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To solve the problem of improving the wear and corrosion resistance of parts in mechanical engineering, the method 
of gas-thermal spraying of coatings is often used. The process of gas-thermal spraying makes it possible to obtain a 
protective coating by atomizing molten or heated material using a high-speed gas or plasma flow. As part of the 
study, a mathematical model describing the physical processes occurring during the spraying process was 
developed. The mathematical model makes it possible to determine the optimal modes of the process, providing the 
obtaining of coatings of a given thickness and properties. The developed mathematical model will allow process 
engineers to calculate process parameters more accurately and obtain coatings with specified characteristics. The 
maximum adhesive strength of the gas-thermal coating Х18Н10Т (4.78 MPa) is observed at the maximum difference 
between the burner nozzle area and the sprayed area. 
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HIGHLIGHTS  

− The study focuses on using gas-thermal spraying to improve the wear and corrosion resistance of mechanical 
engineering parts, particularly long rods of quarry special equipment. 

− Mathematical modeling is presented as a powerful tool for optimizing parameters like torch-to-substrate 
distance, particle flow rate, nozzle area, and plasma temperature to achieve desired coating characteristics 
(hardness, adhesion, porosity). 

− The adhesive strength of gas-thermal coatings changes with variations in burner nozzle area, sprayed area, 
mass of substance deposited, and mass of sprayed substance. 

NOMENCLATURE 

LHDC - linear inhomogeneous differential control; 
ISO – international system organization. 

1 Introduction  

The essence of the processes of gas-thermal coating application consists in the formation of a directed flow of 
dispersed particles of the sprayed material, ensuring their transfer to the surface of the workpiece and the formation 
of a coating layer [1]. The coating is created due to the adhesion that occurs when particles collide on the surface of 
the base [2]. These particles are powder or can be obtained by melting and gas crushing of the original material 
(plasticizer) [3]. Particle acceleration is acquired in various high-temperature gas environments [4]. Heating of the 
sprayed material is carried out to increase the plasticity and adhesive capacity of the particles [5]. 
The analysis of operating conditions of the main parts of quarry equipment at the mining industry enterprises in 
Karaganda region shows that 60-80% of hydraulic cylinder rods lose their serviceability. Characteristic defects of rod 
elements are risks, burrs, wear and tear, and more than 60% of defects are caused by corrosion.  
The conducted analysis of works on quality assurance of quarry equipment parts allows to assume that by using 
technologically simple, mobile and economically justified technology of restoration of the surface layer of machine 
parts it is possible to significantly increase the resource of rods and reduce the cost of equipment operation. Important 
in this case is the choice of the method of coating spraying and the determination of optimal spraying parameters 
using mathematical modeling. 
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Mathematical modeling of cladding [6] and spraying coatings [7] is a powerful tool for optimizing process parameters 
and obtaining coatings with specified properties.  
Modeling allows determining the optimal values of such parameters as the distance from the torch to the substrate, 
particle flow rate, nozzle area, plasma temperature and others to obtain a coating with the required characteristics 
(hardness, adhesion, porosity, etc.) [8]. Thanks to modeling, virtual experiments can be conducted, which significantly 
reduces the time and cost of developing new technologies. 
The model makes it possible to assess the quality of the resulting coating even before the start of the experiment, 
which helps to avoid rejects and reduce production costs. Modeling helps to develop new methods of gas-thermal 
spraying and materials for coatings [9]. 
While making a mathematical process model of the manufacturing process, it is necessary to determine the factors 
affecting the response [10]. Too small torch nozzle to the part surface can cause overheating of the substrate and 
particles, which can cause pore formation, cracking and reduced coating adhesion [11]. If the distance to the 
substrate is too large - the particles may cool down before reaching the substrate, resulting in a decrease in their 
kinetic energy and a deterioration in surface adhesion [12]. 
Low flow rate of sputtering particles can lead to insufficient coating density and pore formation [13]. High flow rate of 
the sprayed particles can cause damage to the substrate surface and deteriorate the adhesion of the coating [14]. 
The small nozzle area of the sputter limits the amount of material to be sputtered and can lead to inhomogeneous 
coating [15]. Large nozzle area of the sputter nozzle can cause flow turbulence and reduce coating accuracy [16]. 
When the particle mass is small, the sprayed coating can easily deviate from the trajectory and may not reach the 
substrate [17]. When the particle mass is large, pore formation may occur and the coating densities may decrease [18]. 
Thus, the aim of the article is to establish the dependence of coating thickness on the mass, flow rate of the sprayed 
particles and the distance of the torch installation. 

