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Abstract. The object of the research is thermal spray process for the formation of metal coating from bronze powder in plas-
ma-fuel variant, using direct current (DC) electric arc plasma torch, on steel samples. The aim of the work was to investigate
and develop the technology for plasma-fuel spraying of functional coatings (for wear-resistant and antimicrobial applications)
on machine-building and medical purpose pieces with increased process capacity and moderate energy consumptions
in a comparison with conventional thermal spray technologies with use of inert and oxygen-free gas media. During the study,
using experimental and thermodynamic estimation methods, the thermal and chemical parameters of the process under the
spraying conditions at ambient pressure were characterized, which made it possible to determine the area of preferred regi-
mes of the developed technology. On the modernized testing unit for plasma spraying of metal powders with power of up
to 40 kW, operating using a controlled combination of three types of gases — technical nitrogen and propane-butane (LPG)
with compressed air, the measurement and optimization of the operating and constructive/assembling parameters of the sys-
tem for aluminum bronze coating spraying were established. In this case, the experiments were carried out using the designed
fuel intensifier, which is joined with the PP-25 arc plasma torch, as well as additional technological equipment (protective
shroud). For samples of the resulting coatings with a thickness of 100 to 450 um from the bronze material, testing of phase
composition and some parameters of the resulting coatings on steel products was carried out. Operating capacity of the
proposed process reaches 7-15 kg/h for bronze powder when using a moderate power of the torch — up to 35-40 kW and
a limited flow rate of hydrocarbon gas (for example, LPG of the SPBT grade) — 0.1-0.35 kg/h. Analysis of the energy effi-
ciency parameters of the developed technology, as well as its calculated technical characteristics, in a comparison with plasma
and combined equipment of a similar purpose, showed that it has an advantage in terms of target indicators, in particular,
in terms of energy consumption and total energy efficiency of the spraying unit, not less than 20-30 %. This makes it to
proceed later to the stage of application of this technology into production based on a new process for the metal coating
formation, in particular with antimicrobial properties, with improved energy efficiency of the process.
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Mamlmocmpoenue U MawiuHogeoeHue

HccienoBanue MoaepHU3UPOBAHHON TEXHOJIOTHH
IUIA3MEHHOI0 HANIbLJIEHHS MOPOIIKA OPOH3BI
C HCNMOJIb30BaHHEM KOMOMHHPOBAHHOIO MpoIecca ¢ 100aBKaMM YIrJjieBO0POI0B

JlokT. TexH. Hayk, npo¢. O.T'. JleBoiino", kanu. Texu. Hayk A. B. T opﬁyﬂonz), Yenqon Ban®, A. C. Bostoabko'
A. H. Ioasikos”, kana. xum. HayK, aou. B. A. FopﬁyHOBal), KaHIMIaThl TexH. HayK B. T. Ceniorp?,
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DBenopycckuii HanMOHANbHEIHA TexHIUecKuil yruBepcuter (Munck, Pecrybmika benapyce),

ITexHonornueckuit HHCTUTYT adsponapTuky (Can-JKoze-nyc-Kammyce, Bpasumus),

) CeBepo-BOCTOUHBIH yausepcureT (Llenssn, Kutaiickas Haponnas Pecry6nuka),

Y06 beMHeH B HHCTHTYT MAIIMHOCTPoeHHs HalmonansHoil akanemuy Hayk Benapycu
(MuHnck, Pecniy6nuka benapycs)

