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TECHNOLOGY READY USE FOR PRODUCING NANOMATERIALS
IN THE PLASMA OF A LOW-PRESSURE PULSED ARC DISCHARGE
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A new method for the production of nanomaterials in the plasma of a low-pressure arc discharge is developed and
experimentally studied. This method can be used to synthesize nanoparticles 5-10 nm in size with a narrow size
distribution. In this method, a low-pressure arc discharge is used to melt a material, to disperse the molten material, to
deliver liquid material droplets to the plasma, to cool the liquid nanoparticles forming in the plasma up to their
solidification, and to deposit the solidified nanoparticles onto a substrate.
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Paspaboman u sKcnepuMeHmanrbHo UCcied08an HOBbIIL Memoo NOLYYEeHUs: HAHOOUCHEPCHBIX MAMeEPUalos 6 Nid3me
0y206020 paspaoa HU3K020 dasieHus. Pazpabomannuiii cnocod no3eonsem cuHmesupo8ams HaHOOUCHEPCHbIE YaCMUlbl
om 5 0o 10 nm c y3kum pacnpedeneruem no pasmepam. OcobeHHOCmbI0 pa3pabomaHHo20 Memood A6IAemcs mo, Ymo
pacniasienue U OUCNePeUPOBANUEe DACNIAGIEHHO20 MAMEPUANd, NO0Ady HNOJIYYEHHbIX OJICUOKUX KAnelb 3Mmo2o
Mamepuana 6 NIA3My, OXAAANCOeHUe MHCUOKUX HAHOYACMUY, DOpMUpyeMblX 6 niazme 00 UX 0meepOesanuss, U
ocadicoeHue NONYHEeHHbIX MEePObIX HAHOYACMUY HA NOONOJCKY OCYWeCMEIsIonm Npu NOMOwju 0y208020 paspsoad
HU3K020 0asleHus..

Kniouesvie cnosa: nanouacmuysl, 0y20601l paspsao HU3K020 0A6leHUs, 8aKYYM, OKCUO YUPKOHUS, 0epusamozpadus.

Introduction. The following evaporation and direct condensation from monoplasma (in a flow or at a
condensation methods are used to synthesize surface) at a high rate and direct synthesis of complex
nanodispersed powders: laser, electron beam, electric  substances from elements (monoplasmas). In this case,
explosion of wires, and so on [1]. We believe that the chemical reactions are very intense since the degree of
synthesis of nanomaterials in the plasma of a low-pressure  plasma ionization is very high (up to 100 %). These
pulsed arc discharge is the most promising method. In this  methods can be used to synthesize various alloys, oxides,
method, an initial substance is mainly generated in a nitrides, and carbides [3-6]. The process purity is
vapor phase and is then transformed into a plasma state  determined by the achieved vacuum (no auxiliary
due to the erosion of the electrodes of high-current arc  atmosphere is required), and the condensation rate can be
discharges [2]. These discharges can have almost any very high, increasing in proportion to the electric power
electric power, which opens up fresh opportunities for of the discharge. Moreover, a vacuum arc is one of the
generating high-density monoplasma (plasma of a solid most efficient sources of the ions of the metal to be
elementary substance). When such processes are carried evaporated, which makes it possible to further increase
out in high vacuum, great possibilities are opened for both  the ionization of a plasma flux due to the ionization of a
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vapor component. When the plasma flux energy is
sufficient, the evaporation of a metal (cathode) in a low-
pressure arc discharge has the following two stages: the
cathode material is first sprayed in the liquid phase in a
cathode spot and is then fully evaporated in a vapor —
plasma flux. In addition, the vapors are overheated
because of the mixing of metal vapors with the flux of an
ionizing carrier gas, which hinders premature vapor
condensation and causes the dissociation of formed
clusters.

The purpose of this work is to develop and study a
method for producing high-quality nanoparticles smaller
than 10 nm in size with a dispersion of 1.2 and to deposit
a close-packed multilayer coating made of such particles
onto a substrate.

Experimental. The proposed method includes the
melting and dispersion of a melted cathode material using
a low-pressure pulsed arc discharge, the supply of liquid
drops of this material to a plasma, the cooling of the
liquid nanoparticles formed in the plasma, and the
solidification and deposition of solid particles onto a
substrate. In this case, the arc discharge pulse duration
should be shorter than the time of formation of a
continuous liquid bath on a target and, on the other hand,
should ensure the introduction of the energy sufficient for
material (including refractory material) evaporation and
the creation of a vapor density that is sufficiently low to
exclude particle coalescence.

