at the cathode
changes drastically. In particular, in the regime with enhanced ablation and deposition which

is relevant to nanosynthesis, the latent heat is an important term in the energy balance at



the cathode. Although the focus of this paper is on the carbon arc, the results may be
applicable to other anodic arcs (in which the anode evaporates) where a solid deposit is

formed on the cathode.

II. EXPERIMENTS AND RESULTS

Using the setup described in previous works [15, 16], experiments were performed with a
copper cathode of diameter 5 cm and graphite anodes with diameter between 6 and 12 mm.
The duration of each experiment was approximately 1 minute, with discharge current 65
A. Discharge voltage was maintained between 20 and 25 V using a feedback system. With
the 6 mm anode the voltage was approximately 25 V while with the 12 mm anode, it was

approximately 21 V. Helium at 500 torr was used as a buffer gas.

Ablation and deposition rates were measured by weighing the electrodes before and after
arc operation. Deposition rates were between 0.6 and 0.7 of the ablation rate independent
of anode diameter. This is likely due to the arc gap of 1-2 mm being much smaller than the

electrode diameters, which would reduce the loss of material from the inter-electrode gap.

The ablation rates are shown in Figure 2. Above diameters of 9 mm, the ablation rate was
small (< 1 mg/s) and approximately constant, while at smaller diameters, the ablation rate
rose abruptly. In addition, there were visible craters on the anodes with diameters > 8 mm,
indicating that the arc diameter was smaller than the anode diameter. These observations
are consistent with Ref. [16], in which enhanced ablation was observed at smaller anode

diameters.

Additionally, the formation of the cathode deposit was shown to play a crucial role in
the operation of the arc [15]. From infrared measurements, it was shown that the surface
of the deposit reached about 3500 K (Fig. 3), which allows thermionic emission to provide
the electron current in the arc. The deposit was also of low enough thermal conductivity so

that the copper cathode did not reach its melting temperature.

The differences in behaviour of the ablation rate in the two regions shown in Fig. 2 suggest
that the arc can operate in two regimes, and we examine how the energy balance at the

cathode changes with anode diameter.
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FIG. 2. Anode ablation rates.
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FIG. 3. Infrared measurements of the cathode deposit.
III. CONTRIBUTION OF DEPOSIT TO CATHODE ENERGY BALANCE

Due to the deposition of the carbon atoms and ions on the cathode, the energy balance at
the cathode must account for the latent heat [17] in addition to the standard terms considered
in energy balance for cathodic arcs [18]. The thermal conductivity of the cathode should
also be that of the deposit rather than the cathode material. Based on our previous results
[15], the deposit has a poorer thermal conductivity than graphite (estimated at at least 5x
less), which itself has a conductivity more than ten times lower than that of copper. The
estimates are supported by our analysis of the deposit, which showed that it had a lower
density than graphite and a more amorphous structure.

A full description of the arc-cathode interaction requires numerical simulations and is

beyond the scope of this paper. Here we show how the inclusion of deposition affects energy
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balance at the cathode and highlights the existence of two regimes.

In atmospheric pressure arcs, energy flux at the cathode is dominated by ion heating and

emission cooling [18], which are given by

Qi = %(Eri‘evc—@

Iee
Qee = ?(2T€ + gb)

(1)

Here I; and I.. are the ion and electron emission currents respectively, F; is the ionisation

energy, V. the cathode sheath voltage drop and ¢ the work function.

With the cathode temperature at 3500 K, the thermionic emission current is large enough
to account for all of the electron current in the arc and the ion current is estimated using the
Bohm sheath condition with a plasma density of 10*! m~ and electron temperature of 0.6
eV, giving an ion current of approximately 6 A. The sheath voltage drop is between 3 and
12 V [13, 17]. Heating due to ions is thus between 60 and 110 W. The calculated electron
cooling is then approximately 340 W. For reference, the total power dissipated in the arc is

between 1300 and 1625 W.

The heating due to deposition is given by

Qdep = mH/mC (2)

where H is the latent heat of vapourisation per atom, m is the deposition rate and m¢ is
the mass of a carbon atom. The contribution of deposition varies between 13 W for the 12
mm anode and 414 W for the 6 mm anode. Comparing these values with the total power of
the arc and the expected dominant terms in the cathode heat flux, we see that in the case
of the 12 mm anode, heating due to deposition is negligible, while with the 6 mm anode,
deposition plays a significant role. This suggests that the arc operates in two regimes which
are characterised by the ablation rate and depend on the electrode geometry, which could
affect the plasma parameters. A more accurate model which can capture these differences,
not seen in current models, would require coupling the surface interactions to the sheath
and arc plasma as well as two dimensional effects. We also note that evaporation from the

deposit is not taken into account here, which would reduce the contribution of latent heat.



IV. SUMMARY

Anodic carbon arc experiments were conducted between graphite anodes of varying di-
ameters and copper cathodes. The ablation rate decreased with increasing anode diameter
before becoming small and approximately constant [16], while the formation of the cathode
deposit was found to be crucial in the operation of the arc [15]. The evaporation of the
graphite anode and formation of the carbon deposit on the cathode are self-organized to
maintain the current conduction in the arc. We show that for smaller anodes, the contribu-
tion of the deposition to energy balance must be included when modelling the arc-cathode
interaction. The differences in the ablation rate when increasing the diameter suggest that
the arc can operate in two different regimes, which cannot be captured by current models
because of the contribution of latent heat. This should be a subject for further experimental

and simulation work.
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