Pedepar. VccienoBanue IOCBSALIEHO IPOLECCY Ia30TepPMHUYECKOro (H)OPMHUPOBAHHS MOKPBHITHS M3 OPOH30BOIO MOpPOLIKA
B IUIa3MEHHO-TOIUTMBHOM BapHaHTE C HMCIIOIB30BAaHUEM 3JIEKTPOAYTOBOTO INIA3MOTPOHA Ha CTANBHBIX oOpasmax. Llems pa-
0OTBI — HM3ydYCHHE TEXHOJOTHH JUIS IIIa3MEHHO-TOIUTMBHOTO HANBUICHHS (YHKIMOHATBHBIX MOKPHITHI (M3HOCOCTOMKOTO
M aHTUMHKPOOHOTO NPUMEHEHNS) Ha W3S MAIIMHOCTPOUTEIFHOTO ¥ MEIUINHCKOTO Ha3HAUYEHHUS C MOBBIIICHHOI IPOU3-
BOJUTEIILHOCTBIO TPOIecca ¥ YMEPEHHBIMH PHEPro3arpaTaMy MO CPaBHEHUIO C TPAJAUIMOHHBIMH METOJAaMH TEPMHUYECKOTO
HAaIlbUICHHs] B MHEPTHBIX M OECKHCIOPOAHBIX I'a30BHIX cpefax. C MOMOIIBI0 SKCIIEPUMEHTAIBFHOTO U TePMOMHAMUYECKOTO
pacuyeTHOro METOJOB OLICHHBAIINCH TEIIOBBIE M XUMHUYECKHE MapaMeTphl Mpoliecca B YCIOBHIX HANBUICHUS IPU aTMochep-
HOM JaBJICHHH, YTO MO3BOJMJIO ONPEAEIUTh 0071acCTh NMPEANOYTUTENRHBIX PEXKUMOB JaHHOH TexHonornu. Ha MoxepHH3upo-
BaHHOI aBTOpaMH yCTaHOBKE IUIa3MEHHOTO HANbUICHHS MOPOLIKOB 3JIEKTpHuYeckoil MourHocThio 10 40 kBT, paboraromeit
C PeryIupyeMbIM COUETaHHEM TEXHHIECKHX a30Ta M MpomaH-OyTaHa, a TakKe BO3IyXa, IPOBEACHBI H3MEPEHUE U ONTHMH3a-
s PEXUMHBIX ¥ KOHCTPYKTHBHBIX IapaMETPOB CHCTEMBbI HAHECEHHS MOKPBHITHS W3 ANIOMUHHEBOH OPOH3BI. DKCIIEpUMEHT
OCYIIECTBJIEH C HCIONB30BaHHEM pa3pabOTaHHOTO TOILIMBHOTO HMHTEHCH(HMKATOPA, CTHIKYEMOTO C JYTOBBIM ILIa3MOTpPO-
HoM [1I1-25, 1 1OmONMHUTENPHON TEXHOJIIOTMYECKOH OCHACTKY (3aIUTHOrO KOXKyXa). JJIsl IMOJy9eHHBIX TOKPHITUIT TOIIIHON
or 100 no 450 MKM U3 HPOMBINUICHHOTO MOPOIIKA AJOMUHHEBOW OpOH3BI MPOBEACHO TECTUPOBAaHME (Aa30BOrO COCTaBa
U HEKOTOPBIX IapaMeTPOB I10JIy4aeMbIX IOKPHITUI Ha CTalbHBIX U3AeIuAX. [Ipou3BOAUTENILHOCTD IPEUIOKEHHOTO IIpoliecca
JocTuraet 7—15 Kr/4 mno nopouiky mpu yMepeHHOH MOIIHOCTH Iua3MoTpoHa 10 3540 kBT u ymepeHHOM pacxoze yriieBoao-
POIHOro rasza (MPeANOYTHTENIFHO TeXHUYeckoro mponaH-Oyrana mapku CIIBT) 0,1-0,35 xr/u. OueHka mapameTpoB 3Hep-
ro3dhexTuBHOCTH pPa3pabOTaHHOH TEXHOJIOTMH M €€ PACUETHBIX TEXHHKO-’KOHOMHUYECKHX XapaKTEePHUCTHK B CPaBHEHHH
C ITa3MEHHBIM M KOMOMHUPOBAaHHBIM 000pYZOBaHHEM aHAJIOTMYHOTO HA3HAYEHHS MOKAa3ala, YTO OHA MMEET MPEHMYIIECTBO,
B YaCTHOCTH, II0 YZAEJIBHEIM dHeprosarpaTaM u obmemy sHepretmueckoMmy KIIJ[ ammapara e menee dem Ha 20-30 %.
OTO MO3BOJAET NEPEUTH K CTaJUM IOCIEAYIOIEr0 BHEAPEHHs JaHHOM TEXHOJIOTHH B IIPOU3BOACTBO Ha OCHOBE HOBOI'O IIPO-
1ecca oJIy4eHHsT METaUIOIOKPBITHH pa3IMYHOr0 Ha3HAYEHHs, B TOM YHCIIE C aHTUMUKPOOHBIMHU CBOHCTBaMHU.