In pulsed arc discharges, the ion energy is usually
lower than 10 eV and the pulse current does not exceed 3
A. These ion beam parameters are reached if the pulse
duration is 20-300 ps. In this case, the cathode current
density should be at least 10° A/cm? for the major portion
of the material to be evaporated in the ablation regime [7].
It is impossible to fully exclude the creation of a liquid
bath on a target and, hence, the emission of drops from
the target due to the physics of absorption of the electron
beam energy by the target material, which has a nonlinear
character.

Evaporation into a low-pressure gas makes it possible
to reach high expansion rates, which ensure a rapid
decrease in the vapor coordination number and the
formation of small particles. The presence of a gas
provides sufficiently rapid cooling—quenching of powder
particles due to both radiation heat exchange (as in
vacuum) and molecular heat exchange. The lower value
of gas pressure can be estimated from the criterion of a
substantial fraction of heat losses in particles due to
molecular heat exchange. This pressure was estimated to
be at least 50 Pa [8—11]. The upper gas pressure can be
estimated from the criterion of a stable arc discharge and
the possibility of its magnetic stabilization on the cathode
surface. This pressure was estimated to be higher than 80
Pa [8].

The cathode vacuum arc plasma mainly consists of
ionized and excited cathode material particles. The
characteristic property of the cathode vacuum arc is the
discharge current density in cathode spots, where the
current density, the power density, the plasma density,
and the plasma pressure can reach 100 A/cm?, 10° W/em?,
10% cm™, and 10" Pa, respectively, due to small arc spots
(~10 pm) and a short spot lifetime (~107 s).

The formation of cathode spots results from explosive
electron emission from (geometric and structural) cathode
surface microasperities. It is characteristic that cathode
spots move arbitrarily or under the action of an external
magnetic field and form craters several or several tens of
microns in diameter. These craters to a great extent result
from the splashing of the material melted under the action
of plasma pressure and serve as the sources of liquid
drops 0.1-1 in size [12; 13].

The dense erosion plasma of a cathode spot in which
drops fly has a rather high temperature because of an
extremely high power density in the cathode spot;
therefore, this plasma is completely ionized and contains
both singly and multiply ionized ions [14].

A high energy concentration leads to explosive
fracture of the cathode, which is accompanied by
explosive electron emission. The splashing of a liquid
metal in the form of drops and streams from a cathode
spot occurs under the action of the reactive force that
appears during the expansion of high-speed plasma jets,
which is characteristic of short high-current arcs.
Moreover, the rejection of a liquid metal to the periphery
of the melt, where it is removed in a drop phase, can be
explained by the thermocapillary effect caused by the
temperature dependence of the surface tension of the
melt.

The situation where a drop passes into a plasma jet, is
overheated, and transforms into vapor can appear because
of the large difference between the expansion velocities of
plasma jets and drops.

Thus, our estimate shows that, at a sufficient plasma
jet energy, the evaporation of a cathode in a low-pressure
arc discharge has the following two-stage character: the
cathode material first splashes as a liquid phase in a
cathode spot and then fully evaporates in a near-electrode
vapor-gas mixture. Moreover, the vapors are overheated
due to the mixing of the metal vapors with the flux of an
ionized carrier gas, which prevents premature vapor
condensation and induces the dissociation of formed
clusters.

The method was used to synthesize nanodispersed
ZrO, on a special-purpose electric arc dispersion setup,
where nanoparticles are formed using a vacuum arc
discharge as a source of plasma and drops (fig. 1).

