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ABSTRACT

The article discusses the dispersion of metal powders in a plasma installation, and the cooling of metal
particles in various gaseous environment such as argon, helium and their mixtures. The main interest
in this study is the trajectory, flight range, the rate of crystallization and cooling of the obtained
particles. The data obtained during this investigation are necessary for the development and creation
of full-fledged plasma equipment. In order to calculate the distribution of the flow velocity and
temperature when modeling the process, it is necessary to carry out an analysis of the conditions for
the formation of spherical metal powders under the action of plasma jets on the basis of the accepted
concept of the physical and thermal model of the arc. To obtain the non-stationary mathematical
models correctly, it is also necessary to know the geometric characteristics of the plasma installation,
the flow rate of the plasma-forming gas, the electromagnetic parameters of the arc, the composition
and the properties of the molten metal, and a number of other factors. Initially, the problem of
choosing of a plasma-forming and technical gas to fill the working chamber of a plasma installation
was solved. The properties of gases were calculated, which are necessary for further mathematical
modeling of the physical processes of interaction of metal particles with the gaseous environment
of the working chamber. On the basis of the results of mathematical modeling of particle cooling, it
can be unambiguously concluded that a gas environment with a predominance of helium is the most
effective option for filling the process chamber, which serves to cool and collect the resulting metal
powder, because cooling occurs 4 times faster than in argon.
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AHHOTALIMA

B nmaHHOW crarbe paccMaTpHUBAaeTCs OXJIAKICHUE METAJUIMYECKUX YaCTHULl, MOJIYYEHHBIX METOJIOM
PREP, B paznuuHbIX ra3000pa3HbIX CpeAax, TaKUX KaK aproH, requil u ux cmecu. OCHOBHOW HHTEpeC
B JaHHOM HCCJIEIOBAHUH ITPEACTABIISIIOT TPAEKTOPHS, TaJIbHOCTD MOJIETA, CKOPOCTh KPUCTAILTN3ALINT
U OXJIOKICHHUS TOIYy4YEeHHBIX YacTull. /laHHbIe, TOIy4YeHHBIE B X0/l TaHHOTO MCCIEI0BaHMs, HEOO-
XOJIMMBI JJisl pa3paboTKU M CO3[aHMs TOJHOLEHHOTO IJIa3MEHHOTo 00Opy/loBaHUS. AHAIHU3 yCIIO-
BUH (popMupoBaHUs ChEepUIECKIX METATUTUUYECKHUX MTOPOIIKOB IPHU BO3AECHCTBUH TUIA3MEHHBIX CTPYH
Ha OCHOBE MPUHATON KOHLENMUIUU (U3MYECKOM U TEIIOBOM MOENU AYrd HEeOOXOAMM JUIsl pacuera
pacmnpeesieHusl BEKTOPOB CKOPOCTH MOTOKA M TEMIIepaTypbl IpU MOAEIUpPOBaHUU mpouecca. g
KOPPEKTHOTO MOJTY4YeHHsI yCTAHOBJICHHBIX HECTAIMOHAPHBIX MaTEMAaTUYECKUX Mojiesiel HeoOX0uMo
TaKXe 3HAaTh T€OMETPUUYECKUE XapPaKTEPUCTUKHU TUIA3MEHHON YCTAHOBKH, Pacxoll IIa3Moo0pasyro-
LIEr0 ra3a, 3J€KTPOMATrHUTHBIE ITapaMeTPhl 1yT'H, CBOMCTBA U COCTAB PACILIABJIEHHOTO METAJUIA U P
npyrux (akropos. B nepByto ouepens pemanack 3aaqa mo BIOOPY MI1a3M000pa3yIonero u TeXHU-
YECKOTO Ta3a Jylsl 3aloTHeHH pabodeil KaMephl TUIa3MEHHOM yCTaHOBKU. PaccunTaHbl CBOMCTBA Ta-
30B, KOTOpBIE OyIyT HEOOXOAUMBI 7S JaIbHEHIIIEro MaTeMaTH4eCKOrO MOJICITUPOBAHUS (PU3NIECKUX
MIPOIIECCOB B3aUMOJICHCTBHSI METAJUIMUECKUX YaCTHUIIAM C Ta30BOU cpenon padboueit kamepsl. [1o pe-
3yJapTaTaM MaTeMaTUYeCKOro MOJAEIUPOBAHUS OXJIAKIEHHUS YacTHUIl MOXKHO CJIEJIaTh OJHO3HAUHBIN
BBIBO/I, YTO Ta30Basi cpefia ¢ mpeodiailaHueM resus IBISeTCS ONTUMAIbHBIM BApUAHTOM 3al0OTHEHUS
TEXHOJOTMUYECKON KaMephl, CIyXKalleH i OXJIaKIeHU U cOopa MMoyyaeMoro MeTaJlsIHueCcKoro mno-
pollIKa, T.K. OXJIaXK/IeHUE MPOUCXOANT B 4 pa3za ObICTpee, YeEM B YUCTOM aproHe.

