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Abstract:

The article considers the main prospects for the use of the method of
coating plasma spraying. The essence of plasma spraying is disclosed, and
the main advantages and disadvantages of this coating formation method
are indicated. The method is characterized by high productivity and the
possibility of forming high-quality coatings on machine parts for various
functional purposes. It was found that the low stability of the spraying
process, the structural complexity of the plasmatron and the need for
mathematical modeling are constraining factors in designing new
technological processes of plasma spraying. The possibility of further
increasing the efficiency of plasma spraying by developing methods and
means of automation and computerization of the spraying process is
substantiated. Obtaining the required physical and mechanical properties
of coatings applied to worn working surfaces of machine parts by plasma
spraying is achieved by using modern electronic computing machines in the
development of technological application processes. Based on the research
a mathematical model for evaluating the method of plasma coating
deposition was obtained. It allows the choice of applied materials and
technological processes, as well as modeling options of design and
technology solutions that meet the optimization condition. The data
obtained from the results of studies allow evaluation of the impact of
technological modes of coating formation on the optimization parameter.
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1. INTRODUCTION

Plasma spraying is one of the most promising
and modern technological methods of applying
various functional coatings [1-8]. The method is
characterized by high productivity and the
possibility of forming high-quality coatings on
machine parts for various functional purposes. The
wide application of the plasma spraying method in
various industries is due to high technical and
economic indicators. Plasma spraying is reasonable

to use when reconditioning worn-out machine parts,
when it is necessary to recover the original
dimensions, and in the manufacture of new parts in
order to give the working surfaces special
properties: wear resistance, corrosion resistance,
and heat resistance.

Plasma spraying is based on heating the sprayed
material to a liquid or plastic state, transferring it by
a high-temperature plasma jet to the substrate
(base), followed by forming a coating layer [9-12].
In plasma spraying, powders, wires and rods can be
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used as sprayed materials. Powder spraying is the
most widespread [13-17]. The plasma jet
temperature can reach 5000-55000°C, and the
velocity of the jet can reach — 1000-3000 m/s. In the
plasma jet, the powder particles melt and acquire a
velocity of 50-500 m/s. The flight velocity of the
powder particles depends on their size, material
density, arc welding current strength, nature and
consumption of the plasma-forming gas,
plasmatron design [18-22].

The main advantages of plasma spraying are:
high productivity (up to 10 kg/h) [1-5,19-24], high
quality of formed coatings [6-10,24-26], shallow
penetration depth of the base metal (up to 5%), the
possibility of forming relatively thin layers (0.5-5.0
mm) [1-20,23-27].

Plasma spraying technology makes it possible to
create coatings with different performance
characteristics. Applying special protective coatings
can significantly increase the service life of machine
parts. For example, wear-resistant composite
coatings reduce the friction pair's wear by 2-2.5
times [15-24,27-29]. Plasma spraying can be used to
deposit coatings on flat surfaces, bodies of rotation,
and curved surfaces. A layered structure with high
physical and mechanical properties heterogeneity
characterizes the coating. The type of bonds
between the coating and the part (substrate) and
between coating particles is usually mixed -
mechanical adhesion, physical and chemical
interaction force [30-31].

The low stability of the sputtering process, the
structural complexity of the plasmatron, and the
need for mathematical modeling are restrictive
factors in designing new technological processes of
plasma spraying. Further increase in the efficiency
of plasma spraying is associated with the
development of methods and means of automation
and computerization of the spraying process.
Obtaining the required physical and mechanical
properties of coatings deposited on the worn
working surfaces of parts by plasma spraying is
achieved by using modern computers in the
development of deposition processes.

The aim of the study is to obtain a mathematical
model for assessing the method of deposition of
plasma wear-resistant coatings, which allows for
choosing rational technological modes.

2. MATERIALS AND METHODS
The first stage of the research consisted of

choosing statistically significant technological
parameters that characterize the cost and

productivity of the deposition process. During the
second stage of the research, the choice of criterion
characterizing economic efficiency is carried out.
Calculation of the cost of the coating was carried
out according to the Eq. (1):
Co=En - Ki+Ci=— K+, (1)

n

where:

i - option index;

K: - book value of technological equipment
(capital investments), rub.;

E, - normative payback factor of capital
investments;

T» - normative payback period of capital
investments, years;

Ci - the cost of the coating material, rub.

