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Today, protective coatings are applied to almost all parts and components of engineering products in order to en-
sure high performance properties of machines, with the lowest economic cost. The method of plasma spraying allows to
apply heat-resistant coatings on a different kind of basis, in addition to a wide variety of materials. Therefore, rocket
and space engineering is primarily interested in the method.

In modern conditions of high rate of mechanical engineering development engineers must develop and put into op-
eration products within the shortest possible period of time. As a rule, engineers select the modes of plasma spraying
using the method of selecting the empirical relationship between the properties of the coatings and the values of the
specified parameters of plasma spraying, which suggests conducting a huge number of experiments. That is why we see
the need to find new methods for selecting the plasma spraying parameters, which are based on mathematical and ana-
Iytical apparatus.

We set the task to study and show the applicability and prospects of the proposed method.

In the work we carried out the operations of spraying nichrome coating, at different values of the arc current. We
studied the adhesive strength of the coatings obtained and their microstructure. We showed the relationship between
the arc current and the adhesion of the coatings using their microstructure. These studies have made it possible to ex-
clude a large number of experiments, which usually establish an empirical relationship between the values of the input
parameters of the deposition process and the values of the characteristics of the coatings obtained. In the future, we
assume that the database of such relationships will make it possible to fully use this method in engineering industries.

Keywords: plasma spraying, protective coatings, microstructural analysis, metallographic studies.
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Ha cecoonsawunuii 0env npaxmuuecku Ha ce 0emanu U y3ibl MAWUHOCMPOUMENbHLIX U30eNUll HAHOCAM 3aujumHble
NOKpbIMUs C Yenvio 0becnedeHuss 8bICOKUX IKCHIYAMAYUOHHLIX C8OUCME MAWUH NPU HAUMEHbUUX IKOHOMUUECKUX
sampamax. [lnasmennviii Memoo no360/sem HAHOCUMb, NOMUMO WUPOYAiUe20 MHO2000pA3Us MAMePUaios, Hcapo-
npounble NOKPbIMUs HA pazHo2o poda ochosy. Tlosmomy OanHblll Memoo, 6 nepeylo ouepeds, unmepecen Hauboiee
HAYKOeMKUM OMpACiaMm, MAKUM KAK PAKeMHO-KOCMUYeCKds MexXHUKd.

B coepemennuix ycrosusx ¢ 6biCoKUM MeMNOM PA3GUMUSL MAUUHOCIPOEHUS UHICEHEPAM HeODXOOUMO 8 Kpamuati-
wie cpoku paspabamviéams U cOA6amb 6 IKCHIyamayuio guinyckaemvie uzoeaus. Kax npasuno, noobop pexcumos
NIA3MEHHO20 HANbBLIEHUS OCYWECBIIACMC MEMOOOM OMBICKAHUS IMAUPULECKOU 3ABUCUMOCIU MAKPONAPAMEMPOs
HAHOCUMBIX NOKPBIMULL OM 3HAYEHULl BXOOHbIX NAPAMEmpO8 HANbLIeHUs, Ymo npednonazdaem npogeoexue 02POMHO20
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Konuuecmea onvimog. CrnedosamenbHo, noAeUIACs HeOOXOOUMOCHb 8 OMBICKAHUU HOBbIX MEM0008 ho0bopa napamem-
PO8 pedicuma HanblileHus, OCHOBAHHBIX HA MAMEMAMUKO-AHATUMUYECKOM annapame.

3aoaua oannoii pabomul ygudems u NOKA3aMb RPUMEHUMOCMb U NEPCNEKMUBHOCTb NPEOLOHCEHHO20 Memood.

