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Abstract. The study focused on analyzing the trajectories of powder particles within a plasma flow, a process utilized for applying functional
coatings and producing powders. An overview of contemporary scientific research dedicated to modeling these processes is presented.
The primary objective of this study was to ascertain how the particle size of the powder, used as a raw material, influences the path of
particles within a vertically directed plasma flow. We examined three sizes of titanium powder: 1 um, 50 um and 100 um. These sizes
were chosen based on production practices for the considered processes and the particle size distribution of the powder material used in
full-scale experiments, employing specialized CAMSIZER-XT equipment. Our study reveals the significant impact of powder particle
size on various parameters, including the opening angle, length, and width of the illuminated section of the plasma torch, as well as the
distance traveled by particles entrained by the plasma flow from the plasma head. To investigate these effects, we conducted computer
simulations, followed by validation through full-scale experiments for each case. Specifically, we employed the MAK-10 laboratory
plasma facility at the Institute of Metallurgy, Ural Branch, Russian Academy of Sciences, which is designed for powder production and
functional coatings. In order to ensure the reliability of our measurements, we performed statistical data processing of the full-scale
experiment results using scatter plots and determination of their average values. The comparative analysis of results from both natural
and computer experiments demonstrated a satisfactory level of convergence. This comparative analysis of three particle sizes of powder
enabled us to formulate practical recommendations for enhancing equipment and process technology in the context of the considered
procedures. Furthermore, our article introduces a computer model capable of predicting the dimensions of the reactor (the chamber for
receiving powder materials), the optimal shape of components within the plasma facility, and the positioning of the substrate on which
functional coatings are applied. This model can be applied to address similar problems within the scope of this study, facilitating the
control of coating application processes and powder production.
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AHHOTaL‘Mﬂ. HCCHG}IOBaHbl TPACKTOPUMN JABUKCHHSA YaCTULl IOPOLIKAa B IJIa3MEHHOM IIOTOKE, KOTOprﬁ UCIIOJIB3YETCA IJId IMPOLECCOB

