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The article shows the results of the study of the velocity of the sprayed powder particles on the example
of cold gas-dynamic spraying of copper powder C01-11. Features and advantages of gas-dynamic spraying
before other gas-thermal coating methods are given. The importance of the speed regime of coating and its
influence on the formation of the coating is analyzed. A computational experimental method for determining
the velocity of sprayed particles is proposed, as well as an experimental setup with the help of which it is
possible to obtain objective data on the velocity regime of cold gas-dynamic coating. The design of the applied
gas-dynamic spraying device is shown, which contains an electric heater of the compressed air flow and an
accelerator of the heated compressed air into which the sprayed metal powder is driven due to the ejection
effect. An experimental setup was used for the study, which contained two rotating disks mounted at a distance
of 20 mm from each other on the shaft of a high-speed electric motor, with holes in the upper disk through
which spraying occurs on the surface of the lower disk. Due to the fact that the disks with the spraying process
rotate at a speed of 10587 rpm is the displacement of the sputtering figure on the lower disk relative to the
projection of the hole of the upper disk on the lower disk. The magnitude of this displacement is calculated by
the velocity of the particles of the sprayed powder, according to the above method. The parameters that are
taken into account when calculating the speed of the spray particles of the powder is the diameter of the nozzle
of the spray device 5 mm. The distance from the nozzle cut to the upper disk is 10 mm. The distance from the
nozzle cut to the lower disk is 32 mm. The distance between the disks a = 22 mm. The radius on which the
nozzle of the spray device is installed is 90 mm.

As a result of the experiments, it was found that when spraying copper powder C01-11 at a temperature
of 20 °C, the spraying speed is 232.2 m / s, which does not provide conditions for coating, and at elevated
temperatures to 285 °C quality coating was formed. The spraying speed was from 302.7 to 359.2 m / s for
critical sections of 2.5 and 3.01 mm2, and the spraying area at higher speeds was approximately 20% higher
than at lower speeds. This makes it possible for researchers to determine the velocity modes of spraying and,
accordingly, to more accurately assign the optimal technological parameters to achieve the highest quality
results of creating functional coatings.
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F. 6. Fig. 7. Table 1. Ref. 8.

1. Introduction

Cold gas-dynamic spraying (CGDS) is one of the latest rapidly evolving technologies [1, 4, 5, 6, 7, 8].
In the process of CGDS powder particles of metals, polymers, ceramics, with a characteristic size of 10-150
um are accelerated in the high-speed gas flow to speeds of 250-1200 m / s and when hitting an obstacle are
fixed on its surface without phase transitions forming a continuous coating. The absence of high temperatures
significantly expands the possibilities of coating methods of different powder materials and provides the
method of CGDS, in comparison with existing gas-thermal methods, significant advantages:

- allows to use for spraying powders with a size less than 30-50 microns, including ultrafine, which
leads to improved coating quality - increases its density, reduces the volume of microcavities, the structure
becomes more homogeneous, it is possible to reduce the thickness of the coating;

- there is no significant heating of particles and related processes of high-temperature oxidation and
phase transitions, which makes it possible to obtain coatings with properties close to the powder material, as
well as composite coatings from a mixture of powders that differ significantly in physical and mechanical
properties;

- there is no significant thermal effect on the surface of the product, which makes it possible to apply
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a coating on substrates of non-heat-resistant materials;

- relative simplicity of technical implementation and improvement of work safety due to low
temperature of the spraying process, as well as the absence of flammable and explosive gases.

In addition, it is possible to improve the performance of the surface layer of the part by applying special
metal, polymer and composite coatings on its surface.

2. Problem formulation

An important factor influencing the process of creating coatings is the speed with which the sprayed
powder particles fall on the surface of the sprayed part. The quality and characteristics of the applied coating
largely depend on it. But you can directly measure the velocity of a microscopic powder particle only using
expensive optoelectronic equipment [1, 4, 5], or determine the speed using analytical methods that have a
number of assumptions [2] and, accordingly, the calculation results may have significant deviations from the
actual flow rate of powder particles in the moment of collision with an obstacle.

3. A purpose of work

The aim of the work is to develop a simple computational experimental method that will accurately
determine the speed of the spray particles in the process of gas-dynamic spraying.

