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Abstract—This article is devoted to the consideration of areas of formation of linear clusters of C—C, C=C,
and C—C=C carbon bonds based on a numerical simulation of the plasma arc fusion method. The data on
average velocities of carbon ions in plasma for different modes of synthesis of carbon nanostructures are
obtained. A simplified mechanism for the formation of linear clusters of space multimolecular carbon nano-

structures is proposed.
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INTRODUCTION

The discovery of a new class of inorganic com-
pounds of carbon [1] possessing a set of unique
mechanical and electrical properties, which are pro-
spective materials for many industrial fields, set a tar-
get of the development of effective and highly profit-
able technologies of synthesis of qualitative nanoma-
terial in an industrial scale. The growth of industrial
production of carbon nanomaterials is restrained by
the low productivity and high cost of existing technol-
ogies caused by the insufficient study of the carbon-
nanostructure (CNS) formation process. To date,
there is no common opinion on the model of carbon
atom dissociation in clusters with the formation of
bulk nanostructures (fullerenes, nanotubes, and
nanofibers).

Mainly, the technology of CNS synthesis implies
the use of different methods of thermal evaporation of
pure graphite or decomposition of carbon-containing
gases followed by the deposition of the obtained struc-
tures on a cooling substrate [2]. All the technologies
include the thermal destruction of the initial material
structure followed by the formation of new com-
pounds of carbon.

The use of different forms of catalysts in various
synthesis process makes it possible to increase the
yield considerably and change the characteristics of
the final product, but it leads to additional defects,
inhomogeneities, and pollution of the nanomaterial
by catalyst, requiring additional purification, which
influences the final yield, quality, and price of the
CNS [3].

A study of the mechanism of CNS formation upon
the thermal evaporation of graphite in plasma is a

complicated task due to a diversity of different factors
influencing the process [4], and the solution to this
task is impossible without the concept and detailed
analysis of all phase and structural transformations
taking place in synthesis process.

In this work, some of the abovementioned prob-
lems and the ways to solve them, with respect to the
formation of an ensemble of carbon clusters forming
different CNSs upon the thermal spraying of carbon,
were considered.

In a connection with the above, the aim of this arti-
cle is to investigate areas of carbon-cluster formation
with different covalent bonds, which are the basis of
CNS formation in low-temperature plasma based on
the mathematical model and the subsequent increase
of synthesis efficiency.

EXPERIMENTAL

The most well-known technology of CNS synthe-
sis, consisting of the thermal spraying of graphite in
arc discharge plasma in a medium of buffer gas (He, Ar)
was chosen as an object for research [5, 6].

An investigation of phase and structural transitions
occurring in multicomponent plasma is possible on
the basis of different methods (single-particle approx-
imation, molecular dynamics, Monte Carlo, magne-
todynamic description, Schroedinger model, etc.),
but the most favorable approach to investigate the col-
lective phenomena in low-temperature plasma is a
kinetic approach [7]. The use of the distribution func-
tion of different components of plasma in this
approach makes it possible to predict the behavior of
carbon particles during the synthesis on the basis of
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the probabilistic approach by the consideration of col-
lective phenomena of plasma: vibrations of plasma,
fluctuations of different characteristics, concentra-
tions, and particle flows [8].

Modeling of kinetics of the formation of different
carbon cluster groups with C—C, C=C, and C—C=C
covalent bonds, which is the basis of CNS using the
elastic and inelastic collisions of different particles in
plasma, taking into account the influence of buffer
medium and change of working-zone configuration,
makes it possible to investigate the phase transitions in
plasma, number of interactions with the formation of
stable bonds, zone of formation, and the conditions
for effective formation of carbon nanostructures
during synthesis process.

At the kinetic approach, the system of Boltzmann
equations [9, 10] for each type of particles in plasma,
supplemented by the conditions of elastic and inelastic
pair interactions between particles, was taken as a
basis:
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where £, is the function of plasma components distri-
bution (e, electron; ¢, helium ion; and A, carbon ion);
E is the electric field strength; B is the magnetic
induction; ¢, m, are the charge and mass of particle;

cer (D

9 is the field of particle velocities; and 7 is the coordi-
nate of particle.

To find the parameters of electromagnetic field,
the initial system of equations (1) was complemented
by the Maxwell system of equations [11], describing
the self-consistent field.