A pulsed arc evaporator of a metal is located in a
vacuum chamber. This evaporator consists of a cylindrical
cooled consumable electrode with attached current leads
for power supply and cooling liquid supply, a coaxial
cooled anode attached to the cathode with a fluoroplastic
insulator, a magnetic bias system inside the anode, a
flange attached to the chamber wall and to the anode with
fluoroplastic insulators, and an anode combined with a
cylindrical cooled condensation surface that can rotate
about the cathode, and an igniter electrode with attached
current leads. A pilot arc is powered with electric power
supply the minus of which is connected through the
magnetic bias system to current leads and the plus of
which is connected to the coaxial anode. A pulsed high-
current arc is powered with electric power supply the
common wire of which is connected to the anode, and
negative pulses are supplied through the magnetic bias
system to current leads. A mechanism for the removal of

486



Texnonozuueckue npoyeccost u mamepuaiiol

the forming powder is placed near the condensation
surface. A bunker is situated in the lower part of the
vacuum chamber to collect the powder. The lower part of
the vacuum chamber also has a reaction gas feeding
system.

Results and discussion. The developed method was
implemented as follows. As the cathode for spraying, we
used commercial-purity E 100 zirconium. For plasma-
chemical reactions to occur, a 5 % O, + 95 % Ar gas
mixture was let in the chamber preliminarily pumped out
to a pressure of 1.33 x 10~ atm. Synthesis was performed
at a gas mixture pressure of 60 Pa. A pulsed arc discharge
with a frequency of 1 kHz, a pulse duration of 250 ps, and
a pulsed current amplitude of 2.3 kA was maintained with
power supply.

The magnetic bias system is included into the current
circuit of the cathode and is used to stabilize the operation
of the arc evaporator. Melting of the material and its
dispersion into drops occur in the crater of a cathode spot.
Formed drops pass to the dense erosion plasma of a
cathode spot. As a result, all drops are charged and heated
due to collisions with electrons at least to the critical
value of the beginning of their cascade division in the
time of flight in the cathode spot plasma. The formed
nanoparticles are cooled to solidification in the rapidly
expanding cathode spot plasma and the interelectrode
discharge plasma in a time of about 107 s, which results
in amorphization of their structure. During the
evaporation of the cathode material in the arc discharge,

the nanoparticle flux reaches the rotating cooled surface
and deposits on it in the form of a powder. A zirconium
oxide nanopowder formed in 10 min and was then
accumulated in the bunker.

The morphological composition of the powder was
studied on a JEOL JEM-2100 transmission electron
microscope. A ZrO, sample for an electron-microscopic
investigation was prepared as follows: the powder was
located in isopropyl alcohol and dispersed in an ultrasonic
bath for 2 min, and a solution drop was then placed on a
carbon film substrate situated on an electron-microscopic
supporting grid. The carbon film substrate thickness
was 10-15 nm.

The synthesized zirconium oxide nanopowder was
light gray. Fig. 2 shows a typical photograph of the zirco-
nium oxide nanopowder. The average particle size
is 5 nm and particles 6-7 nm in size can also exist. As a
rule, the particle shape is close to a spherical one. The
nanoparticles have a crystalline structure, which is indi-
cated by atomic planes observed in images. The investiga-
tion of the granulometric composition showed that the
prepared nanopowder has a lognormal distribution, the
average geometric particle size was
dy = 5.7 nm, the average mass particle size was d,, = 5.9 nm,
and the dispersion was a, = 1.2. The maximum specific
surface for the zirconium oxide nanopowder was
470 m*/g. The chemical composition of the ZrO, powder
is given in the table.
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Fig. 1. Electric arc dispersion setup
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Fig. 2. Micrograph of the zirconium oxide nanopowder

The phase composition of the powder was analyzed by
X-ray diffraction (XRD) with an Advance DS
diffractometer using monochromatized CuK, radiation.
Scanning was carried out at room temperature in the
20 angular range 5°—120° at a step of 0.04°.

The microstructure characteristics and the unit cell pa-
rameters were determined using the Rietveld full-profile
analysis of X-ray diffraction patterns [15]. We used a
software package based on a modified and corrected ver-
sion of the DBWS-9006PC structure refinement program
using the Rietveld method [16].

Chemical composition of a zirconium dioxide nanopowder

ZI‘OQ
Element Content, wt %
Zr 70.16
O 29.7
Si 0.02
Cr 0.02
Fe 0.04
Cu 0.04
Zn 0.02

The XRD results for the zirconium oxide powder are
shown in fig. 3. When annealed at 690 K for 2 h, the zir-
conium oxide powder crystallizes into the tetragonal lat-
tice corresponding to the baddeleyite structure (fig. 4).
The average crystallite size is 5 nm. In contact with at-
mosphere, the zirconium oxide powder weight increases
in 2-3 min. The maximum change in the zirconium oxide
powder weight was 18 wt %.