HaHeceHUs! (PYHKIMOHATIBHBIX IMOKPBITUI U MONYYEHHs TOPOIIKOB. BhINoiaHeH 0030p COBPEMEHHBIX HAyYHBIX HCCIIEIOBAHHM, MO-
CBSIILCHHBIX MOJICTIMPOBAHUIO paccMaTpUBaeMBbIX MpoleccoB. Llenab paboThl 3aKiitouaach B ONPEEICHUM BIMAHUS pa3Mepa 4acTUI
IIOPOLLIKA, UCIIOJIB3YEeMOTI0 B Ka4€CTBE ChIPhsl, HA TPACKTOPHUIO ABMKEHHS YAaCTHUI] B IUIA3MEHHOM IIOTOKE, HAlIPaBIEHHOM BEPTUKAJIBHO
BBepX. Mccnenosanu tpu (pakuuu turaHoBoro nopomika: 1, 50 u 100 MkM, BBIOpaHHBIC UCXOMSI U3 MPOM3BOACTBECHHOM MPAKTHKH
BEJICHUS PACCMOTPEHHBIX MPOLIECCOB U PE3YJIBTAaTOB IPAaHYJOMETPUYECKOI0 COCTaBa IOPOLIKOBOIO Marepuala, UCIOIb30BaHHOIO
B HATYPHOM JKCIIEPUMEHTE, ITPU [OMOLIH criennanu3uposanHoro obopynosanus CAMSIZER-XT. B pa6ote npoieMOHCTpUPOBAHHO,
KaKuM 00pa3oM pa3Mep YacTHI] MOPOLIKA BIUSIET Ha YTOJl PACKPBITHS, JUIMHY ¥ IIUPHUHY CBeTsIIeics Gpakiuu miasMeHHoro daxena,
a TaKXKe YIAJICHHOCTh YBJICUCHHBIX IUIa3MEHHBIM [TOTOKOM YacTHUI] OT IIa3MEHHOM rojoBku. VceienoBanue BBIIIOIHEHO ¢ TIOMOLIBLIO
KOMIIBIOTEPHOI'0 SKCIIEPHUMEHTA C HOCIe/yolIei BeprudUKaueii myTeM IPOBEeACHHsT HATYPHOTO SKCIIEPUMEHTA JUIsl Ka)XKI0ro U3 pac-
cMaTpuBaeMbIX ciaydaeB. [Ipu 3Tom ucnosnb3oBaiack saboparopHas miasMenHas ycranoska MAK-10 (MMET YpO PAH), npumensie-
Masi JUTS OJTyYeHHSI TIOPOILIKOB M HAHECEHHMS! (DY HKIIMOHAIBHBIX MOKPBITHH. C LeIbI0 HaI)KHOTO MOTy4YEeHHs] HTOTOB U3MEPEHUit ObL1a
IpOBE/ICHA CTaTHCTUYEeCKasi 00paboTKa pe3yabTaToB HATYPHOIO SKCHEPUMEHTa METOIOM TOYEUHBIX JAUAarpaMM pa3MaxoB M OIpeie-
JICHUS UX CPETHUX 3HAYCHUM. Pe3ynbraTsl CpaBHUTEIBHOIO aHAJIN3a HTOTOB HATYPHOTO M KOMIIBIOTEPHOIO SKCIIEPUMEHTOB [10Ka3aJIn
Y/IOBJICTBOPUTENBHYIO CXOMUMOCTh. CpaBHUTENBHBII aHAIN3 MPUMEHEHUs TpeX (pakLi ITOpOIIKa MO3BOIWI pa3paboTaTh Mpak-
TUYECKUE PEKOMEHJIALMK 10 COBEPIIEHCTBOBAHUIO 00OOPYIOBaHUS U TEXHOJIOIUH BEJCHUS paccMaTpUBaeMbIX IpoleccoB. B crarbe
OIUCaHA KOMIBIOTEpHAs MOJEJIb, O3BOJISIONIAs IPOrHO3UPOBATh pa3Mephl peakTopa (KaMephl IpueMa IMOPOLIKOBOTO MaTepuala),
paLroHANIBHY0 GOPMY COCTABHBIX YacTel IIa3MEHHOMN YCTaHOBKH H TTOJIOXKEHHE MOJUIOKKH, Ha KOTOPYIO HAHOCHTCSI (DyHKI[HOHAITb-
Hoe nokpbITue. [IpeacraBieHHy0 MOAEIb MOXKHO MCIONB30BaTh Ul PELICHUs 3a/ad, I0A0OHBIX TOCTABICHHON B paMKaxX JaHHOI'O

UCCJIEAOBaHUs, C LCJIbIO YIIPABJICHUA ITPOLECCaAMH HAHECCHU A l'lO](prTl/Iﬁ U IIOJIYHCHUS ITOPOLIKA.

KnroueBble cnoBa: cuna TSKCCTHU, TPACKTOPUS ABUIKCHUS YaCTULI, IJ1a3MCHHBII MCTOJ, IMOJIy4C€HUE IOPOIIKOB, HAHCCECHUEC HOKpI)ITI/Iﬁ
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Introduction

Plasma sputtering presents an efficient method for
acquiring functional coatings [1; 2]. By precisely man-
aging plasma parameters and deposition conditions, it
becomes feasible to achieve top-quality coatings [3].
Extensive research exists concerning the examina-
tion of how deposition process parameters impact
the characteristics of the resultant functional coat-
ings [4-6]. Additionally, plasma spraying serves as
a technique for generating powders that find applica-
tion in additive technologies [7—10].

The finite element method serves as a convenient and
precise tool for predicting and elucidating the influence
of various factors on both powder production and coat-
ing application processes. Computer simulations are in
high demand, especially for the investigation of func-
tional coatings composed of high-entropy alloys like
GdTbDyHoSc and GdTbDyHoY [11]. studies related
to coating deposition [12—14], software packages such
as ANSYS, SolidWorks, and JmarPro were employed.
For simulating the powder production processes using
the plasma method, researchers utilized ANSYS [15],
FLOW-3D [16] and COMSOL [17].