The presence of an integral of collision in the right
side of Eq. (1) complicates the numerical solution to
the resulting system of equations.

Assuming that the collisions in arc discharge
plasma occur between the electrons, ions of buffer gas,
and carbon particles, the integrals of pair collision will
be as follows:
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where f,, /%, are the distribution function of parti-

cles before and after collision; 9, 19',( are the veloc-
ities of particles before and after collision; do =
4R, R,cosBdQ is the differential effective scattering
cross section of particles with the radius of R, and R,
to a solid angle of dQ; and 6 is the angle between
velocity of collided particles and the line of motion.

The Maxwell distribution [12] was used as a func-
tion describing the distribution of particles by the
velocities in plasma.
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Carbon atoms are able to provide more than one
electron from each atom for the formation of a cova-
lent bond during their interaction, which allows them
to form three types of hybridization of electron clouds
with single, double, and triple bonds. These bonds are
different in length, bond energy, and valence angle.

We consider that the condition of occurrence of a
stable bond at the inelastic collision of two particles of
carbon in plasma is their rapprochement to a distance
lower than the length of the covalent bond with the
total kinetic energy of interacting particles higher than
the activation energy of bond £, 4, between them [13].

For the formation of a C—C covalent bond, the dis-
tance between the interacting particles must fall in the
range of 1.34 A < € < 1.54 A, and the total kinetic
energy must be in the range of 348 kJ/mol < E 4 <
614 kJ/mol; to form the C=C bond, the distance must
appear as the value of 1.34 A < € < 1.20 A, and the
energy must appear as the value of 614 kJ/mol <
Eiona < 839 kJ/mol [14]. The carbon atoms bonded
with triple bond C=C do not take part in the formation
of CNS; thus, they were not considered in this article.

A cluster with the bonds of C=C—C type is the
basis for the building of pentagons and hexagons form-
ing the bulk structures of fullerenes and nanotubes.

As a result of chemical bond formation between
particles, additional energy AFE is released, which was
not taken into account in calculations:

AFE = (El +E2)_(n_1)Ebond’ (3)

where E|, E, are the kinetic energies of interaction par-
ticles; n is the number of atoms in particle.

The formation of C, molecule is determined by the
equation:

c+C,—>C,, +AE. “)

Presenting the integral of collisions (2) in the form
of Fokker—Planck equation [15] and performing the
transition from vector algebra to tensor analysis using
the corresponding transformations, the overall system
of equations describing the processes occurring in
plasma was obtained.

Solving the developed model is possible only using
the numerical method. The obtained system was
divided into three auxiliary tasks, successively calcu-
lating their movement and collisions of charged parti-
cles in plasma. The first task is solved on the basis of
heat and mass transfer process with the moving
boundaries of synthesis [16, 17]. The calculation of
particle movement is the system of Vlasov—Poisson
dimensionless equations [18], the solution to which is
functions giving the initial condition for the third task,
allowing one to determine the coefficients in an inte-
gral of collisions and function of particle distribution
for considered moments of time.

The presence of a huge number of particles taking
part in a calculation (only by one atom of carbon for
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Fig. 1. Experimental and calculated values of growth rate
of cathode deposit depending on current. The pressure of
He in chamber was 400 Torr. Diameter of electrode was
12 mm.

12-mm electrodes this value is ~10'°—10"7) makes it
very complicated. Thus, to obtain the physically justi-
fiable results of numerical modeling, the method of
large particles (MLP) [19], allowing one to decrease
the number of calculations and requirement for com-
puter resources by the decrease in the number of par-
ticles taking part in calculation by grouping them, is
used. On the basis of numerical analysis carried out of
particles grouping in MLP, the optimal coefficient of
particle connectivity was found to be y = 3 [16] for cal-
culation.

To decrease the time and price of computations of
a three-dimensional task, the calculations were per-
formed using the technology of parallel computations
GPGPU (graphical processor of general purpose
graphic card [20] on a CUDA hardware—software
complex with the use of nVidia CUDA technology
[21].

RESULTS AND DISCUSSION

To confirm the adequacy of the model, a set of
experimental investigations on the acquisition of vari-
ous CNS by the described method on an automatic
laboratory setup [22], allowing one to stabilize the
technological parameters of process, was carried out.