KuiroueBble cioBa: ra3orepMuueckas 00paboTka, 3eKTPOAYTOBBIE MIa3MOTPOHBI, TNIA3MEHHOE HAIBUICHUE, CIIABbl MEJH,
AIIOMHHIEBast OPOH3a, YIIIEBOJOPOACOICPIKAINE ATKaHOBBIE 100AaBKHU, NMPOMAH-OyTaH, 3KCIEPUMEHTATBHOE HCCIEIOBAHNUE,
TEepMOANHAMHUYECKAsI OL[CHKA, (ha30BBIA aHAIN3 TOKPBITUS

Jas uutupoBanus: VccrnenoBaHue MOJICPHU3MPOBAHHOW TEXHOJIOTHH TUIA3MEHHOTO HAINBUICHUS MOPOIIKa OPOH3BI C HUC-
MOJIb30BaHMEM KOMOMHHPOBAHHOrO mporecca ¢ gobaBkamu yriaesogoponos / O. I'. lesoitno [u ap.] // Hayka u mexuuka.
2023. T. 22, Ne 2. C. 103—-112. https://doi.org/10.21122/2227-1031-2023-22-2-103-112

Introduction and research tasks

Last years, in the technologies of thermal
spraying of coatings, the group of plasma spraying
and related electric arc process (at atmospheric
pressure — atmospheric plasma spraying (APS)
together with electric arc spraying) has a total mar-
ket share of about 40 % in the leading industrial
regions of the world (as an example for the case
of USA) (Fig. 1) [1]. One of the important direc-
tion to improve existed industrial APS technologies
for deposition of modern functional metal and cera-
mic coatings (used in machinery production, metal-
lurgy, energy, chemical, aviation industries, medical
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technologies, instrumentation and some other
industries) is to optimize the conditions for heat
and mass transfer of powder with plasma jet.
In particular, this can be done by improving the
operation of electric arc plasma torches in terms
of their temperature and velocity parameters and
the composition of plasma gases in the torches.

According to the world leaders in a field of
protective coatings (Oerlikon Metco AG (Switzer-
land), Praxair Surface Technologies (USA) and
others), the most suitable materials for thermal
spraying, including plasma methods, are powders
(mainly metal and ceramic ones), which are used
annually up to 100 kt [2—-6].
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Fig. 1. The current shares in the industrial application
of various processes of thermal spraying of coatings in USA
according to the data from [1]: 1 — plasma spray;

2 — flame spray; 3 — high velocity oxygen fuel spray;
4 — electric arc spray; 5 — cold spray;
6 — other thermal spray processes