B pabome nposedenvi onepayuu no HANBLIEHUN) HUXPOMOBOZO NOKDLIMUA NPU PA3HBIX 3HAYEHUAX MOKA Oyeu.
Hccneoosanvi adee3uoHHas npouHOCMb NOIYYEHHBIX NOKpuImMuil U ux Mukpocmpykmypa. Ilokazana 63aumocesnsb
3HAUeHUA MOKA 0yl U A02e3UOHHOU NPOYHOCIU NOJYYEHHBIX NOKPLIMULL Yepe3 ux Mukpocmpykmypy. aunvie uccneoo-
BaAHUA NO3BONUNU UCKTIOUUMND DONbUIOE KOTUUECNEO ONbIMOS, NPOBOOUMBIX, KAK NPABUNIO, C YETbl0 YCHAHOBNEHUSA IM-
NUPUHECKOTl 3A8UCUMOCTIU MENCOY 3HAUEHUAMU 6XOOHBIX NAPAMEMPO8 NPOYeCca HANbLIeHUA U SHAYeHUAMU XapaKme-
PUCTUK NOAyYaemMblx nokpeimuu. B Oanvuetiuem npednonacaemcs Haxonjenue 6asvl 0AHHBIX MAKUX 63AUMOCEA3El,

Umo 0acm 803MONCHOCTb 68 NOJIHOU mepe ucnoib3osambv OanHbILL MEMOoO Ha MAWMUHOCMPOUNMENTbHBbLX npednpu}zmuﬂx.

Knrouesvie cnosa: nnaszmenHoe Hanvlienue, 3auniibvle noKpvlmus, Mquocmpmeyprlﬁ AaAHaIus, Memafuzoepaqbu—

yecKue uccned08anusl.

Introduction. The production of modern technology
is not possible without the use of a wide range of coating
methods, which make it possible to give the best perform-
ance to parts and components of products at the lowest
economic cost. One of the most effective methods for
applying coatings to parts of products operating under
extreme conditions (aggressive environments, high tem-
peratures, extreme loads, vibrations, etc.) is gas-thermal,
in particular, the plasma method.

The scope of the materials range that can be applied
by gas-thermal methods is very extensive. The increased
interest in the plasma coating method is due not only to the
available list of materials that can be taken for spraying, but
also to the possibility of applying refractory materials (for
example, oxides, borides, carbides) on a completely different
kind of substrate (both metals and plastic, glass, ceramics,
etc.), at high quality indicators achievement (high values of
adhesion, cohesion, low porosity, etc.) of the resulting coat-
ings [1-5]. As a result, the most high-tech industries, such as
rocket and space technology and aircraft engineering show
increased interest in progress in this direction.

Today, the methods for selecting coating conditions
are based on deriving an empirical dependence of the re-
sulting coatings properties (such as adhesion and cohesion
values, residual stress level) on the input parameters of
spraying modes (the arc current value, the plasma torch
speed, the distance from the plasma torch nozzle to the
substrate etc.) [4—10]. This approach requires the accumu-
lation of a large amount of statistical data by conducting a
huge number of experiments (~ 1000) for each material
with a certain ratio of components.

This method works well in mass production, but in
rocket and space technology, where each product is
unique, this leads to irrational consumption of materials
and equipment wear, as well as to large time consuming,
which makes it necessary to find a new approach to the
selection of mode parameters of plasma spraying.

To introduce the necessary operational properties of
the obtained coatings at the design stage, it is necessary to
have accurate knowledge about the effect of each of the
main parameters of the spraying mode on the microstruc-
ture of this type of coating. In this regard, the task was set
to identify the influence of the plasma spraying process
parameters on the microstructure of one of the typical
(similar to the most commonly used) coatings. The aim of
this work was to establish an unambiguous relationship be-
tween the value of one of the parameters (the arc current
value) and the resulting microstructure of this coating.

Spraying and adhesive strength. The nature of the
interaction and the completeness of the physicochemical
reaction between the grains depends on the fused particles
energy at the moment of collision with the substrate,
which is made up of their temperature and speed. The
whole variety of influences, which we call the spraying
mode parameters, ultimately affects the speed of the par-
ticles and their temperature.

To conduct the experiments, the steel 45 was chosen
as the base material, since this material is often used due
to its cheapness and sufficient strength characteristics.
Nichrome coating (NiCr) is often sprayed onto the steel as
a buffer layer between the steel and the main heat-
resistant coating to equalize their linear coefficient of
thermal expansion values. The adhesion between the base
and the layer sprayed on it determines the adhesion of the
entire coating. Adhesion is one of the main indicators
characterizing the coating quality [2; 5—14].