The zirconium oxide powders formed in the plasma of
a low-pressure pulsed arc discharge have a rather low
bulk density, which relatively weakly depends on the
specific surface area in the dispersion range under study
(up to 470 m*/g) and strongly depends on the methods of
subsequent treatment of the powders. As a rule, the as-
prepared powders have the minimum bulk density, which
is 0.04 g/cm’ for zirconium oxide.

The synthesized nanopowders were subjected to
thermal analysis. The sample mass was 100 mg.
Zirconium oxide nanopowder samples were heated in the
temperature range from 291 to 1273 K at a rate of 10 K/min.
The experimental results are presented in fig. 5 and 6.
Water evaporates intensely from zirconium oxide
nanopowders in the temperature range 343-423 K, which

is indicated by a decrease in the sample mass by 4 wt %
in a thermogravimetric curve in spite of the fact that the
corresponding differential thermal analysis curve has no
pronounced maximum.
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Fig. 3. X-ray diffraction pattern
of the zirconium oxide nanopowder
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Fig. 4. X-ray diffraction pattern of the ZrO,
sample annealed at 690 K for 2 h

The experimental results demonstrate that the
zirconium oxide powder produced in a low-pressure arc
discharge has a particle size smaller than 10 nm with a
very narrow particle size distribution. The specific surface
area suggests that a condensate with a particle size that is
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significantly smaller than in the base powder deposits on
the particle surfaces. This condensate forms a porous
“coat” around particles and substantially determines the
chemical activity of the powder, which explains the high
sorption activity of the powder with respect to
atmospheric moisture. The optimum powder synthesis
conditions are determined by the gas mixture pressure.
XRD studies demonstrate that particles with both an
amorphous and a crystalline structure can be synthesized
when the cooling rate of the vapor-plasma flux is
controlled. The phase composition of nanopowders can be
controlled from nonmetal nonstoichiometry to metal
nonstoichiometry. The results of investigating the
oxidation of an electric arc zirconium powder in air
showed that a decrease in the particle size leads to a
decrease in the reactivity of the powder at room
temperature.
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Fig. 6. Thermogravimetric curve
of heating the zirconium oxide nanopowder in air
Conclusion. When comparing the experimental

results obtained for titanium nitride [8] with the results
obtained for zirconium oxide, we can conclude that the
proposed method for producing nanopowder in the
plasma of a low-pressure arc discharge is universal. This
method is characterized by high manufacturability and
low energy consumed for the production of a unit of
output, since the total time of nanodrop generation is the
statistical superposition of such processes in individual
cathode spots moving spontaneously (or under the action
of a magnetic field) over the cathode surface. This
continuous formation of cathode spots ensures uniform
cathode erosion, which results in an increase in the

lifetime of the cathode and the entire setup. Although the
formation of nanoparticles in the plasma of an individual
cathode spot is a pulsed process (#, ~ 107 s), the operation
of the setup used to implement the proposed method can
be characterized as a highly productive stationary process
with the continuous operation resource determined by the
cathode material lifetime (100 h or more).

The produced zirconium oxide powders have an
amorphous-crystalline monophase structure and a narrow
granulometric composition with an average particle size
of 5 nm.

Acknowledgments. This work was partly supported
by the Ministry of Education and Sciences of the Russian
Federation (projects no. 11.370.2014/K, 11.1287.2014/K).

Baarogapuoctu. JlanHas paboTa BHINONHEHAa WpU
JacTUYHON (pUHAHCOBOW mojepkke MwuHHCTEpCTBa 00-
pasoBaHus u Hayku Poccuiickort Pexepannu (IPOEKTHI
Ne 11.370.2014/K, 11.1287.2014/K).

References
1. Gusev A. 1. Nanomaterialy, nanostruktury,
nanotekhnologii  [Nanomaterials, Nanostructures,

Nanotechnology]. Moscow, Fizmatlit Publ, 2005. 416 p.

2. Mesyats G. A., Proskurovsky D. I. Pulsed Elec-
trical Discharge in Vacuum. Berlin, Springer, 1989,
293 p.

3. Saunin V. N., Telegin S. V. [Plasma Spraying
Ferrite Coverage] Vestnik SibGAU, 2014, No. 1 (53),
P. 168-174 (In Russ.).