The main disadvantage (along with the limited
adhesion strength to the metal base and the com-
plexity of controlling the properties of the formed
coatings) that hinders the spread of functional coa-
tings of this type is rather high energy requirement
of the process — 3—20 kW-h/kg of the sprayed ma-
terial and the low powder utilization factor (often it
not more than 50 %) during spraying due to its
heating and the limited duration of the powder resi-
dence time in the zone of the plasma jet with a
high temperature [2, 7-8]. Modernization of APS
technologies, as a rule, is aimed at eliminating
these important technical shortcomings. As part
of this important trend in the field of high-
temperature coating technologies, over the past
decade, a number of countries have been actively
developing a group of new APS technologies for
a number of ceramic (oxides and carbides) and
metal (copper and its alloys for anti-friction and
antibacterial coatings, nickel-based alloys, etc.)
powder materials. These technologies use both
hydrocarbon gases as heat carriers (including
plasma mixtures of methane with CO,) to improve
the velocity and thermal conductivity of plasma
jets and intensification of particle melting in them,
and with feeding of particulates or droplets of or-
ganic additives to the plasma jet to control the po-
rosity and microstructure of sprayed metal and
composite functional coatings, including for ther-
mally resistant blades of gas turbines (in particular,
according to the data [6, 9—14]). At the same time,
in recent years, in particular, in Theoretical and
Applied Mechanics Institute (Siberian Branch
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of the Russian Academy of Sciences), an adjacent
promising air plasma spraying technology is being
developed for use with new medium-power plasma
torches to spray powders from a number of alloys,
oxides (including doped alumina) and cermet compo-
sitions [8, 15-16]. Moreover, as a variant, this tech-
nology is proposed for practical use when air as the
plasma gas is combined with feeding of additives
of alkane hydrocarbons (liquefied gases (LPG) or
natural gas) into the plasma torch.

In a connection with the mentioned trends in
the field of thermal spraying technologies (in par-
ticular, plasma ones), it seems highly promising to
develop new processes of this type using the prin-
ciple of feeding into the heat carrier in apparatus
for spraying of metal or refractory oxide powders
the inexpensive mixtures (hydrocarbons fuel +
+ oxidizer) that are effective in terms of their
thermophysical properties. This type of plasma-
fuel type of spraying is advisable, in our opinion,
to focus, in particular, on the use to obtain such
relevant functional coatings in recent years as anti-
septic and antibacterial coatings based on copper
alloys for a number of parts (such as fittings,
accessories) in medical institutions. In recent years,
plasma-sprayed coatings of this type have already
entered the stage of long period testing in several
large hospitals in Canada and South America [17].
These coatings can be quite relevant in current pe-
riod for Belarus under the conditions of increased
sanitary and hygienic requirements for medical
sector to prevent the expansion of viruses such
as COVID-19 or others through special measures to
ensure the suppression of so-called “nosocomial
infections”.

Based on the above information, as the purpose
of this article, we have chosen to investigate
the modernized technology of plasma-fuel spraying
of metal functional coatings made of aluminum
bronze (which is promising, taking into account
antimicrobial activity) with increased process
productivity and improved energy consumption, due
to the introduction of hydrocarbon alkane additives,
compared with traditional technologies of plasma
spraying in inert and oxygen-free gas environments.

The review on intensification methods for APS
with powder materials shows a commitment for
use of auxiliary fuel components based on alkanes
in spraying systems for formation of metal coa-
tings to decide two tasks:
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a) to enhance the energy efficiency of devices
of this type (by increasing heating intensity
of the powder in the gases with high thermal conduc-
tion and active thermal radiation emission), in com-
parison with arc plasma torches for similar coating
deposition, operating both with conventional simple
gases (N,, argon or their mixtures with Hy), and on
high-enthalpy hydrocarbon-containing mixtures,
which give (during exothermic reactions with oxi-
dizers inside plasma torch channel) combustion
products or syngas based on (H, + CO)-mixtures;

b) to optimize/variate the chemical composition
of the gas flow (by flexible control of oxidation
degree of formed gas mixture in a result of fuel
addition) when spraying of materials sensitive to
other plasma gases during APS, which can lead
to undesirable oxidation of metal materials (e. g. in
air plasmas used in some supersonic APS units
developed recently in the CIS).

Investigation methodology
and experimental spraying system

Schematic diagram, which is used for our re-
search experimental system and detailed outline of
the fuel injection (mixing with plasma jet) part are
shown in Fig. 2-3. Experimental plasma devices,
applied in the experiments, use previously recog-
nized and verified methods [2, 5, 18-19].

Initially performed thermal engineering ana-
lysis and technical design indicate the prospects
for using in the considered variety of atmosphe-
ric plasma spray systems with the fuel assistan-
ce (FA-APS) such two special parts (preferably
without cooling) as vortex chamber (fuel intensi-
fier), which does not use elevated pressure, for the

distributed injection of gas fuel components into
the plasma jet and the auxiliary tubular channel
(shroud). The latter helps to reduce intensity of
heat losses (effected by gas convection and radia-
tion) from plasma jet to the ambient air and keep
the high jet velocity over a zone of as long as pos-
sible [5, 20-21].