The trajectories of particles within a plasma flow
significantly affects the characteristics of coatings and
the properties of the resulting powders. Conversely, it is
also influenced by the particle size of the raw powder
material. Additionally, among the contributing fac-

48

tors, the shape of the internal channel, which is defined
by the components of the plasma head and the operational
features of the facility, plays a pivotal role. While there
are publications that discuss the impact of factors like
nozzle shape [18], operating modes [19], powder mate-
rial introduction methods [20], interelectrode inserts [21]
and gas swirler shapes [22], insufficient attention has
been given to exploring the effect of powder particle size
on particle motion trajectories within the plasma flow.

The primary objective of this study was to investigate
how three particle sizes (1, 50 and 100 pm) of titanium
powder, used as raw material, influence the trajectories
of particles within a vertically directed plasma flow.

Experimental

A computer model of the plasma facility was developed
to predict plasma flow parameters, employing the finite
element method. The SolidWorks Flow Simulation soft-
ware package (version 2016) served as a valuable tool
for computational fluid dynamics (CFD). Subsequently,
the results of the computer experiment underwent veri-
fication. In the numerical solution process, the Euler
and Navier-Stokes equations were employed. In order
to accurately represent surface, subsurface, and interme-
diate processes occurring within the flow, a finite element
grid size of 0.24 mm was chosen. This grid size ensured
that a minimum of 8§ elements were positioned within
the narrowest section of the three-dimensional compu-
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ter model of the plasmatron, specifically, the plasma-
forming gas inlet channel of the swirler with a diameter
of 2 mm [23].

In order to carry out a computer experiment, a three-
dimensional model was created based on the MAK-10
laboratory facility, which is located at the premises of IMET,
Ural Branch, Russian Academy of Sciences. The design
and parameters of this facility are depicted in Figure 1.

The initial data for the computer experiment are as
follows:

* plasma forming gas flow rate: 20 1/min;

* gas type: argon;

* gas pressure in the supplying system: 2 atm;

« diameter of the central hole of swirlers: 24 mm;

* plasma-forming gas is supplied in a tangential pat-
tern through 6 channels, each with a diameter of 2 mm,;

e the chosen raw material is titanium powder VT1-0,
selected from the library of standard materials within
the software package (State Standard GOST 19807-91)
with the following composition (wt. %, not exceed-
ing): N-0.04, C-0.07, H-0.01, Fe — 0.25, Ni— 0.04,
Si—0.1,0-0.2).

The environmental conditions are set as follows:

* gas type: air;

* absolute gas pressure at the outlet of the anode unit
is 98,100 Pa, equivalent to the altitude of Yekaterinburg;

e temperature corresponds to room temperature,
at 293 K.

The study focused on particle motion trajectories
within the plasma flow for particle sizes of 1, 50 and
100 um. The mass flow rate for each fraction was set
at 1 g/s.

An indirect-acting plasmatron was employed with
the following specifications:

* voltage: 26 V;

e current: 250 A;

®
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* spraying direction: vertically, directed upwards;
e reactor length: 2.8 m;
* diameters of respective segments: 250 and 500 mm.

Results and discussion

In Figure 2 the trajectories of 100 particles for each
of the three fractions are depicted. It’s important to note
that the particle sizes in the figure do not correspond
to scale and have been chosen arbitrarily for illustra-
tion purposes. We assumed that the temperature at which
titanium powder begins to glow and produce bright sparks
is above 1573 K. This determination was based on refer-
ence data regarding the colors of heated titanium (bright
red — 900 °C, yellow — 1200 °C, white — 1300 °C) [24].
Through computer simulation, several key findings were
obtained, including the dimensions of the torch contain-
ing the luminous powder fraction with temperatures
exceeding 1573 K, as well as the maximum distance
covered by powder particles within the flow.