The expression will determine specific costs for
coating one part:

Ki
S = Cei — Tn+cl (2)
I N; '

where:

N; - annual reconditioning program, pcs.;

N; = noi'yoi')’ki'rloi'Go’ (2a)
Teei

nei - nominal annual operating fund of the
equipment, h;

T - process cycle time or deposition time, h;

Yoi = 1 — (61 + 6,) — the factor that takes into
account the loss of the nominal time fund for
organizational reasons;

&1 - time loss factor for inspections and repairs;

&, - loss factor for downtime;

Yki - time loss ratio due to underloading of
equipment;

1
Mot = Trg.75, ~ S2fety factor; (2b)

63 - Specific downtime due to changeover and
adjustment of equipment (set based on experience
with a particular type of equipment);

64 - specific downtime due to equipment failures.

Thus, we get the expression:

C— Teiw ( Ki Ci ) (3)
€L 6070 \Tn'NoiVoiYki  TnMoiVoi'Vki

The first summand (3) is the capital investment,
referred to 1 hour of the actual operating fund of
the equipment, i.e. specific capital investment. The
second summand is the technological cost of 1 hour
of equipment operation, i.e. the specific production
costs for the deposition operation — let’s denote it
by Co,'.

22



I. Kravchenko et al. / Advanced Engineering Letters Vol.2, No.1, 21-27 (2023)

Since there is a dependence (4), we get
expression (5), which is the technological cost of
coatings:

Teti = Foiti/ fois (4)

where:

Foi - total area of the sprayed surface, sm?;

ti - coating thickness, sm;

foi - spraying performance, sm*/min.

Foiti Ki
Sei = f0i60N5; (Tn'noi'Voi'Yki + COi) (5)

The expression for calculating the criterion of
economic efficiency of spraying coatings without
regard to their geometric characteristics will be as
follows:

Vi Ki
Sgi = f0i:60Mo; (Tn'noi'yoi'yki + COi) (6)

Eg. (6) is a multi-parameter technical and
economic model that calculates the cost of
obtaining a unit volume of plasma coatings.

Minimum values of Sg mean a high level of
economic efficiency in the technological process.
The most cost-effective option (technological
process) cannot consistently achieve productivity
and reliability. Therefore, selecting the optimal
technological process requires a comprehensive

criterion based on the technical and economic
model and focusing on the indicators of reliability

and productivity. Such a criterion can be
represented as:
Q — fO;.T?Oi. (7)
gi

By expression (6), you can analyze and calculate
the technical and economic parameters of the
deposition process.

3. RESULTS AND DISCUSSION

Fig. 1 shows the algorithm of the software
package, which allows us to select a rational
deposition method.

With the help of this software package it is
possible to change the initial parameters online. It
consists of several steps, which are presented
below.

Step 1. Analytical comparison of the developed
technological process with existing ones. After
analyzing the part characteristic, the database (DB)
of existing technological processes (TP) is used. The
possibility of using the developed TP and the data of
similar developments are evaluated.

n:nx p:::rl.w:::-mfn Isit possible "\ ¥eS | patabases of existing Output of technical
s B0 se & Pency-meady ™ | documentation PRINT
loads ™
A
Databiases of existing :"“"’Id datal:as:sfﬁsc :F’ no
equipment thermal spraytng coatings)
Selection of method GSC (gas
thermal spraying of coatings)
Eguloment selection VBTEO0 <
Selection of spraying material
VIBMAT
Selection of temperature and
particle velocity VIBOR ¢
l { Materlal databases I
Calculation of the optimal
spraying mode RASCHET,
OPTIM1, OPTIM2 Do the parts meet the
tactical and technics
l requirements?
Tests

Fig. 1. Algorithm for selecting a rational deposition method
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When a suitable TP is found, the system
outputs data on the typical TP, including the
material grade, the deposition method and the
parameters to be obtained. Without a suitable
technological process, the system proceeds to
synthesize a new one.

Step 2. Material selection (module “VIBMAT”).
The selection of the optimal material is carried out
using existing databases (Fig. 2a and Fig. 2b).

The coating material selection is also made
according to the possible operating medium (Fig.
2¢). The program allows selecting the select the
material under the condition of T. < 0,8Tmp, where
T. — coating operating temperature; Tmp — the
melting point of coating material.

Step 3. Selection of deposition method
(module “VIBTECHNQO”). The selection of the
deposition method is based on the technological
feasibility and economic cost of manufacturing a
coated part (Fig. 2d). To evaluate the methods, the
criterion of unit costs S, for i-th option is
minimized using a calculation model.

Step 4. Selection of spraying modes (modules
“OPTIM 1”, “OPTIM 2”, “RASHET”). The target
function is used for modes selection F,1, which
should be minimal at modes that provide the
specified coating properties:

_ _ _ _(0if T =Ty, andv = vy,
Fyr = F(T = Touw v = Vi) = { > 0 for other cases (8)
where:

Tev, Veiv - respectively temperature and particle
velocity, at which the desired coating properties

are provided.