The spraying was carried out on 50 x 20 mm size
plates, necessary for studying the coatings morphology,
and “heads”, in order to establish the adhesive strength of the
coatings obtained. The parameters of the plasma spraying
process were selected based on works [1-11; 15], and taking
into account the experience of laboratory engineers. The
spraying process parameters are given in tab. 1.

Table 1
Parameters of spraying modes
Sample Ne LA U,B Guy, Vmin Giop» kg/Mmin L, mm v, m/s 4, mm n
Ar H2
1-14.03.19 250 97
2-14.03.19 300 88 50 5 0,032 90 0,3 6 2
3-14.03.19 350 83

Note. I is the current strength (A); U is the voltage (V); Gy, — consumption of plasma-forming gas components (Ar — argon, H, —
hydrogen); G, — powder consumption (kg / min.); L is the distance from the nozzle exit to the spraying surface; v is the plasma
torch speed; d is the distance between adjacent spray paths; 7 is the number of spray layers.
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Fig. 1. The boundary between the grains of the coating:
a —when the arc current is equal to 250 A; b, ¢ — when the arc current is equal to 350 A

Puc. 1. 'panuia Mexxay 3epHaAMHU MOKPBITHSL:
a — TIpH 3HaYCHHUHU TOKa OyTH paBHOM 250 A; 6, ¢ — Ipu 3HAYCHUH TOKA AyTH, paBHOM 350 A

All operations for the preparation and conducting of
plasma spraying, as well as experiments to establish the
adhesive strength of the obtained coatings, were carried
out in the “Plazhim” laboratory of Reshetnev Siberian
State University of Science and Technology.

The coatings adhesive strength was studied using “Eu-
rotest-T50” tensile testing machine. The obtained values
of the coatings adhesive strength are presented in tab. 2.

Table 2
Adhesive strength of coatings
Sample Ne I,A P, kN o, MPa
4-14.03.19 250 6,315 12,862
5-14.03.19 300 6,609 13,463
6-14.03.19 350 6,895 14,045

Note. I is the value of the arc current; P is the force at which
the coating separated from the sample; o is the adhesive strength
of the coating.

Microstructural studies. All studies related to the
clarification of the obtained microstructure of the coatings
were performed on the equipment of the center for collec-
tive use of the FRC KSC SB RAS. To begin with, it was
necessary to find out the shape and nature of the particles
forming the coating location relative to each other, includ-
ing the surface area along which both the particles are in
contact with each other and the particles with the base
surface. To do this, a FB-2100 scanning ion microscope
was used (with a focusable ion beam setup, which makes
it possible to cut samples with ~ 100 nm thickness), with
the help of which it was possible to establish that, for this
material, an increase in the arc current leads to an increase
in the area of adhesion hotbeds and , further, to merge
them together. Also, a decrease in the distance between
grains with an increase in the arc current can be noticed,
which is shown in fig. 1. All this affects the increase in
the coating mechanical characteristics.

According to the data obtained, it can be seen that a
further increase in the arc current, a decrease in the di-
ameter of the sprayed particles, and an increase in the
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speed of the sprayed particles will not have a strong effect
on adhesion and cohesion, since the grains have almost
the maximum contact surface area between them.

The interaction of particles between each other and
with the substrate. The limiting value of the coating ad-
hesion value, in theory, is the smallest value of the ulti-
mate strength between the base and coating materials.
This is based on the following considerations: after mol-
ten particles get on the base material and deform, during
crystallization, a chemical compound of the base material
and the coating is formed in the places of adhesions,
which is stronger than the two pure materials. When
the coating is separated of the base, the destruction occurs
not at the coating — base interface, but with one of the
materials (substrate, or coating) tearing out [8—13].

In practice, it is not possible to achieve such adhesion
values for gas-thermal coatings, since the adhesion be-
tween the materials does not occur over the entire grain
area, but only partially; as well as for reasons of rapid
metal oxidation at elevated temperature, gas adsorption
during spraying in the atmosphere, etc. As a result, the
adhesion values are lower than the strength values of the
base and coating materials.

Therefore, in order to clarify the nature of two materi-
als interaction, we cut samples of 5 x 3 x 0.1 um at the
base — coating boundary and studied using the Hitachi
HT7700 transmission electron microscope.