MPG-4 graphite electrodes with a diameter of
12 mm with a distance of ]| mm maintained between
them was used as a raw material. The current was auto-
matically kept on the level of 150 A during synthesis.
The voltage between electrodes was 25 V. The working
pressure of buffer gas (He) in a chamber was kept con-
stant on the level of 400 Torr. The set of experiments
was carried out at high DC current values (350—
400 A), when a cathode deposit is practically not
formed and all the carbon black, having a high content
of Cg, C,, fullerenes, is deposited on the walls of
chamber.
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Fig. 2. Experimental and calculated values of anode burn-
out profile with diameter of 12 mm for the time of 7= 120 s.
Synthesis parameters: current was 150 A and He pressure
was 400 Torr.

The results of an experiment carried out and of
numerical calculation on the basis of the developed
model at the same synthesis parameters are shown in
Figs. 1 and 2.

Graphite from anode is sublimated at a plasma
temperature of 4500—5500 K and it dissociates, form-
ing the vapor phase, consisting of separate carbon
ions. The carbon ions are accelerated by an electro-
magnetic field. The presence of the oncoming flow of
electrons and heavy molecules of buffer gas in plasma
lead to different collisions and changes in the direction
of particle movement. As a result, energetic and space
conditions are created for stable covalent bonds
between carbon particles, leading to the nucleation
and further growth of clusters. This approach was con-
firmed and explained in [23]. The formation of clus-
ters takes place by ion-molecular synthesis, in which
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Fig. 3. Calculated values of average velocities of carbon ion
motion without taking into account the collisions at the
current I: 150 A corresponded to the Nanotube regime;
350 A corresponded to the Fullerene regime. The voltage
was 25V, and the He pressure in chamber was 400 Torr.
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Fig. 4. Total number of pair collisions of carbon ions in plasma and the formation of a C—C bond in Nanotube (a) and Fullerene
(b) synthesis regimes.

the linear carbon chains grow until the moment when The velocities of carbon ion movement and, corre-
they close to monocycle rings. Monocycle rings form  spondingly, the energy of their interaction in plasma
double and triple rings exposed to condensation reac- depend on the current maintained in arc. The change
tions. These rings are transformed to fullerenes and of average velocities of carbon ions at the movement
multiatom clusters, forming nanotubes on a cathode from anode to cathode in the center of arc is shown in
by condensation. Fig. 3 without taking into account of collision in two
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Fig. 5. Total number of pair collisions of carbon ions in plasma and formation of C=C bond in Nanotube (a) and Fullerene (b)

synthesis regimes.

synthesis regimes, “Nanotubes” and “Fullerenes,”
differencing by the maximum yield of final product.
The analysis of calculations shows that the plasma
temperature grows approximately to 20% while the
current increases from 150 to 350 A. The average par-

NANOTECHNOLOGIES IN RUSSIA  Vol. 12 Nos. 3—4

ticle velocity increases 1.4 times of the magnitude
without taking into account the collision.

The use of distribution function of carbon parti-
cles, calculated by the model, allows one to investigate
the zones and conditions of the probable formation of
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Fig. 6. Formation of C=C—C bonds in Nanotube (a) and Fullerene (b) synthesis regimes.

the highest concentrations of linear cluster groups
with C—C, C=C (C2), and C=C—-C (C3), bonds in
plasma, which are the basis of CNS formation.

The calculated dependences of qualitative values of
the total number of pair interactions of carbon ions
and formation of C2 linear bonds in plasma by the
length of interelectrode gap for the Nanotube regime

NANOTECHNOLOGIES IN RUSSIA  Vol. 12

(Figs. 4a, 5a) and Fullerenes regime (Figs. 4b, 5b) are
shown. The calculated dependences of C3 linear bond
formation in the interelectrode distance for consid-
ered synthesis regimes are presented separately in
Fig. 6.

The time interval for a numerical calculation of the
total number of different interactions for the Fullerene
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regime, shown in Figs. 5 and 6, is A7 = 330 ns, and for
the Nanotube regime it is equal to A7 = 360 ns.

In the Nanotube regime, the carbon particle flies
the interelectrode distance for 6 calculation cycles
(1 cycle is equal to 10 ns), taking into account the col-
lisions, and it takes 3 cycles in the Fullerene the
regime.