4. Results of research

For spraying used an experimental device for gas-dynamic spraying of functional coatings, the
schematic diagram of which is shown in Figure 1. The device consists of a nozzle 3 having a cylindrical hole
of constant diameter, in which the left side is nozzle 5. Nozzle 5 has an axial channel 4 for feeding the sprayed
powder material and the outer conical part, which in connection with the nozzle opening forms an annular gap
C, which is the mouth of the nozzle and its critical section. The critical section is the area of the nozzle mouth
with the minimum area of the annular gap through which the compressed air passes. Moving the nozzle 5 along
the axis of the nozzle 3 allows you to adjust the gap C (critical section), which allows you to adjust the pressure
and flow rate of the working gas and adjust the parameters and quality of the sprayed coating. Passing through
the critical section, the gas flow rate accelerates and its pressure drops to values less than atmospheric. That
is, the effect of ejection is created due to which the sprayed material is absorbed into the nozzle of the
installation.

Another feature of the developed design is that the air flow passing through the nozzle of the new
design moves from the periphery to the axis of the nozzle. This helps to keep the powder particles mainly on
the axis of the nozzle, which will significantly reduce the likelihood of their collision with the surfaces of the
nozzle hole and, accordingly, will reduce the wear of these surfaces.

6. 4
(oo
S
F 1
Fig. 1. Schematic diagram of the device for gas- Fig 2. Gas-dynamic spraying device,
dynamic application of functional coatings: general view

1 — compressed gas supply, 2 — gas heater,
3 —nozzle, 4 — powder supply channel.
5 —anozzle, 6 — a lock nut

To implement the process of cold gas-dynamic spraying in created special equipment shown in Fig. 2.
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Gas-dynamic spraying device [3] consists of two main components: a compressed air heater and a

heated compressed air accelerator. The drawing of the gas-dynamic spraying device is shown in Figure 3.
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Fig. 3. The structure of the gas-dynamic spraying device

The spray device consists of a housing 1, cover 2, ceramic disks 3 with holes 13, disk holder 4,
electrical contacts 5, insulating cover 6, thermal insulator housing 7, supersonic nozzle 8, barrel 9, cone 10,
nut 11, compressed nozzle air 12.

As the spray material used copper powder C01-11 shown in Figure 4.

Fig. 4. Copper powder. Fig. 5. General view of the installation for determining
the flow rate of powder particles:
1 —electric motor, 2 — upper disk, 3 — lower disk,
4 — nozzle of the CGDS device, 5 — holes in the upper disk,
6 — projection of the upper hole 5 on the lower disk 3,
7 — spray layer on the lower disk.

An experimental setup was developed to study the flow rate of powder particles (Fig. 5). This
installation consists of a high-speed electric motor, on the shaft of which two disks are fixed. Symmetrically
arranged holes with a diameter of 20 mm are made on the upper disk.

The spraying process was as follows. The nozzle 4 of the spray device is placed on the axis of the hole
5 of the upper disk. We turn on the electric motor 1 of the installation, which accelerates the rotation of the
disks 2 and 3 to certain values, the spray installation is displayed on certain spray modes and the powder
material is fed into the nozzle 4 of the spray device. There is a process of creating a coating layer. Part of the
powder enters the hole in the upper disk and reaches the surface of the lower disk and a spray layer 7 is formed
on the lower disk 3. Due to the fact that the disks rotate, there is a shift of the spray layer relative to the
projection 6 of the hole in the upper disk. The magnitude of this shift determines the flow rate of the sprayed
powder.

Method of calculation. To determine the velocity, we developed a calculation scheme, shown in
Figure 6, and determine the mathematical dependences by which we can calculate the flow velocity of particles
at a distance (a).
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Figure 6. Calculation scheme for determining the flow rate of spray particles:

a — scheme of installation in the front plane and section AA, b — additional enlarged view of
section AA, 1 — upper disk, 2 — lower disk, 3 — projection of hole A on the lower disk, 4 — spray layer on
the lower disk. B is the projection of the point of hole A on the lower disk. V — Flow rate of powder
particles. V1 is the velocity of point B, b is the segment of the arc along which point B moved, bl is the
chord connecting the end points of the arc b, R is the radius of point B (coincides with the axis of the
nozzle of the spray device), f is the angle of the sector connects the endpoints of the arc b, and - the
distance between the surfaces of the disks 1 and 2.

The powder particle will fly the way a = Vt, where t — the time of movement of the powder particles
at a distance a. Then t = a/V. The disks will go the way of this time b = V;t, where t = b/V;.