2 Materials and methods 

To describe the gas-thermal spraying (Figure 1), a mathematical technological process model for calculating the 
distance y of the torch installation to the part to be sprayed was proposed, based on Newton's second law with the 
initial flow velocity ϑ0 of the sprayed material. 

 
Fig. 1. Scheme of gas-thermal spraying, y – burner mounting distance; ϑ0 − particle velocity of the sprayed 

material; s – burner speed (feed); ϑ − rotational speed of the part to be sprayed 

The flow of particles of the sprayed material is most significantly affected by the forces of aerodynamic drag and 
gravity [19]. To solve the mathematical model, a differential equation with initial conditions was made up  y(0) = 0; 
y′(0) = ϑ0: 

my′′ = mg − αy′ (1) 

To solve the differential control, a second-order linear inhomogeneous differential control (LHDC) has been 
formulated as follow: 

y′′ + α
m

y′ = g  (2) 
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To solve the equation (2) of the second order, a linear homogeneous differential control (LHDC) of the second order 
was composed, which has the following form: 

y′′ + α
m

y′ = 0  (3) 

3 Results and discussion 

To solve the equation (3), the characteristic equation has the following form: 

K2 + α
m

K = 0  (4) 

Solving equation (4) we find the roots of the characteristic equation K1 and K2 which are equal to: 

K1 = 0; K2 = −
α
m

  

Substituting the roots of the solution of equation (4) we obtain the general solution of the LHDC, which has the 
following form: 

y = C1 + C2e−
α
mt (5) 

where C1и C2 – integration constants. 
Since K1=0 we obtain a partial solution of equation (2) which has the form: 

y∗ = At;  (6) 

y∗′ = A; (7) 

y∗′′ = 0 (8) 

Solving equation (2) we find its solution: 
α
m

A = g; A =
mg
α

 

The total solution of equation (2) is equal to the sum of equation (5) and equation (6), which we write in the following 
form: 

y = y + y∗ = C1 + C2e−
α
mt + mg

α
t  (9) 

Based on the initial conditions (0) = 0 𝑦𝑦′(0) = 𝜗𝜗0, we find the values 𝐶𝐶1𝑎𝑎𝑎𝑎𝑎𝑎 𝐶𝐶2. 

0 = C1 + C2;  C1 = −C2 

y′ = −
α
m

C2e−
α
mt +

mg
α

 

ϑ0 = −
α
m

C2 +
mg
α

 

C2 =
mg
α −ϑ0
α
m

= m2g
α2

− ϑ0m
α

  (10) 

C1 = −C2 = −m2y
α2

+ ϑ0m
α

  (11) 

The obtained values of the integration constants C1and C2 are substituted into equation (9) and we obtain the following 
mathematical relationship: 

y = �−m2g
α2

+ ϑ0m
2
� �1 − e−

α
mt� + mg

2
t (12) 

where m – mass of substance passing through the burner nozzle per unit time; 
g – free fall acceleration; 
α – proportionality factor; 
ϑ0 – flow velocity of the sprayed material particles; 
t – processing time.  
Graphically, equation (12) is presented in Figure 2. 
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Fig. 2. Dependence of the burner installation height on the substance mass and processing time 

The coefficient α depends on the particle flow rate and can be determined experimentally. 
To determine the proportionality coefficient α analytically, the dependence of the impact force on the sprayed surface 
can be drawn up as follows: 

F = my′′  (13) 

To form a quality layer on the surface of the workpiece, it is necessary to take into account the impulse of the impact 
force of the particles of the sprayed material with the surface of the workpiece: 

Ft1 = mϑ  (14) 

Based on expressions (13) and (14) we derive the following system of equations: 

�
y′′t1 = y′

y′′ = g − αy′
m

  (15) 