4. Gordeev Ju. 1., Abkarjan A. K., Jasinskij V. B.,
Binchurov A. S., Vadimov V. N. [Design and Research
Nanostructured firm alloys Composites with High Level
Strength and Operational Performance by Modifying
Nanoparticles and Thermomechanical Processing] Vestnik
SibGAU, 2014, No. 4 (56), P. 209-218 (In Russ.).

5. Miheev A. E., Girn A. V., Ivasev S. S., Evkin . V.
[Investigation of Coatings for the Spacecraft] Vestnik
SibGAU, 2013, No. 3 (49), P. 217-224 (In Russ.).

6. Takamasa Ishigaki, Ji-Guang Li. Synthesis of
functional TiO,-based nanoparticles in radio frequency
induction thermal plasma. Pure Appl. Chem., 2008, Vol.
80, No. 9, P. 1971-1979. doi: 10.1351/pac200880091971.

7. Barengol’ts S. A., Mesyats G. A., Shmelev D. L.
Mechanism of ion flow generation in vacuum arcs.
JETP, 2001, Vol. 93, No. 5, P. 1065-1073.
doi:10.1134/1.1427117.

8. Ushakov A. V., Karpov I. V., Lepeshev A. A,
Krushenko G. G. [Physico-chemical properties
nanomodifiers based arc titanium nitride powder for
polymer nanocomposite materials] Tekhnol. Met. 2011,
No. 3, P. 16-21 (In Russ.).

9. Karpov 1. V., Ushakov A. V., Fedorov L. Yu,,
Lepeshev A. A. Method for Producing Nanomaterials in
the Plasma of a Low Pressure Pulsed Arc Discharge.
Tech. Phys., 2014, Vol. 84, No. 4, P. 559-563, doi:
10.1134/S1063784214040148.

10. Fedorov L. Yu., Karpov I. V., Ushakov A. V.,
Lepeshev A. A. Influence of Pressure and Hydrocarbons
on Carbide Formation in the Plasma Synthesis of TiC
Nanoparticles. Inorganic Materials, 2015, Vol. 51, No. 1,
P.25-28, doi: 10.1134/S0020168515010057.

489



Becmuux Cubl’'AY. Tom 16, Ne 2

11. Ushakov A. V., Karpov 1. V., Fedorov L. Yu,,
Lepeshev A. A. Mechanical and Tribological Properties
of Complex-Modified Material Based On Ultra High
Molecular Weight Polyethylene. Journal of Friction
and Wear, 2014, Vol. 35, No. 1, P. 7-11, doi:
10.3103/51068366614010103.

12. Anders A. The fractal nature of vacuum arc
cathode spots. /IEEE Trans. Plasma Sci., 2005, Vol. 33,
No. 5, P. 1456-1464, doi: 10.1109/TPS.2005.856488.

13. Anders A. Metal plasma immersion ion
implantation and deposition: a review. Surf. Coat.
Technol., 1997, Vol. 93, No. 2-3, P. 158-167, doi:
10.1016/S0257-8972(97)00037-6.

14. Krinberg I. A. The ion charge-current strength
relationship in stationary and pulsed vacuum discharges.
Tech. Phys. Lett., 2001, Vol. 27, No. 1, P. 45-48, doi:
10.1134/1.1345162.

15. Rietveld H. M. Profile Refinement Method for
Nuclear and Magnetic Structures. J. Appl. Crystallogr.,
1969, No. 2, P. 65-71. do0i:10.1107/S0021889869006558.

16. Wiles D. B. New Computer Program for
Rietveld Analysis of X-ray Powder Diffraction Patterns.
J. Appl. Crystallogr., 1981, No. 14, P. 149-151, doi:
10.1107/S0021889881008996.

Bubéaunorpadguyeckue ccblIKH

1. I'yces A. WM. Hanomarepuanbl, HaHOCTPYKTYpHI,
HanotexHonoruu. M. : ®usmariur, 2005. 416 c.

2. Mecsn I'. A., ITpockyposckuit . Y. UmmynbcHBIH
SEeKTPHUECKUI pa3psx B Bakyyme. HoBocmOupck
Hayxka, 1984. 256 c.

3. Caynun B. H., Tenerun C. B. IlnazmoHanbuieH-
Hble (eppuroBbie nokpeiTus / Becthuk Cuol'AY. 2014.
Ne 1 (53). C. 168-174.