KJIFOYEBBIE CJIOBA

[Iponiecc Bpamaromerocsi 37€KTpoAa B IJIa3Me; MEJIKOAMCIIEPCHBIH TMOPOIIOK; aJAUTHBHBIC
TEXHOJIOTHH; CBOWCTBA IJIa3Mbl; MATEMaTHUECKOE MOACTHUPOBAHHE.
Introduction Despite the fact that this direction is

The use of additive technologies is extremely promising, at the moment in Russia it

currently one of the most relevant trends in the
global engineering industry. With the help of
innovative technology, developing industrial
companies have the opportunity to apply new
methods to the design and manufacture of
parts. They significantly reduce the time spent
on subsequent processing and improve product
quality by producing parts whose shape is
closest to the data of a computer model [1].

An important section of the additive
manufacturing of metal parts is the starting
material. There are different additive
manufacturing approaches that use different
kinds of raw materials, and the most popular
technologies, such as selective laser sintering or
electron beam melting and deposition, use the
raw material in powder form [2—4].
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is still in its initial stage [5—7].

Sputtering by a rotating electrode under
the action of centrifugal force is a commercial
process for dispersing powdered material.
This process, called REP (Rotating Electrode
Process) or PREP (Plasma Rotating Electrode
Process), was invented by Nuclear Metals,
Inc. in 1963 [8-10]. Since its invention,
REP has been widely used to produce pure
mild steel spherical powders as a carrier for
carbon black in office copiers. For the past
ten years, this method has been applied to the
production of cobalt-chromium and titanium
alloy powders for prosthetic devices. It has also
been adapted to produce ultrapure titanium alloy
powders for potential aerospace applications
[11,12].



1. Methods of experimental
and theoretical investigations

A technique for producing metal powder by
rotating billet AC plasma arc spraying (PREP)
is shown in Fig. 1. Preliminary investigations of
this technology were reported at the conference
[13]. In this technology, the production of metal
particles occurs due to the effect of a plasma
arc on a melted part rotating around its axis at a
speed of 10.000 rpm (in the study the part has a
diameter of 5 cm).

Compared with atomization methods such
as gas atomization and water atomization, the
energy used in REP is small and the atomization
occurs due to centrifugal forces. In addition, REP
does not require retention of liquid metals, which
eliminates refractory oxide contamination.
Consequently, particles sputtered by a rotating
electrode are usually very smooth, spherical,
of high purity, and almost devoid of satellites.
This is a distinguishing feature of REP and other
centrifugal atomization methods operating in
inert gas or vacuum at low speeds.

Fig. 1. Melt sputtering technology
by rotating electrode process:
1 — cathode; 2 — rotating electrode; 3 — liquid metal;
4 — droplets-particles

Puc. 1. TexHomorus pactbUICHHUS PacIiIaBOB CII0COO0M
BPAIIAIOIIETOCs IEKTPOJIa:
1 — kamoo, 2 — epawarowuiics s1eKkmpoo; 3 — HUOKUl
memaini, 4 — Kkaniu-yacmuyvl

Rotating electrode process can be applied to
almost all metals and alloys because it does not
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require a crucible for melting and/or pouring.
High melting point metals and alloys such as
titanium and zirconium are well suited for this
process.