Plasma gas (N,) Substrate

Air + Gas Fuel (LPG) Coating

Brrzzrzzrzazzzzaraerd | \Sozzzezaza
| )

Shroud
Metal powder
(bronze)

Electric arc Hot syngas jet

DC plasma torch

Fig. 2. Schematic diagram of combined system
with powder injection, using gas fuel-assisted process
for thermal plasma spraying with metal powder feeding
to deposit coating on plate steel substrate

Such constructive principle will provide ad-
vantages over analogues, in particular, using
in FA-APS installations a special cooled chamber
for combustion with oxygen oxidizer of auxiliary
fuel at increased pressure (0.4-0.5 MPa, see Fig. 4
[22-23]) attached behind the nozzle of arc plas-
ma torch. This significantly limits the efficiency
(including thermal efficiency and electrode life
period) and complicates the design of direct cur-
rent (DC) plasma torch, in the discharge channel
of which this increased pressure is also transferred.
In our preferred variant, more simple arc plasma
torches, e. g. of the PP-25 type, conventional for
standard industrial spraying units of the UPU-3D
type [2, 18], can be efficiently applied.
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Fig. 3. Outline for the fuel intensifier with input
of mixture (air + gas fuel) in the jet of DC arc
plasma torch (with gas vortex stabilization
of electric arc) for thermal spraying of powders,
at an angle to the plasma jet axis
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Combustion

For thermochemical assessment of composi-
tion of gaseous and solid phases in investi-
gated experimental system (corresponding to me-
dia in FA-APS), the simulation based on analysis
for the range 7' = 300-3000 K with calculations for
thermodynamically equilibrium systems at atmo-
spheric pressure, using, in particular, multifunc-
tional TERRA code (designed in Moscow State
Technical University, Russia) can be used at the
acceptable accuracy [24-25].

Thermochemical estimation
for the experimental system conditions

The calculating thermodynamic assessment of
the consumption of gaseous fuel components in the
proposed powder spraying system (for the case
of Cu, Ni and their alloys) has shown that
the FA-APS process will have advantages under
optimal conditions (compared to the conventional
for industry APS technologies), such as:

a) reduced energy consumption for heating and
melting of sprayed materials;

b) increased operating capacity of the process
(in kilograms of injected powder at a plasma torch
power of not higher than 40 kW);

c¢) the opportunity to control the composition,
the oxidizing ability of the gas flow as well as the
temperature profile in the zone of powder heating
in order to optimize the properties of deposited
coatings. This includes protection against air ther-
mal oxidation of sprayed powders (metal or other,
e. g. carbide ones), due to their heating in the
channel of shroud of FA-APS system in formed
non-oxidative (CO + H, + N,) mixture.

Figures 5-7 demonstrate the examples of the
obtained results at the regimes with different level
of the equivalence ratio (ER) [3—4, 6].
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Coating
Gas-powder jet

Fig. 4. Schematic of combined experimental
plasma-fuel system (atmospheric plasma
spraying + high velocity oxygen fuel spray) for
high-speed spraying of powders, based on an
direct current arc plasma torch in combination
with injection chamber for elevated pressure
(hydrocarbon fuel + O, oxidizer) mixture
and with the injection of ceramic or metal powder
after the chamber for the spraying
deposition of coating [22]
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Fig. 5. Composition (in weight fractions)
of equilibrium C—-H-O-N-Ar—Cu-system, based on
the air + LPG mixture for the conditions of plasma-fuel
spraying of copper coating at the value of oxidizer
to fuel equivalence ratio ER = 1.05 (complete oxidation
gas medium) for 7= 400-3000 K, p = 0.1 MPa
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Fig. 6. Composition (in mole fractions)
of equilibrium C-H-O-N-Ar—Cu—Al-Fe-system,
based on the air + LPG mixture for the conditions
of plasma-fuel spraying of bronze coating at the value
of ER = 0.50 (partial oxidation gas medium)
for T=400-2500 K, p = 0.1 MPa
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Fig. 7. Composition (in weight fractions)
of equilibrium C-H-O-N-Ar—Cu—Al-Fe-system,
based on the air + LPG mixture for the conditions
of plasma-fuel spraying of bronze coating at the value
of ER = 0.10 (partial oxidation + pyrolysis of LPG-gas
medium) for 7= 300-2000 K, p =0.1 MPa