Solving the system of equations (16) we obtain: 

y′′ =
y′
t1

 

y′
t1

= g −
αy′
m

 

α
m

y′ = g −
y′
t1

 

α = m( g
y′
− 1

t1
) (17) 

where t1 – time of flight of the particle from the nozzle to the part to be sprayed. 
Thus, the proportionality factor α can be found analytically 
The height y can be adjusted as a function of time. If, for example, the time must not exceed the permissible value t0 
in order to ensure a quality spraying, then y is expressed as follows: 

y = �−m2g
α2

+ ϑ0m
2
� �1 − e−

α
mt0� + mg

2
t0 (18) 

Depending on the distance of the torch nozzle from the workpiece, a coating layer is formed on the sprayed surface, 
which is graphically represented in Figure 3. 
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Fig. 3. Coating layer 

To determine the required coating layer at a certain distance of the burner nozzle from the workpiece, the following 
dependence has been established: 

m∗

m
=

s1
s2

 

m∗ = s1
s2

m  (19) 

where m∗ – mass of substance deposited on the part; 
s1 – burner nozzle area; 
s2 – sprayed area; 
m – the mass of the sprayed substance that flies out of the burner. 
Per unit of time sprayed area of the substance s2 m∗: 

m∗ = ϑtm 

m∗ = f(m, ϑ) 

ϑ = const 

m∗ = f(m) (20) 

Based on equations (18) and (19), depending on the required sputtering mass, it is possible to change the nozzle 
diameter and burner mounting height. 

The limitation of the study is that the mathematical model is based on a number of simplifying assumptions. It does 
not take into account flow turbulence, material heterogeneity, and particle interactions during the application of a gas-
thermal coating. 
Experimental studies have shown that when changing the burner nozzle area, sprayed area, mass of substance 
deposited on the part, mass of the sprayed substance that flies out of the burner, the adhesive strength of samples 
with a gas-thermal coating change (Table 1). 
The adhesive strength was assessed using the pull-off method (ISO 4624). This method involves measuring the 
minimum tensile stress required to separate or tear the coating in a direction perpendicular to the surface being 
painted. 

  
a) b) 

  
c) d) 

Fig. 4. Samples after testing with Х18Н10Т coating; a) sample No. 1; b) sample No. 2; c) sample No. 3; d) sample 
No. 4 

y0

S1, m*

S1, m

http://www.engineeringscience.rs/


Journal of Applied Engineering Science 

Vol. 23, No. 2, 2025 
www.engineeringscience.rs 

 

 
publishing 

 
Olga Zharkevich et al. - Mathematical modeling of 
the process of applying a gas-thermal coating to 
long rods of quarry special equipment 

 

241 

Table 1. Adhesive strength of samples with gas-thermal coating Х18Н10Т 

Sample 
Burner 

nozzle area, 
s1, mm 

Sprayed 
area, s2, 

mm 

Mass of 
substance 
deposited 

on the part, 
𝑚𝑚∗ g 

Mass of the 
sprayed 

substance that 
flies out of the 

burner, m, 

Square, 
m2 

Strenght, 
N 

Adhesive 
strength, МPа 

№1 3,14 12,56 12 10 5,0×10-4 1044 4,78 
№2 3,14 19,625 14 12 5,6×10-4 1212 4,62 
№3 19,625 23,74 14 12 5,2×10-4 1212 4,29 
№4 19,625 28,26 12 10 4,9×10-4 1044 4,69 

According to the data in Table 1, it can be concluded that the greater the difference between the parameters s1 and 
s2, the higher the adhesive strength of the thermal spray coating. 

4 Conclusions 

As a result of the conducted research the following can be noted: 

1) The following parameters influence the distance of burner installation to the workpiece: the mass of 
substance passing through the burner nozzle per unit time, the flow rate of particles of the sprayed material, 
and the processing time; 

2) The proportionality factor α depends on the particle flow rate and can be determined experimentally; 
3) The proportionality factor α can be estimated analytically using equation (17); 
4) The diameter of the burner nozzle has a significant influence on obtaining the required coating layer and 

sputtering spot; 
5) Creation of a complex mathematical model allows to take into account all these factors and optimize the 

process of gas-thermal spraying to obtain coatings with specified properties. 
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