As a result of the study, we found that possible chemi-
cal compounds between steel and nichrome are practically
absent. Instead, an amorphous phase appeared at the
boundaries between the grains of steel and nichrome, in-
cluding equal amounts of Ni, Cr, Fe atoms, which was
shown by element analysis (in fig. 2 the areas with an
amorphous structure are marked by ovals; in fig. 3 the
result of the element sample analysis is given).

It is known that at high cooling rates (comparable in
order with values of 10" — 10° K / s) from a melt of sub-
stances having a crystalline structure at room temperature
in a thermodynamically equilibrium state, they acquire an
amorphous structure. Particles melted on the surface carry
an enormous amount of energy, sufficient to melt the sur-
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face steel layer in fractions of a second when they hit the
substrate. The molten NiCr mixes with the molten layer of
steel and, due to the strong heat removing to the substrate
(steel), the mixed melt does not have time to form a crys-
talline structure [8—14]. Obviously, to reduce the cooling
rate of the molten layer, it is necessary to spray onto an
artificially heated substrate.

It is worth noting that a chemical compound has nev-
ertheless partially formed, which is recorded in the ob-
tained microstructure images (in fig. 4, the areas with the
chemical compound are indicated by circles). This sug-
gests that the substrate temperature, which is equal to
room temperature, is close to that necessary for the
chemical reaction between Cr, Ni, and Fe elements. In the
future, the studies on the formation of the NiCr coatings
microstructure depending on the temperature of the artifi-
cially heated substrate during the plasma spraying process
should be carried out.

Conclusion. Based on the results of the work done,
we can see the effectiveness of the parameters selection
of the plasma spraying mode by the method which in-
cludes the study of the resulting coatings microstructure.
Thus, the coatings morphology study made it possible to
draw conclusions about the effect of the arc current on the
adhesion of the obtained coatings without carrying out a
large number of experiments.

In the future, the accumulated knowledge regarding
the effects of each spraying mode parameters on different
properties of the coatings will allow to minimize the
number of necessary experiments, as well as to develop
mathematical and analytical methods for selecting spray-
ing modes for new materials.

In the future, it is necessary identify groups of ma-
terials which differ in the nature of the influence
of spraying mode parameters on the formation of the
microstructure.

c

Fig. 2. The areas with amorphous phase (marked by ovals): / — NiCr; 2 — Steel;
a — General view of the sample; b — some enlarged areas

Puc. 2. Obnactu ¢ amopdHoit da3zoit (Beenensr oBasamu): / — NiCr; 2 — craib;
a — odumii BUI 00pasia; 6 — HEKOTOPhIe YBEIHYCHHBIC 00IacTH

STEM MAG: 30.0kx HV: 110kV

b

600 nm

Fig. 3. Topographic map of elements obtained by element analysis:
a — the dedicated area for analysis; b — the map Fe; ¢ — the map Ni and Cr

Puc. 3. Tonorpadgudeckast kKapTa 37I€MEHTOB, IOJIydeHHAs B Pe3yIbTaTe MO3IEMEHTHOTO aHAIIN3a:
a — BBIICJICHHAsI 30HA JUIS aHaIM3a; 6 — kapTa Fe; ¢ — kapta Ni u Cr
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Fig. 4. The areas with formed the chemical compound (marked by ovals); A — amorphous phase:
a — General view of the sample; b, ¢ — some enlarged area

Puc. 4. O6nactit co chOpMUPOBABIINMCS XUMHICCKAM COCTUHEHHEM (BBIICIICHBI OBAJIAMH);
A — amopdHas daza: a — obumii BUI 00pasia; 6, 6 — HEKOTOPbIC YBEIMUYCHHBIC 00JaCTH

For example, in some literary sources, such as [2],
it is stated that an increase in the value of the arc current
unambiguously leads to an increase in the number of ad-
hesion hotbeds between grains. In our case, when NiCr
interacted with the steel, an increase in the arc current led
to an increase in the cross-sectional area of the adhesion
hotbeds. Such a discrepancy in the results directly indi-
cates that for various materials a change in the spraying
parameters values can have a different effect on the mi-
crostructure of the coatings, and therefore on their proper-
ties. All this determines the vector of further work in this
direction.
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