An analysis of numerical calculations shows that
the formation of C2 and C3 bonds in considered syn-
thesis regimes passes differently. This is explained by
the different parameters of electromagnetic fields
accelerating the particles, temperature of plasma, and
the different initial velocities of particle. The number
of particle interaction in plasma is different on the
entire interval, but the highest number, according to
numerical calculations, was detected near the elec-
trodes of interelectrode space.

An analysis of mathematical modeling showed that
the number of collisions has the most influence on the
formation of cluster groups. The ratio of the number of
collisions with the formation of bonds to the total
number of collisions in the investigated conditions
changes insignificantly. The total number of collisions
is determined by the particle concentration and their
velocity and size.

The initial direction of movement of carbon parti-
cles and their velocity is generated in a model ran-
domly taking into account the profile of anode evapo-
ration on the basis of Maxwell distribution. The parti-
cles grow in size when moving due to the formation of
bonds upon collisions with other particles. These par-
ticles are accelerated under an electric field, but their
total number decreases. There are highest numbers of
particles with relatively low velocity on the initial
stage. The high number of particles gives a high num-
ber of collisions, part of which leads to bond formation
and coarsening of the particles. The number of parti-
cles decreases and the concentration of particles
decreases, which leads to a decrease in total number of
collisions and collisions with bond formation. Then
the larger particles are accelerated by an electromag-
netic field, which leads to an increase in the total num-
ber of collisions in the cathode area and to an increase
in the number of bonds that formed, consequently.

The presence of intermediate extrema in the
Fullerene regime can be explained by the faster growth
of velocity of particles, which leads to an increase in
collisions first, then the number of particles decreases
and the number of collisions decreases as well. This
leads to the few maxima shown in graph. The total
number of formed clusters in this regime is distributed
more evenly by the length, which corresponds to
experimental research (the fullerenes are predomi-
nantly formed in a gap, and the nanotubes are depos-
ited on a cathode).
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CONCLUSIONS

In this work two main tasks were set: first, to inves-
tigate the mechanism of nucleation and formation of
carbon clusters with C—C and C=C bonds in plasma
in detail. Second, to show the probability regions of
C2 clusters association in the C—C=C structure with
maximum quantity, which are the basis of fullerenes
and nanotube formation in the process of graphite
sublimation in plasma.

Using the developed mathematical model of move-
ment and interaction of particles with the formation of
stable C2 and C3 bonds in multicomponent arc dis-
charge plasma, the velocity characteristics were deter-
mined for two regimes of synthesis.

Fullerenes were mainly presented in carbon black
deposited on the walls of chamber, and the carbon
nanotubes were presented in cathode deposit. To
determine the maximum quantitative yield of
fullerenes, the main condition of synthesis is prevent-
ing the formation of cathode deposit; i.e., the whole
evaporated amount of anode can be deposited on the
walls of chamber, and for nanotubes the main product
is a cathode deposit.

Boltzman equations were used for modeling the
CNS synthesis process by the thermal spraying of
graphite using low-temperature plasma for the first
time.

Technological parameters for different regimes of
synthesis were calculated and it was shown that the
formation of stable C2 and C3 bonds occurs on the
entire space of interelectrode space with different
intensities. The highest number of stable bonds is
formed in initial and final phase of nanotubes synthe-
sis regime, which is caused by the initial distribution of
particles and accelerations of particles by the electro-
magnetic field and the necessity of their deposition on
the cathode to form nanotubes. In a regime of
fullerenes formation, the formation of bonds passes
more evenly in a whole space, which makes it possible
to obtain fullerenes and blow them out from the inte-
relectrode space without deposition on a cathode.

The results show that technology of thermal syn-
thesis of carbon nanostructures gives an opportunity
to increase the possibility for enhancing the process
efficiency by the selecting optimal technological
parameters of synthesis. Keeping stable process
parameters directly influences the quality and yield of
the synthesized product.

Thus, the technology of CNS synthesis by the arc
discharge method, characterized by a high rate of pro-
cess, allows one to include considerable volumes of
raw materials in the process. The synthesis directly
depends on the condition of technological process,
and the capabilities of technology are far from being
exhausted.
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