Then write down the equality a/V = b/V;, whence the velocity of the powder particle V = (aV;)/b
. The arc b is part of a circle of radius R. The length of a circle of radius R is C = 2aR

From the known speed per minute n, we can calculate the speed V: of point B

Vi =Cn @
Where
V = (a2nRn)/b 2
By the cosine theorem we determine the angle f.
f = arcos(2R? — (b;)?)/2R? (3)
The length of the arc b passing the point B for time t is calculated by the proportion
27R - 360
b - f 4)
Where
b = f2nR/360 = (arcos((2R? — (b;)?)/2R?)2mR) /360 (5)
If nis rpm, and the dimensions is meters, we obtain
V = (an)/(arcos((2R? — (b1)?)/2R?%)/360) m/min. (6)

According to the above method and the results of spraying (Fig. 7) measure the amount of displacement
of the coating layer relative to the projection of the upper hole on the lower disk. It for different spraying modes
isb; =9.54 mm; 7.25 mm; 6.11 mm;

The diameter of the nozzle hole of the spray device is 5 mm. The distance from the nozzle cut to the
upper disk is 10 mm. The distance from the nozzle cut to the lower disk is 32 mm. The distance between the
disks a = 22 mm.

Based on the results obtained, calculate the velocity of the powder particles, and the results are listed
in table 1.

49



Ne1(112)/2021 TexHika, eHepreTHka,
TpaHcnopt AIIK

Vol. 112,No 1 /2021

b)

Fig. 7. Geometric parameters of the spraying layer: a - spraying at a temperature of 20°C
compressed air (coating is not formed), b - spraying layer from right to left: the first layer, compressed
air temperature 285 °C, critical cross section 3.01 mm2, the second layer ¢ compressed air

temperature 285 °C, critical nozzle cross section 2.5 mm2. Air pressure for all experiments is
0.57 MPa.

Table 1
Velocity of the powder particles
Critical nozzle Pressure
a,m n, min?! by m Rm cross section Air temperature air V m/s
mm? MPa
0,022 10587 0,00954 0,09 3,01 20 °C 0,57 232,2
0,022 10587 0,00725 0,09 2,5 285 °C 0,57 302,7
0,022 10587 0,00611 0,09 3,01 285 °C 0,57 359,2

4. Conclusions

A computational experimental method for determining the velocity of the sprayed powder has been
developed, which makes it possible to accurately determine the velocity of the powder using simple equipment
and a simple calculation method. This makes it possible for researchers to determine the velocity modes of
spraying and, accordingly, to more accurately assign the optimal technological parameters to achieve the
highest quality results of creating functional coatings. For example, it was found that when spraying copper
powder at a temperature of 20 °C, the spraying speed is 232.2 m /s, which does not provide the conditions for
coating, and when the temperature rises to 285 °C, a quality coating is formed. The sputtering speed ranged
from 302.7 to 359.2 m / s for critical sections of 2.5 and 3.01 mm?, and the sputtering area at higher speeds
was approximately 20% higher than at lower speeds.
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HUCCJIEAOBAHUE CKOPOCTU ABUXKXEHUSA ITIOPOUIKOBIX YACTHUII XOJOJHOI'O
TFA30JJUHAMUYECKOI'O HAIIBIJIEHUSL