The obtained data is presented below:

Powder particle size, pm . .. ............... 1 50 100
Length of luminous fraction, mm . .......... 570 500 320
Width of luminous fraction, mm............ 45 55 60

Distance of particles to plasmatron edge, m ...2.8 1.8 1.6

As observed, there is a negative correlation between
particle size and the length of the luminous fraction, as
well as the distance particles are carried by the flow away
from the plasma torch’s end. Conversely, the width and
opening angle of the plasma flow torch increase with
larger particle sizes. This phenomenon can be attributed
to the influence of gravity acting upon powder particles
entrained by the plasma flow. Notably, smaller powder

Fig. 1. The design of the plasma head of the installation in a disassembled state («) and in cross section along the axis (b)
1 —anode, 2 — anode case, 3 — swirler, 4 — cathode, 5 — cathode sleeve, 6 — cathode case, 7 — sealing rings, 8 — sleeve

Puc. 1. KoHCTpyKIHs TTa3MEHHO# TOJIOBKH YCTAHOBKH B pa300PaHHOM COCTOSIHUY (@) ¥ B TIOTIEPEIHOM CEUCHUH BI0Jb OcH (b)
1 —anon, 2 — Kopiyc aHoja, 3 — 3aBUXpUTEb, 4 — KaTo/, 5 — BTYJIKa Karosia, 6 — KOPIyC Karoja, 7 — yIUIOTHUTEIbHBIE KOJIbLA, 8 — BTYIKa
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293

Fig. 2. Trajectories of particles with sizes of
100 (a), 50 (b), and 1 (c¢) pm

Puc. 2. KapTuHbI TPAeKTOPHUI YaCTHUIl pa3MepamMu
100 (a), 50 (b) u 1 (¢) MM

particles tend to follow longer flight paths within the flow,
resulting in greater distances from the plasma head.

In order to validate the outcomes of the computer
experiment, two full-scale experiments were conduc-
ted. The first experiment aimed to compare the width
and length of the torch containing luminous par-
ticles of PTM-1 titanium powder, which was sprayed
using a laboratory facility (TU 14-22-57-92). In terms
of chemical composition, PTM-1 corresponds closely
to the titanium powder VT1-0 employed in the computer
experiment (wt. %, not exceeding: N —0.08, C —0.05,
H-0.35, Fe+Ni—0.4, Si—0.1, Ca—0.05, C1 - 0.004).
The second full-scale experiment was designed to deter-
mine the temperature of the plasma flow during the plasma
torch’s idle mode (without powder particle spraying).
This measurement aimed to assess the correspondence
of this value to the one determined through the computer
experiment.

Each of the full-scale experiments was conducted
in five separate runs to ensure robust and reliable mea-
surement results. In order to enhance the accuracy and
credibility of the measurements, we applied statistical
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processing using scatter plots and the calculation of their
average values [25-27].

In the first full-scale experiment, a granulometric
analysis of PTM-1 titanium powder was conducted using
CAMSIZER-XT (Germany). The data obtained revealed
that 90 % of the powder had a size of less than 91 pm,
while 50 % had a size of less than 50 um. Furthermore,
98.1 % of the powder material exhibited a sphericity coef-
ficient exceeding 0.9 (the ratio of the smallest particle
size or diameter to the largest), and 90.9 % of the studied
powder displayed sphericity coefficients exceeding 0.9.
The particle size range of PTM-1 titanium powder fell
within the range of 1-97 um. Figure 3 presents a visual
representation of the data from both full-scale and com-
puter experiments.

In the first full-scale experiment, the initial conditions
were as follows:

* plasma-forming gas flow rate: 20 I/min;

* gas type: argon; purity 99.993 % (complying with
State Standard 10157-2016);

* gas pressure in the supplying system: 2 atm;

T,K
1573

1431
1289
1146
1004
862
720
578
435

293

Fig. 3. Data from full-scale («) and computer (b) experiments on
the length and width of the luminous fraction

Puc. 3. JlanHble HaTYpHOTO (@) 1 KOMITBIOTEPHOTO (b)
HKCHEPUMEHTOB [UIMHBI ¥ IIUPUHBI CBETAIIEHCs ppakimuu
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Comparison of the results of full-scale and computer experiments

Pe3yibTaThl CpaBHEHUS HATYPHOI0 M KOMIILIOTEPHOI0 3KCIIePHMEHTOB

Llens exp(éfiﬁzgfinm experilirili:lrclit, mm D, %
Copper M1 141 135 4.4
Steel 10 82 85 3.5
Lanthanized tungsten 19 20 5.0

« diameter of the central hole of the swirlers: 24 mm,;

* plasma-forming gas was introduced in a tangential
pattern through 6 channels, each with a 2 mm diameter.