Experimental results

Taking into account the data on the preferred
regimes of the plasma-fuel process, a series of ex-
periments has been carried out with our upgraded
plasma spraying system at power of up to 40 kW,
operating on the base of the UPU-3D unit using
the combination of three gases — technical quality
nitrogen, propane-butane (i.e. liquefied petroleum

!
ik, o™ YAl Ee=E

el

gas, LPG) and low-pressure air from compressor.
The experiments are required to determine the pa-
rameters of the system for spraying of metal mate-
rials onto samples corresponding to metal parts of
machinery industry and medical sectors. For this
purpose, the use of modern design methods for
fabrication of the fuel intensifier with flexible vari-
able geometry (including laser LOM technologies),
joined with DC arc plasma torch of PP-25 type, has
been carried out. Figure 8 shows photos of the plas-
ma-fuel system, based on the DC torch, for chosen
powder spraying method at different operating re-
gimes. The additional equipment for the spray sys-
tem has been also applied in the form of tubular
metal shroud, contributing to increase in energy
efficiency of the test unit, as well as protection of
metal powders against thermal oxidation during
spray. For the obtained coatings with a thickness
of 100 to 450 um (on plate samples from Steel 30)
from powder material (commercial aluminum bronze
of PG-19M-01 grade, particle fraction from 40
to 100 um), some structural and functional pa-
rameters have been tested using X-ray diffra-
ction (XRD) method for phase analysis, which has
shown the opportunity for their use on metal parts
for various applications.

Fig. 8. Views of plasma-fuel system for bronze powder spraying based on PP-25 plasma torch with the fuel intensifier,
which is operating during varied experimental conditions: a — regime without feeding of LPG-fuel and the powder and without
connection of protective shroud to the intensifier; b — the same regime as for (a), but with LPG-fuel injection;
¢ — the same regime as for (a), but with LPG-fuel injection and powder feeding; d — the same regime as for (c¢)
at the powder spraying on fixed metal substrate of Steel 30 plate
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As it has been found, operating capacity of the
process reaches 15.0 kg/h for the bronze powder
when using a moderate power of the plasma torch —
up to 35-40 kW and quite limited flow rate of hydro-
carbon gas (LPG of SPBT grade) — 0.25-0.35 kg/h.
Special assessment of energy efficiency parameters
of this technology, in comparison with plasma and
combined equipment of similar purpose, shows
that it has an advantage in terms of target indica-
tors (energy consumptions, overall energy efficien-
cy [4, 26] of the device) by at least 20-30 %.

On the composition and parameters
of obtaining coatings

The samples of coatings obtained by spraying in
the described modes of the plasma-fuel process
have undergone visual control of their quality
(roughness, presence of visible defects, quality of
adhesion to the surface of steel substrate/piece)
and measuring of their thickness with micrometer.
In addition, we have carried out optical-micros-
copic evaluation of porosity and structure of coa-
tings using microscope MICRO 200-01 (Russia)
with a magnification of up to 1000 times. This
evaluation confirmed the micrometrically found
value of typical coating thickness (near 200 pm)
for the case of sprayed coatings from bronze pow-
der of PG-19M-01 grade, obtained in optimized
technological regime (with flow rate of nitrogen
through the plasma torch Gy, = 1.2 g/s and flow
rate of LPG + air mixture G, = 1.65 g/s, with an
equivalence ratio of the mixture ER = 0.5, i. e. in
the regime of not fuel combustion process, but par-
tial oxidation of LPQ). It also showed slight poros-
ity of the coating in all areas and the absence of its
undesirable flaking [2] from the substrate.