4. KoHcTpynpoBaHne M HCCIEJOBAaHHE HAHOCTPYK-
TYPUPOBAHHBIX TBEPJOCIUIABHBIX KOMIIO3UTOB C IIOBBI-
LICHHBIM YPOBHEM MPOYHOCTHBIX M JKCILTyaTallHOHHBIX
XapaKTepUCTHK 32 CYeT MOAU(DUIMPOBAHUS HAHO-
YacTHIAMH W  TEPMOMEXaHWYecKoil  oOpaboTkm /
10. U. T'opaeer [u ap.] // Bectauk Cubl’'AY. 2014. Ne 4
(56). C. 209-218.

5. HccnegoBaHue CBOMCTB 3alIUTHBIX MOKPBITUN AJIs
kocmuyeckux ammnapatoB / A. E. Muxees [u np.] / Bect-
HUK CuoI'AY. 2013. Ne 3 (49). C. 217-224.

6. Takamasa Ishigaki, Ji-Guang Li. Synthesis of
functional TiO,-based nanoparticles in radio frequency

induction thermal plasma // Pure Appl. Chem. 2008. Vol. 80,
no. 9. P. 1971-1979. Doi: 10.1351/pac200880091971.

7. Barengol’ts S. A., Mesyats G. A., Shmelev D. L.
Mechanism of ion flow generation in vacuum arcs //
JETP. 2001. Vol. 93, no. 5. P. 1065-1073. Doi:
10.1134/1.1427117.

8. DUBHKO-XMMHYECKHE CBOMCTBA HAaHOMOAM(HUKA-
TOPOB Ha OCHOBE 3JIEKTPOAYTOBBIX MOPOLIKOB HUTPHIA
TUTaHa JJId MOJIMMEPHBIX HAHOKOMIIO3UTHBIX MAaTEPUAJIOB /
A. B YmakoB [u ap.] // Texnonoruss meramuios. 2011.
Ne 3.C. 16-21.

9. Method for Producing Nanomaterials in the Plasma
of a Low Pressure Pulsed Arc Discharge / I. V. Karpov
[et al.] // Tech. Phys. 2014. Vol. 84, no. 4. P. 559-563.
Doi: 10.1134/S1063784214040148.

10. Influence of Pressure and Hydrocarbons on
Carbide Formation in the Plasma Synthesis of TiC
Nanoparticles / L. Yu. Fedorov [et al.] // Inorganic
Materials. 2015. Vol. 51, no. 1. P. 25-28. Doi:
10.1134/50020168515010057.

11. Mechanical and Tribological Properties of
Complex-Modified Material Based On Ultra High
Molecular Weight Polyethylene / A.V. Ushakov [et al.] //
Journal of Friction and Wear. 2014. Vol. 35, no. 1.
P.7-11. Doi: 10.3103/S1068366614010103.

12. Anders A. The fractal nature of vacuum arc
cathode spots // IEEE Trans. Plasma Sci. 2005. Vol. 33,
no. 5. P. 1456-1464. Doi: 10.1109/TPS.2005.856488.

13. Anders A. Metal plasma immersion ion
implantation and deposition: a review // Surf. Coat.
Technol. 1997. Vol. 93, no. 2-3. P. 158-167. Doi:
10.1016/S0257-8972(97)00037-6.

14. Krinberg I. A. The ion charge-current strength
relationship in stationary and pulsed vacuum discharges //
Tech. Phys. Lett. 2001. Vol. 27, no. 1. P. 45-48. Doi:
10.1134/1.1345162.

15. Rietveld H. M. Profile Refinement Method for
Nuclear and Magnetic Structures // J. Appl. Crystallogr.
1969, no. 2. P. 65-71. Doi: 10.1107/S0021889869006558.

16. Wiles D. B. New Computer Program for
Rietveld Analysis of X-ray Powder Diffraction Patterns //
J. Appl. Crystallogr. 1981, no. 14. P. 149-151. Doi:
10.1107/S0021889881008996.

© Ushakov A. V., Karpov L. V., Lepeshev A. A.,
Fedorov L. Yu., Shaihadinov A. A., 2015