B cmamwe npusedenvl pesynvmamsi uccie008aHus CKOpOCMU NONeMd Hacmuy HANbLIAEMO20
NOPOWIKA C NpUMEHeHUueM X0N00H020 2a300uHamuyeckoeo nanvlienus nopowka C0I1-11 na ocnoge meou.
Toxazanvl ocobeHHocmu U nNpeuMyuecmed 2a300UHAMULECKO20 HANbLIeHUs neped OpysuMu cnocobamu
2a30mepmMu4ecKo20 Hanecenus nokpoimutl. Ilpoananuzuposanu pasusie CKOPOCMHbLE PEXCUMbBL HANBIIEHUS U
NOKA3GHO UX GNIUAHUE HA opmuposarue nokpvimus. Pazpaboman pacuemmno sxcnepumeHmanbHulil Memoo
0l onpedeneHuss CKOPOCMU HANBLIAEMbIX UYACHUY, CHOMOWDLIO eKCNePUMEHMANbHOU YCMAHOBKU YmOo
no360sem NOAYYUMb 00beKMUBHble OAHHblEe O CKOPOCHMHOM pedcume CO30aHus NOKPLIMUL XOJI0OHbIM
2a300uHamuyeckum  Hanolienuem.  llokazana — KOHCMPpYKYus  NPUMEHEHHO20  ycmpoucmea 074
2a300UHAMUYECKO20 HANBLIEHUS, CO0epaHcauec0 2NeKmMpoHaAsPesamentb ClHcamo20 8030yxXd, U YCKopumensb
corcamozo 68030yxa 8 KOMopulil ¢ NOMOWbI0 dhhexma 2ocekyur 600UMCA HANBbLIAEMbIL MEeMAIIUecKull
nopowlok. B xode uccredosanus npumensanace dKCnepuUMeHmalbHdas YCMAHOBKA KOMOPAs COO0epiucum 08a
B8PAYAIOWUXCS OUCKA YCNAHOBAEHHBIX Ha paccmoanuu 20 mm Opye om Opyaa HA 8aly 8bICOKOCKOPOCHHO20
21eKMpoO0gU2Amesl, npuiem 8 epxHem OUCKe COerano OMEepCcmusl, 4epe3 KOmopvle NPOUCXoOum HanvlieHue
Ha nosepxHocmv HudicHezo oucke. C yuemom mo2o, Ymo OUCKU C Npoyecce HANblIeHUs 8paujaromcs co
ckopocmwio 10587 o6/mun npoucxooum cmeweHue Quaypvl HANbLIEHUS HA HUNCHEM OUCKe OMHOCUMENbHO
OmeepCmusl 8epxHe20 OUCKA U e20 NPOeKyuY Ha HUdXCHUll ouck. 1o eenuuune smoeo cmeweHus HaxoOumcs
CKOPOCMb 08UMNCEHUS HACMUY HANBLIAEMO20 NOPOWKaA, no pazpabomarol memoouxe. llapamempel komopwie
NPUHUMAIOMCA 60 GHUMAHUE NpU pacueme CKOPOCU OBUNCEHUS HANBLIAEMbIX Yacmuy HOPOUKA 3MO
ouamemp KaHana Conua 2az00uHamudecko2o ycmpovcmaea 5 mm. Paccmosinue om conna 00 gepxuezo oucka
10 mm. Paccmosnue om conia 00 nudicne2o oucka 32 mm. Paccmosinue meancdy ouckamu a = 22 mm. Paouyc
HA KOMOPOM CMOHMUPOBAHO CONIO YCMPOUCMBA 0N HANUIEHUS OMHOCUMENbHO OCU  8ald
enexkmpoosuzcamenst, 3mo 90 mm.

B pesynvmame nposedenuvix onvimos noayuero, umo npu Hanwliekuu meoro2o nopowxa C0I1-11 npu
memnepamype 20 °C pacuumannas ckopocmsv HanvlieHus cocmaegnsem 232,2 m/c,, umo He obecneyusaem
YCR08Ull 00PA308aHUsL NOKPLIMUS, A NPU NOgblueHUuU memnepamypul 00 285 °C noxpwimue 06pa3o6aniocy.
Ckropocmb HanviieHus, 8 SMom cayuas, cocmaensiaa om 302,7 0o 359,2 m/c 0nst Kpumuueckux cedenuli conid
2.5u 3,01 mm? a naowads HanvlieHus npu OoIvbUel CKOpoCcmu oKazanace npumepro na 20% boavute, uem
npu meHvuwiel cxkopocmu. Illpednosicennas memoouka no3607sem ONnpeoeisimb CKOPOCHHbLE DeNCUMbL
HanvlieHUus U COOMeemcmeenHo 6o1ee MOYHO HAZHAYAMb ONMUMAbHbLE NAPAMempU MeXHON02UU HaHeCeHUs
DYHKYUOHATLHBIX NOKPHIMULL 0151 OOCHUINCEHUS HAUDOIee KA4eCMEEeHHbIX Pe3yIbMamos.

Knroueenle cnosa: xon00Hoe 2a300unamuyeckoe HaHeceHUus NOKPbIMUsl, CKOPOCMb HANbLIEHUS.

@.6. Puc. 7. Tabn. 1. JIum. 8.

JOCJIIIZKEHHSA HNIBUAKOCTI PYXY ITOPOIIIKOBUX YACTUHOK XOJIOAHOI'O
T'A3OAUHAMIYHOI'O HAITUMJIEHHSA

Y cmammi naseodeni pesynrvmamu 00CAIONHCEHHA WBUOKOCMI NOJbOMY YACHMUHOK HANUNIOBAHO20
NOPOWIKY 13 3ACMOCYBAHHAM XOJN00H020 2a300uHAMiYH020 HanunenHs nopowxy COI-11 nHa ocnogi Mmioi.
THlokazano ocobaueocmi ma nepesacu  2a300UHAMIYHO20 HANUIEHHA Neped [HWUMU CROcobamu
2azomepmu4ecko2o Hanecenns nokpummis. Ilpoananizo8ani pizni WeUOKICHI pedcumu HanUuleHHs i NOKA3aHo
ix eniue Ha opmysanisi nokpummsi. Po3pobieno po3paxynkoeo ekchepumMenmanibHuti Memoo 0Jisk GU3HAYEHHS
WBUOKOCMI  HANUTIO8AHUX UYACMUHOK,