For the theoretical analysis of the
technological process, it is necessary to calculate
the properties of the gas environment of the
working chamber. The calculation method was
substantiated and tested for various gases in
[14-19].

1.1. Calculation of the properties of the gas
environment of the working chamber

An important factor for obtaining a quality
product is the environment in which the metal
powder crystallizes. The main peculiarity of the
plasma-forming gas for use in the technology
under study is its neutral relationship to
metals (inert gases). The noble gases include
helium (He), neon (Ne), argon (Ar), krypton
(Kr), xenon (Xe), and radioactive radon (Rn).
However, most of these gases are difficult to
obtain and become uneconomical to use. The
most common and easiest to obtain are argon
(Ar) and helium (He). In addition, argon, due to
its large atomic mass of 39.948 a.m.u. and high
density, effectively pushes the melt out of the
anode spot because a large kinetic energy of the
plasma jet is achieved. Due to the fact that argon
has a relatively low ionization potential, it is
excellent for ignition of a plasma arc. However,
in addition to melting the metal workpiece
in the process of obtaining metal powders, it
1S necessary to accelerate the crystallization
process of the sputtered metal drops as much as
possible; for this purpose, the chamber volume
is filled with a gas mixture consisting of argon
and helium that are neutral gases with respect to
metals. Helium is added to the mixture because
it is characterized by an extremely high thermal
conductivity which accelerates the solidification
of liquid metal droplets. It follows from this that
the composition of the plasma jet will mostly
consist of argon with a small addition of helium.

The composition, thermodynamic and
transport properties of the plasma of argon,
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helium, and a mixture of 90% Ar + 10% He were Some results of calculation, namely the
calculated by the method described in [15-17]. temperature distributions of specific heat,

The necessary data for calculations were taken density and thermal conductivity are shown in
from [20-23]. Figs. 24.
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Fig. 2. Temperature dependences of the specific heat of various gaseous environment:
1—90% Ar + 10% He; 2 —Ar; 3 — He

Puc. 2. TemnepaTrypHble 3aBUCUMOCTH TEIUIOEMKOCTH PA3JIMYHBIX Fa30BbIX CPE;:
1—-90% Ar + 10% He; 2 — Ar; 3 — He
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Fig. 3. Temperature dependences of the density of various gaseous environment:
1-90% Ar + 10% He; 2 — Ar; 3 — He

Puc. 3. TemnepaTypHble 3aBUCUMOCTH MJIOTHOCTH Pa3IUYHBIX Ta30BBIX CPEN:
1—-90% Ar + 10% He; 2 — Ar; 3 — He
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Fig. 4. Temperature dependences of the thermal conductivity of various gaseous environment:
1-90% Ar + 10% He,; 2 — Ar; 3 — He

Puc. 4. TemneparypHbie 3aBUCHIMOCTH TEIUIONPOBOHOCTH Pa3IMYHBIX Ta30BbIX CPEII:
1—-90% Ar + 10% He,; 2 — Ar; 3 — He

1.2. Calculation of the formation of metal
particles during their detachment from the melted
rotating workpiece and their crystallization in
the technological chamber

The formation of metal particles during their
detachment from the melted billet under the
action of centrifugal forces during its rotation
as well as their cooling and crystallization take
place in the technological chamber in an inert
gaseous environment to avoid oxidation of the
particle material.

When modeling the processes in plasma arc
and the process of metal billet melting, it can
be seen that a particle does not interact with
the gaseous environment in the technological
chamber at the stage of its detachment from a
rotating workpiece. This fact eliminates the gas
components in the composition of the resulting
liquid droplet. However, the stage of cooling and
crystallization takes place in the technological
chamber in an environment of inert gases of
argon and helium. This composition of the
gas mixture makes it possible to accelerate the
solidification of the metal droplet and exclude
the oxidation of its surface.

For the calculation, it is necessary to
establish the holding tension force F, in the
zone of particle detachment and the detaching
centrifugal force F [13].