Micrograph images from different zones of this
sample are shown in Fig. 9, and before making
a thin section of this sample, part of its frontal
surface was treated with mechanical poli-
shing (Fig. 9d). It is important, that detected mo-
derate porosity in the coatings produced from this
material does not prevent their functional applica-
tion. This includes both coatings for machinery
plants sector (e. g. those involving work with lu-
brication of the surface of parts), and coatings for
use in metal parts/pieces and indoor equipment
(including metal fittings, etc.) for medical institu-
tions [17, 27], where not so much mechanical
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strength of metal coatings or corrosion protection
effect but their efficient antimicrobial action is typi-
cally required.

Fig. 9. Micrographs of cross section of cut samples
with sprayed bronze coatings (gold-like color in the images)
on the Steel 30 substrate at the scale: a — x100; b — x200;
¢ —x200; d — x100 at mechanical polishing of the prepared
cross section with the coating

X-ray diffraction analysis to study the compo-
sition of the coated samples was performed by
us with using the diffractometer from Bruker DS
ADVANCE (USA) with CuKao-radiation (the wa-
velength A = 0.15418 nm) in automatic registration
mode, using a nickel filter (performed at the JIME
of NASB). The phase composition of the samples
was determined from obtained diffraction patterns
using the EVA software, with using the PDF-2
(powder diffraction file) database of the Interna-
tional Center for Diffraction Data. The XRD-plot
is shown in Fig. 10 as one of the examples of the
resulting diffraction patterns. This analyzed samp-
le shows the following four main phases in
the coating:

a) intermetallic Cu;Al (ICDD card (in the XRD
database) #28-0005, space group for the phase —
P(0)) — 23.1 wt. %;

b) metal Cu (ICDD card #04-0836, space group
Fm-3m (#225) — 68.9 %);

c) intermetallic CuAl (ICDD card #65-1228,
space group C2/m (12), monoclinic crystal sys-
tem) — 6.6 %;

d) oxide Feg 950 wiistite (ICDD card #79-1967,
space group Fm-3m (#225) — 1.4 %.
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Fig. 10. X-ray diffraction pattern for the plasma sprayed (with FA-APS technology) copper alloy coating (bronze)

Other theoretically possible impurities (copper
and aluminum oxides, Fe;C) are negligible in the
sprayed coating.

This coating composition (likely due to the
increased residence time of the sprayed powder
in plasma jet used in our combined fuel-plasma sys-
tem) is somewhat different from the results obtained
from the literature data for plasma sprayed coatings
of similar alloys, in particular, in [28]. In this the
analysis of bronze coatings obtained by the standard
APS method (from bronze of PG-19M-01 grade)
showed that the main phase in the coating is solid
solution of aluminum in copper with a crystal lattice
parameter (unit cell) a = 0.36479 nm (cubic lattice),
which is higher than the lattice parameter of pure
copper phase @ = 0.361479 nm.

In addition, taking into account potential me-
dical application of copper-alloy based coatings,
one should pay attention to such coating parameter
as their chemical composition. Overview of nu-
merous (especially in the last 2-3 years) publica-
tions has shown that it is recognized fact that cop-
per and coatings with it are quite economical and
safe means for disinfection and have antimicrobial
properties, and copper acts even more efficient
than materials with silver ion concentration [29].
The US Environmental Protection Agency (EPA)
has verified antimicrobial efficiency of more than
500 different copper-based alloys with an average
biocide activity of approximately 99 % for alloys
with >60 % of copper content. Thanks to similar
results obtained in USA and other countries, Cu
and its alloys are certified as effective anti-patho-
genic agent for surface applications [30].
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Used bronze powder of PG-19-M-01 grade for
our spraying experiments corresponds to Russian
technical standard “TU 48-4206-156-82” (manu-
factured by Torez plant of surfacing hard alloys,
Donetsk). Its chemical composition according to the
manufacturer’ data is 9-11 wt. % Al and < 4 % Fe,
and the rest is Cu. With this composition, the
sprayed coatings of this type, which have been ob-
tained with our investigated technology and other
related ones will have, as expected, antimicrobial
effect with quite high probability [31].