The environmental conditions were set as follows:

* gas type: air;

* absolute gas pressure at the outlet of the anode unit:
98,100 Pa, equivalent to the altitude of Yekaterinburg;

* temperature was maintained at room temperature —
293 K.

The study focused on analyzing the motion trajecto-
ries of particles within the plasma flow, encompassing
particle sizes ranging from 1 to 97 um. The mass flow rate
for each fraction was set at 1 g/s. An indirect-acting plas-
matron was employed, with the following specifications:

* voltage: 26 V;

e current: 250 A;

* spraying direction: vertical, directed upwards;

e reactor length: 2.8 m;

* diameters of respective segments: 250 and 500 mm.

During the experiment, measurements were taken
for the length and width of the luminous fraction of tita-
nium powder, which amounted to 600 mm and 65 mm,
respectively. As a result, the deviation from the results
of the computer experiment did not exceed 7.7 %.

In the second full-scale experiment, conducted during
the idle mode of the plasmatron (without the use of pow-
der), the temperature of the plasma flow on its axis was
studied. To achieve this, a method involving the place-
ment of rods with known melting temperatures within
the plasma flow was employed. Specifically, 3 rods with
a 3 mm diameter, composed of copper M1 (compliant
with State Standard GOST 859-2014), steel 10 (in accor-
dance with State Standard GOST 1050-2013) and lantha-
nized tungsten (as per Specifications TU 48-19-27-88)
were selected. These materials were chosen for their
varying melting points. The rods were fixed in a man-
ner where one end was securely clamped, and the other
end was left free to be exposed to the plasma flow.
The head of the plasmatron was mounted on a manipula-
tor, which enabled its uniform movement along the axis
toward the rod at a speed of 10 mm per minute. The dis-
tance between the free end of the rod and the end plane
of the anode of the plasmatron’s head unit was meticu-
lously recorded throughout the experiment. The initial
distance between the free end of the rod and the plasma

torch’s head was assumed to be 0.5 m. When the melt-
ing process commenced on the rod’s surface, the distance
from the rod to the plasma torch was recorded.

In order to determine the temperature of the rod’s sur-
face at the point of melting onset, an optical pyrometer
(EOP-66, Type No. 240, compliant with GOST 5.278)
was employed. This pyrometer is specifically designed
for accurately estimating the brightness temperatures
of heated objects through their thermal radiation, cov-
ering a range from 900 to 10,000 °C. The measurement
error does not exceed 5 °C.

In the second full-scale experiment, the initial condi-
tions were as follows:

* plasma-forming gas flow rate: 20 I/min;

* gas type: argon; purity 99.993 % (complying with
State Standard 10157-2016);

* gas pressure in the supplying system: 2 atm;

* diameter of the central hole of the swirlers: 24 mm;

* plasma-forming gas was introduced in a tangential
pattern through 6 channels, each with a 2 mm diameter.

The environmental conditions for this experiment
were as follows:

* gas type: air;

* absolute gas pressure at the outlet of the anode unit:
98,100 Pa, equivalent to the altitude of Yekaterinburg;

* temperature was maintained at room temperature —
293 K.