To determine the mass of a particle formed
during plasma sputtering, we use the formula:

m, = nppdp3/ o, (1)

where m, is the particle mass, p, is the particle
density, d,is the particle diameter.

The particle diameter in the first
approximation can be determined on the basis of
experimental studies according to the formula
given in [24]:

d — exXp ~m , (2)

where W, is the critical number corresponding
to the crushlng of the droplet (it is in the range of
22-24), o is the surface tension at the melting
temperature, v_is the gas velocity in the melting
zone, p, is the gas density.

The thermophysical properties of the
considered granules of various metals are shown
in Table 1.
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Table 1. Thermophysical properties of the considered granules for different types of metals

Taﬁ.rmua 1. Tel'[J'IO(l)I/I?;I/I‘ICCKI/Ie CBOICTBa paccMaTpuBaACMbIX I'PaHyJI AJId pa3HbIX BUAOB METAJIJIOB

Value /
Parameter / Symbol / 3HadyeHne Unit /
Hapamerp CnmBon Titanium / Copper / Steel / En. usm.
Tutan Menb Crans
Particle diameter / d (20:60)*10°¢ m
JluameTp 4acTuIbl »
Melting temperature / T 1941.15 1356 1450 K
Temneparypa miiaBjieHUst m
Boiling temperature / ] 3533.15 2840 7361 K
Temmneparypa KuneHus b
Particle specific heat / B 540 381 8 460 Tike K)
TemnoeMKoCTh YaCTHULIbI 4
Particle density / o 43500 8940 7850 ke/m?
[110THOCTB YaCTHUIIBI 4
Specific heat of melting / AH 315 214 205 Jke
VnenpHas TEIOTa IIaBICHUS m
Particle thermal conductivity / 2 18.85 401 45.4 W/(mK)
TenIonpoBOJHOCTh YaCTHIIBI P

To detach a particle, it is necessary to
fulfil the condition F, > F, where the force of
centrifugal acceleration is equal to:

F. =m a,. 3)
The centrifugal acceleration a, is equal to:
2
a =0, @)
R

w

where R is the workpiece radius, V', is the linear
velocity of the rotating workpiece. The linear
velocity of rotation of the workpiece relates to
the angular ones ® by the following dependence
[25]:
V. =R o. (5)
To find the tension force F, the following
formula is used:

F =cmnd, (6)
where o is the surface tension:

2
3
G:KG-(p—’”J -exp(—0.0594-§j, (7
p R

The surface tension of melts refers to 1 m?
of surface. When the temperature changes,
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the number of metal particles involved in the
formation of surface tension forces changes.
If the surface tension coefficient ¢ (J/m?)
is multiplied by the ratio (p /p)*®, then the
complex o* = o(p /p)*® will be related to a
constant number of particles (p, and p are
the melt density at melting temperature and
current temperature, respectively). Also, the
thermodynamic probability and the entropy of
matter are related by the Boltzmann formula: S=
=k-InW, where k is the Boltzmann constant, ¥ is
the thermodynamic probability. The coefficient
K_is taken depending on the metal from [26].

Thus, the required angular velocity for
particle detachment must be greater:

(60_‘[]}0.5
JA\PR.) (8)

d

c

w

In order to obtain a particle of the required
fraction of 20-60 pum, the angular frequency
must correspond to the following formula:

0.5
6
23.39 (znj
pL, ' (9)

d

c

n>




After the liquid metal droplet is detached
from the base of the workpiece, the process
of cooling and formation of a metal particle
is initiated. The most important parameters
influencing the rate of granule solidification
are the thermal conductivity of the gas mixture
in the chamber, the particle diameter, and the
temperature difference between the metal
droplet and the gaseous environment [25].

To find for the heat transfer coefficient from
a metal particle in a gas flow, one can use the
formula [27]:

o=—=, (10)

where kg is the thermal conductivity of the
gaseous environment.

The Nusselt number Nu, which determines
the intensity of convective heat transfer between
the particle surface and the gas mixture flow,
can be found as follows [27]:

Nu =2 + 0.03-Re®54- Pro-334
+0.035-Re’8-Pro3 (11)

where Re is the Reynolds number, Pr is the
Prandtl number.