3a OONOMO2OK) EKCNePUMEHMANLHOL YCMAHOBKU AKULL 00360719€ OMPUMamu 00'€eKkmueni OaHi npo
WBUOKICHULL PeHCUM CIBOPEHHS NOKPUMMIB XOI00OHUM 2a300UHAMIYHUX HanuleHHAM. [lokazana koncmpyKyis
3ACMOCOB8AH020 NPUCMPOIO O/l 2A300UHAMIYHO20 HANUIEHHS, WO MICMUMb eleKmpoHaAzpieay CMUCHEH020
nogimpsi, I NPUCKOPHOBAY CMUCHEHO20 NOBIMPs 6 AKUU 3d O00NOMO2010 eeKmy edxnceKyii 800umbCs
Hanu08aHuLl Mmemanesuul Nopoulok. B x00i docnidocenns 3acmocogysanacs excnepumeHmanbHa yCmaHo8Ka
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AKa micmumb 08a 00epmosux OUCKa 6CMAHOGIeHUX Ha eiocmani 20 Mm 00uH 6I0 00HO20 HA BALy
BUCOKOUBUOKICHO20 ~ e1eKMPOOBUSYHA, NPUYOMY Y GEPXHbOMY OUCKY 3POOIEHO Omeopu, uepes SKi
6100Y8AEMbCA HANUTEHHS. HA NOGEPXHIO HUJICHbO2O OUCKY. 3 YPAXy8amHsM moeo, wjo OUCKu 3 npoyeci
HanuieHHs obepmaromvcs 31 weuoxicmio 10587 06/x6 6i0bysaembcs 3miwenHs Gicypu HanuieHHs HA
HUICHLOMY OUCKY OO0 OMBOPI6 6ePXHBLO20 OUCKA 1 iX NMPOEKYill HA HUJCHIU OUCK. 3a 6eIUYUHOI YbO2O
SMIWEHHs 3HAX00UMbCSL WBUOKICIb PYXY YACMUHOK HANUTIOBAHO20 NOPOWIKY, NO PO3POONEHIll Memoouyl.
Hapamempu siki 6epymuvcsi 00 ygaeu npu po3paxyuKy WeUOKOCmi pyxy Hanumo8anux 4YaCmutoK NOPouiKy ye
diamemp KaAHay conua 2a300UHAMIYHO20 NPUCmporo 5 mm. Biocmanw 6i0 conna 00 éepxHvo2o oucka 10 mm.
Biocmanw 6i0 conna 0o nHudicnvozo oucka 32 mm. Biocmane miowe ouckamu a = 22 mm. Padiyc na sikomy
3MOHMOBAHO CONNO NPUCMPOIO OJIsL HANUNEHHA W00 OCI 8ana eiekmpoosucyta, ye 90 um.

B pezynomami nposedenux oocnidie noxazano, wjo npu HanuieHHi mionoeo nopowxy C0I1-11 npu
memnepamypi 20 °C pospaxosana wieuoxicms HanuieHus cmaunosumv 232,2 m/c, wo He 3abe3neyye ymos
VMBOpPEeHHs NOKpUmMms, a npu niosuwenui memnepamypu 0o 285 °C noxpumms ymeopunocsa. Llleuoxicmo
Hanu08aHHs, 8 YboMy unaoxy, cmarnosuia 6io 302,7 do 359,2 m/c ons kpumuynux nepepizie conna 2,51 3,01
MM, a naowa nanunenus npu Ginewitl weuoxocmi gusesunacs npubnusno na 20% Ginvie, Hidc npu MeHwil
WBUOKOCII. 3anponoH08aHa MemMOOUKA 00380IAE BUHAYAMU WBUOKICHI PedcUMU HANUIeHHA | 8i0N0GIOHO
OLnbUW MOYHO NPUSHAYAMU ONMUMATILHI NAPAMEmMPU MeXHON02Ii HaHeCeHHs OYHKYIOHATbHUX NOKPUMMIS 01
00CseHeH S HAUOILWL SIKICHUX Pe3YTbmMamis.

Knwwuoei cnosa: xonoone 2azo0unamiyte HaneceHHss NOKPUMMmsl, WeUOKICIb HANUIEHHSL.

@. 6. Puc. 7. Taén. 1. JIim. 8.
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