T,K
7000
6000
5000
4000
3000
2000
1000

0 0.05 0.10 0.15 /,m

Fig. 4. Temperature distribution along the plasma flow axis (/)
according to full-scale experiment
I — lanthanated tungsten, II — steel 10, III — copper M1

Puc. 4. PactipeqienieHre TEMIIEPATypPhl BIOJIb OCH INTa3MEHHOTO
notoka (/), o JaHHBIM HaTYPHOTO 3KCIIEPUMEHTA
1 — nantanupoBaHHsLi Bonbdpam, I1 — crans 10, 111 — mens M1
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For this experiment, an indirect-acting plasma-
tron with the following specifications: was utilized:

* voltage: 26 V;

e current: 250 A;

* spraying direction: vertical, directed upwards;

* reactor length: 2.8 m;

* diameters of respective segments: 250 and 500 mm.

The data derived from the second full-scale experi-
ment indicated that the onset of melting for each
of the rods occurred at temperatures closely aligned with
the reference data for each rod material, with a slight
deviation of no more than 22 K. A comprehensive account
of this experiment can be found in [28] and the results are
visually presented in Figure 4 and detailed in the accom-
panying Table.

Thus, the comparative analysis of the computer
and field experiments demonstrated a satisfactory level
of agreement, with the discrepancy not exceeding 5 %.

Conclusions

A comparative analysis of the motion trajectories
of titanium powder particles of varying sizes in a ver-
tically directed plasma flow has been successfully con-
ducted. The study revealed that the size of powder par-
ticles significantly influences various parameters, inclu-
ding the dimensions of the luminous fraction, the opening
angle of the plasma torch, and the distance of particles
carried by the plasma flow from the plasma head. These
findings are of great significance for processes involving
coating and powder production.

Furthermore, the development of a computer model
describing a laboratory plasma facility for applying func-
tional coatings and producing powder materials represents
a valuable contribution. This model can be employed
to predict outcomes in powder production processes.
Additionally, it enables the determination of optimal
reactor (powder receiving chamber) dimensions and
shapes, with the dual goal of reducing internal volume
and mitigating issues such as molten particles adhering
to chamber surfaces. This optimization is essential for
minimizing the material consumption of process equip-
ment, reducing facility dimensions, and cutting opera-
tional costs, especially when inert gases are used to fill
the receiving chamber. A well-designed chamber shape
not only lowers the unit cost of produced powder but also
prevents contamination of internal reactor surfaces.

In the context of vertically upward plasma flow,
the influence of gravity leads to a natural separa-
tion of sprayed powder into different fractions. Finer
particles exhibit a larger scatter radius, while coarser
ones are concentrated closer to the plasma jet’s axis.
This phenomenon can be harnessed for the selective col-
lection of powdered material. As part of the chamber’s
design improvement, the proposal to introduce additional
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internal walls for particle deposition based on size is
an innovative approach.

Overall, the use of gravity’s effect in vertically
directed spray patterns serves as an additional tool for
segregating the produced powder material.

These study results hold particular utility in the appli-
cation of functional coatings, aiding in the optimal
positioning of the substrate on which they are applied.
The computer model offers the capability to predict
plasma flow torch characteristics, such as the opening
angle and width, in relation to the distance from the plas-
matron. This information is invaluable for estimating
the coating area, determining the number of required
passes of the plasma torch for surface coverage and con-
sidering particle temperatures. Moreover, it assists in
defining the optimal substrate-to-plasma head distance
and inclination.

The choice of directing the atomization process
vertically upwards, taking advantage of the natural ten-
dency of heat to rise due to the pressure difference in
heated gases, offers several advantages over directing
the plasma flow vertically downwards. In this configura-
tion, the heat flow from the plasma is directed toward
the substrate positioned above the plasma source. This
setup minimizes the risk of overheating and potential
damage to the plasma equipment’s components, reduc-
ing the likelihood of plasma source failure. Additionally,
when the plasma flow is directed upwards, the substrate
receives more effective heating.

These recommendations have practical significance
for both consumers and developers of technological
equipment used in coating processes and powder pro-
duction. By employing a computer model, it becomes
feasible to anticipate process outcomes and make adjust-
ments by manipulating influencing factors.

Furthermore, the results of the computer experi-
ment were validated through a full-scale experiment and
the comparative analysis of their findings demonstrated
a satisfactory level of agreement.
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