2. Results and discussion

Based on the presented experimental and
theoretical research methods, the results were
obtained that allow analyzing the developed
technology for obtaining fine powders of
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various fractions of 20—-60 um used in additive
technologies.

Thus, for the obtained initial particle
detachment velocity and the properties of the
working environment of the gas mixture, we can
create a model that describes peculiarities of the
cooling of the metal granule.

The velocity field for a titanium particle
moving in a helium environment with a
detachment velocity of 5 m/s is presented
in Fig. 5.

Knowing the particle velocity and the
working environment, the cooling time of the
particle was calculated (Figs. 6, 7).

To compare the cooling rate of a particle
in different gaseous environment, results of
calculations with argon medium are shown in
Figs. 8-10.

Based on the results of mathematical
modeling of particle cooling, it can be concluded
that a gas environment with a predominance of
helium, which has a high energy content, is a
more efficient case for filling the technological
chamber, which serves to cool and collect the
resulting metal powder, because cooling takes
place 4 times faster than in pure argon.

Knowing the values of the particle velocity
and the time of its cooling, it is possible to
calculate the diameter of the technological
chamber. If we take a cooling time of 0.3 s and
a particle velocity of 5 m/s, then the chamber
diameter will be approximately 1.5 m.

mm
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1 2 mm 3

Fig. 5. Velocity field for a titanium particle in a helium environment

Puc. 5. [Tone ckopocteld AJi1 THTAHOBOM YaCTHUIIBI B FeJIMEBOM cpejie
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Puc. 6. KapTI/IHa OXJIAKJACHUSA YaCTUILIbI B 3aBUCHUMOCTHU OT BPEMCHH B I'CJIMU:
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Fig. 6. Particle cooling pattern depending on time in helium:
a—t=001s;b—t=05s
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Fig. 7. Time dependence of particle temperature in helium

Puc. 7. 3aBUcHMOCTB TeMIIEpaTyphbl YACTUI[BI OT BPEMEHHU B TeIMU
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Fig. 8. Velocity field for a titanium particle in an argon environment

Puc. 8. ITosne ckopocTeil TUTAHOBOM YaCTHIIBI B ApTOHOBOM Cpefie
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Fig. 9. Particle cooling pattern depending on time in argon:
a-t=001s;,b—t=05s
Puc. 9. KapTrHa oxiakIeHUsI YaCTUIIBI B 3aBUCUMOCTH OT BPEMEHH B aproHe:
a—-t=00lc;b—-t=05c
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Fig. 10. Time dependence of particle temperature in argon

Puc. 10. I'paduk 3aBECHMOCTH TeMIIEpaTyphbl YACTUIIH OT BPEMEHH B aprOHE

Conclusions

1. The paper substantiates the possibility of
using the method of arc spraying by a single-
and multi-jet plasma torch to obtain fine metal
particles, on the basis of which the patent [28]
was obtained.

2. Based on the results of the developed
calculation methodology taking into account
the properties of the plasma-forming gas, an
analysis of the operability and stability of

this technology was made at gas flow rates
G=0.3-0.5 g/s.

3. A comparison was made of plasma
technology at different operating frequencies,
and it was found that at an increased frequency
in the range of 1-10 kHz, the operating
characteristic of arc plasma torches PN-PA1 is
more efficient than at a frequency of f= 50 Hz.

4. Based on the mathematical calculation
describing the effect of the plasma flow on the
metal workpiece including the rate of melting
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and movement of the metal during cooling, the
parameters of the technological chamber and the
operating modes of the technological equipment
were found.

5. An analysis of the cooling of titanium
particles was made in two different gaseous
environments: argon and helium. The conclusion
is drawn on the choice of the best technical gas
both for ignition of the plasma arc and for filling
the technological chamber.

6. A new design of the high-speed plasma
torch PN-PA1 with a shortened arc channel for
metal products sputtering has been developed
and tested.

7. A titanium powder with high sphericity
and fraction of 20-60 um was obtained, which
is suitable for use in additive technologies.
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