‘Coating material and its properties

Material and its properties

Material g::;:;::l | E:;::::hwﬁl | Special propertieq
Material name [r:as—
Material group W
Material standard [m
Chemical formula [-‘“203—

Purpose of coating

General information

TEPrIOCTOMKOS

HADONDONHOS

Add | Output
Record 14] « | [ T 0
a)

Fart to be reconditioned

Entering information on the part to be reconditioned]

Part number El
Part name ’"’ll.mEEr— Add Surfaces

Fartdrawing 3'3&6«":

Equipment Material of the part to be reconditioned

Equipment

Outputl

Surfaces Interfaces

Surfaces, their working conditions and operational defects I

Part number |3¢.I
Surface name ¢ -] Interfaces

Surface code |3m

Deposition method and
obtainable values

Warking canditians and
medium
F | Friction " Lubricant

Operational defects

" Impact of support loads
I | Blow " Dust

™| Technical emulsion

[ Abrasive presence

™ High temperature heating

™ Cyclic contact with molten metal [ Technical water

Commentaries = [Sliding friction

ﬂﬂ Add surface name Close
c)
Spraying information 1
Surface code 344 -
Spraying method Im
Cost I—IJIJOp

Brand of sprayed material

Aluminum oxide = I
[IAluminum oxide Al
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Performance Measures Wear resistance T
Obtainable KOPPOSHOHHOCTOMKOCY 1! 1 TR

lnonrosewmoctue 1,5 | NM-19M-01
nr-104-04

Ar-104-01
1| ﬂ MHEOX13C2P -
[H7oxizcePs

-

d)

Fig. 2. Database forms: a) by coating materials; b) by
parts; c) by surfaces of reconditioned parts and their
working conditions; d) by typical technological
processes

When searching for plasma deposition modes
that satisfy condition (7), the following constraints
are taken into account:
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. <1<I,

G <G <Gy, .

GZHSGZSGZB (9)

The constraints in (8 on technological
parameters are taken into account by functions
defined by the following expressions:

_(IlusI<lIp
! _{ Kly; DI °
Do = {GlH < Gy <Gy,
Gt G1{G1y; G1)G1p’
Dg, = {GZH <SG < GZB_
G2(Gop; G2)Gap
Minimizing expression (8) with an account of

(10) is reduced to finding the minimum of the
function:

(10)

F‘ = |Tgiv - Tset|/Tgiv + Dl + DG1 + Daz. (11)

Outside the admissible region of mode changes,
the functions (9) considerably exceed the value of
the expression (7), so the minimum of the target
function (10) will be in the region of admissible
values of current and gas and powder flow rate.
The particle temperature that provides the
specified coating properties is calculated to select
the modes. Then the arc current, gas and powder
flow rate at which the material particles are
heated to the specified temperature are
determined.

When searching for values of arc current, gas
and powder flow rates that provide a given set of
temperatures of the sprayed particles, the
possibility of realizing the minimum Tmin and
maximum Tmax temperatures is checked. If there is
no such possibility, then modes for intermediate
values of particle temperatures are selected. If not,
then it is concluded that the specified conditions
are not realizable.

Optimization of the technological process can
be carried out using other requirements, which
are rewritten using such functions as minimum
plasmatron wear F,, using the plasmatron at the
highest efficiency Fe, minimum spraying distance
Finx, €tc.

In this case, the general target function can be
represented as

Fy = F + Ay Ey + Al + Aninx Frninyes  (12)

where:
Aw, Ae, Aminx - are 0, if not used, and are 1 - if used.

The “RASHET” program provides the
calculation of temperature and particle velocity.

Step 5. The coating is tested to verify the
correctness of the calculation results and their
refinement to obtain the best possible
performance.

Step 6. Data Retention (module “PRINT”). The
program saves information in the database and
prints flow charts for selected or developed
technological processes. In this case, the
calculation results can be presented in the form of
specific  numerical values, the required
parameters or factors, functional relationships,
tables, graphs, charts, etc.

4. CONCLUSION

In the course of this research, restrictive
factors that have a significant influence on the
design of new technological processes of plasma
spraying have been established. The possibility of
increasing the efficiency of using plasma spraying
by developing methods and means of automation
and computerization of this process has been
substantiated.

A mathematical model describing the influence
of statistically significant parameters of plasma
deposition processes on the optimization criterion
was obtained. The implemented software package
(CAE-system) allows effective computational
experiments for comprehensive research and
prediction of the obtained coatings of various
functional purposes with improved physical-
mechanical and functional properties.
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