We have carried out special chemical test using
the release of copper ions on the surface of the coa-
tings upon contact with dilute solution containing
NH4" compounds, which results in formation of
blue colored copper-ammonia fragmented precipi-
tate, indicating the presence of trace concentrations
of Cu™ ions in humid media. This, according to the
literature data, makes it possible to classify such
coatings as having increased antimicrobial activity,
if their material/alloy contains above mentioned
fraction of copper (>60 %). Figure 11 shows
photos of one of the samples with the coating
sprayed in our experiment, and part of its surface
(which had a roughness class of no higher than the
sixth after the spraying deposition) was mechani-
cally polished before the chemical test. This test
for the presence of copper ions on the sample sur-
face confirmed presence of Cu", which, within
a few seconds after contact with dilute ammonia
solution in water, has given microcrystalline blue
precipitate, both on initial relatively rough sur-
face after deposition and on the polished part of
this coating.
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It is also possible to note that in addition to the
type of bronze powder, which has been used in our
spraying experiments in investigated method for up-
graded spraying, some other bronzes (which, unlike
L63-grade brass or similar alloys, do not contain ele-
vated concentrations of easily vaporizing zinc in
alloy composition) are applicable. For example,
commercial grade (PR-BrAZhNMts 8.5-4-5-1.5) can
be used, which is produced at plant of Polema Co
(Russia). In accordance with the manufacturer’s
classification, this is bronze powder (sprayed with
gas) for coatings producing with such elemen-
tal composition of the powder as: Al — 8.5 wt. %,
Fe—4%,Ni—5 %, Mn—1.5 %.

a

Fig. 11. Photos of steel plates (as the simulator of parts
of medical equipment) with plasma sprayed bronze coating:
a — before the chemical test with release of copper ions
on the coating surface (part of the pure coating’ area
is mechanically polished); b — after the chemical test,
in which the formation of blue-colored copper-ammonia
precipitate (fragmented hydrated crystals) was formed

The set of found results allows us to offer tech-
nical recommendations for next industrial applica-
tions, taking into account the following avera-
ge engineering and economic indicators of the
new FA-APS spraying technology (using Cu-based
(>80 % content) bronze coating for carbon steel
pieces as an example), which have been estab-
lished: sprayed powder material consumption —
1-2 kg per 1 m® of treated steel surface (with an
average coating thickness of 100 pum); electrical
consumption <2-3 kWh per kg of sprayed coating;
the estimated processing cost of the coating
is $30-50 per 1 m” of the surface; at the consump-
tion of <40 kW power and at the powder utiliza-
tion factor of 55-60 wt. % [2, 18]. The obtained
data can be considered as the basis for new spray-
ing method based on the plasma-fuel equipment
of our design, which is patentable, in particular,
in a relation to metal coatings from powder ma-
terials based on alloys of copper and other nonfer-
rous metals.
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CONCLUSION

Analysis of the obtained results on the spraying
process regimes and produced bronze coating
parameters (including the XRD-data for one of the
samples), in a combination with some energy
efficiency parameters of the developed technology,
as well as its calculated technical characteristics,
in a comparison with plasma and combined equip-
ment of a similar purpose, has shown that it has an
advantage in terms of target indicators, in parti-
cular, in terms of energy consumptions and total
energy efficiency of the spraying unit, not less
than 20-30 %. Operating capacity of our upgraded
process is established to reach the level of 7-15 kg/h
for aluminum bronze powder spraying when using
power of plasma torch < 35-40 kW and a limited
flow rate of fuel gas (such as LPG) 0.1-0.35 kg/h.
These results give the opportunity for the next
stage of the subsequent application of this techno-
logy into production based on a new combined
process for the bronze coating spraying, in particu-
lar with antimicrobial properties, with improved
energy efficiency of the process.
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