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ANNIVERSARY OF THE SCIENTIST

Mikhail A. Tamarkin, Engineer, Teacher, Scientist, is 70 

9 September, Mikhail Arkad'evich Tamarkin, Dr.Sci. 
(Engineering), professor, turned 70. 

Mikhail A. Tamarkin graduated from the Rostov Institute of 
Agricultural Engineering majoring in 0501 “Engineering Technology, 
Cutting Machines and Tools”. Having gained experience in production 
(Rubin plant, from 1972 to 1975), he devoted his further career to the 
training of highly qualified personnel for machine-building enterprises. 

Since 1998, he has been Head of one of the leading 
departments of the University, the Engineering Technology 
Department. He is Chairman of the Scientific and Methodological 
Council for the integrated group of research areas, 15.00.00 
“Mechanical Engineering”. The scientist has made a significant 
contribution to the development and improvement of the educational 

process at the University under the preparation of bachelors, masters and postgraduates He is the author of more than 
300 scientific and methodological publications, including 14 textbooks and 4 monographs, which are important 
educational and methodological literature majoring in “Design-Engineering Support of Machinery Productions”. 

Mikhail A. Tamarkin is a well-known scientist in the area of vibration technologies in Russia and abroad. He 
has developed a basic procedure of calculating the optimal process variables of vibration treatment; theoretical 
foundations of the reliability of manufacturing systems for loose abrasive machining. The results of his scientific 
research have been implemented at many enterprises in the machine-building industry. He has trained 21 candidates 
of science. Under the supervision of M. Tamarkin, the research workshop “Perspectives of development of finishing 
and hardening processing and vibrowave technologies” is held annually on the basis of DSTU. It is dedicated to the 
memory of A.P. Babichev, Honored Worker of Science and Technology of the Russian Federation, Dr.Sci. 
(Engineering), Honorary Professor of DSTU. As well, M. Tamarkin supervises an international scientific symposium 
of mechanical engineering technologists “Fundamentals of physics, chemistry and mechanics of high-tech process 
systems for shaping and assembling products”. 

The scientist is a member of three Dissertation Councils: D212.058.06, major in 05.26.01 “Labor protection 
(branch-wise)”; D212.058.02, major in 05.02.08 “Engineering Technology”, DSTU, and Council D 900.007.01, 
major in 05.02.08 “Engineering Technology”, on the basis of Sevastopol State University, as well as a member of the 
Board of Studies of DSTU. 

Mikhail A. Tamarkin was awarded the badge “Honorary Worker of RF Higher Vocational Education”, 2011, 
and the Medal of the Russian Engineering Union “For Valorous Labor”, 2013. In 2015, he was awarded the title 
“Honorary Figure of Russian Higher Education”. In 2018, the Federation of Cosmonautics of Russia awarded 
M. A. Tamarkin with K. E. Tsiolkovsky medal. In 2020, the scientist was awarded the title “Honorary Professor of
DSTU”.
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Neural network technology for identifying defect sizes in half-plane based on time and 
positional scanning

A. N. Solov'ev1,2, A. V. Cherpakov1,2, P. V. Vasil’ev1, I. A. Parinov2, E. V. Kirillova3

1 Don State Technical University (Rostov-on-Don, Russian Federation)
2 Southern Federal University (Rostov-on-Don, Russian Federation)
3 RheinMain University of Applied Sciences (Wiesbaden, Germany)

Introduction. The selected research topic urgency is due to the need for a quick assessment of the condition and 
reliability of materials used in various designs. The work objective was to study parameters of the influence of the 
defect on the response of the surface of the medium to the shock effect. The solution to the inverse problem of restoring 
the radius of a defect is based on the combination of a computational approach and the use of artificial neural networks 
(ANN). The authors have developed a technique for restoring the parameters of a defect based on the computational 
modeling and ANN.
Materials and Methods. The problem is solved in the flat setting through the finite element method (FEM). In this 
paper, we used the linear equations of the elasticity theory with allowance for energy dissipation. The finite element 
method implemented in the ANSYS package was used as a method for solving the boundary value problem. MATLAB
complex was used as a simulation of the application process (ANN).
Results. A finite element model of a layered structure has been developed in a flat formulation of the problem in the 
ANSYS package. The problem of determining unsteady vibrations under pulsed loading for different radius variations of 
the defect is solved. Positional scanning of the research object is applied. Graphical dependences of the vibration 
amplitudes of points on the surface on the defect radius are plotted.
Discussion and Conclusions. As a result of studying the dependences of vibration responses on the defect radius, the 
authors have developed an approach to restore this parameter in a flat structure based on a combination of the FEM and 
ANN. The research has shown that the amount of data used is sufficient for successful training of the constructed ANN 
model and identification of a hidden defect in the structure.

Keywords: flat layered structure, defect, non-destructive diagnostics, FE modeling, impulse action, unsteady 
oscillations, surface waves, artificial neural networks, positional scanning, amplitude-time characteristics.

For citation: A.N. Solov'ev, A.V. Cherpakov, P.V. Vasil’ev, et al. Neural network technology for identifying defect 
sizes in half-plane based on time and positional scanning. Advanced Engineering Research, 2020, vol. 20, no. 3, p. 205–
215. https://doi.org/10.23947/2687-1653-2020-20-3-205-215

Funding information: the research is supported by an internal grant from the Southern Federal University no. ВнГр-
07/2020-04-ИМ (RF Ministry of Science and Higher Education)

© Solov'ev A. N., Cherpakov A. V., Vasil’ev P. V., Parinov I. A., Kirillova E. V., 2020

Introduction. There is an extensive list of various building and bridge structures, premises, foundations, soils, 
composite materials that are used under different conditions. Structures can have a sufficiently long service life and 
defects of various configurations: cracks, cavities, inclusions, corrosive changes in the structure, dimples, etc. As a 
result, unforeseen pre-emergency conditions and structural failures may occur.

This fact determines the need for using various methods of non-destructive testing [1–2]. Some directions in 
the development of single methods for fault diagnosing defects in various objects are presented in [3–10]. The methods 
are based on the collection and analysis of certain structural parameters, which are the response to its loading. Vibration 
displacement of certain points of the surface under impulse loading of structure oscillations can be one of such 
parameters. In this case, a wave front propagates from the place of excitation of oscillations, exciting the displacement 
of points and oscillations of all structural elements. The problem can be reduced to considering measuring the velocity 
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constants of wave field propagation. Based on the analysis of publications in foreign literature, it can be stated that 
experimental studies show a clear tendency to operate with the “velocity measuring” technique [11–12].

The application of specialized devices, which are located at certain points of the object and collect information 
on various vibration parameters, are described in [13−14]. This technique assumes positional, time and frequency 
scanning of the study objects. The most attractive is using acoustic sensors and receivers installed on the outer surface 
of the structure. These sensors can record signals reflected from defects. The use of diagnostic systems and complexes 
requires the development of software, which provides the primary analysis of the signal. In the case of fine instrument 
tuning, for example, when using special processing algorithms for analyzing the reflected signal, the software identifies
the region of imperfection of the structure. The corresponding software can be developed from using an artificial neural 
network (ANN) [15]. The application of ANN in problems of reconstruction of the damaged state of structural elements 
is described in [16–26]. The use of various architectures and ANN algorithms is described in [16–20]. The paper [21] 
considers the determination of defects in anisotropic plates using ANN. In [22], the authors pointed out the advantages 
of identification methods that do not require preliminary construction of a mathematical model of the research object.

In this paper, a method for reconstructing the diameter of a circular defect located in the half-plane of a layered 
structure is developed. Defects of this kind can often occur under the opening of the upper soil layers in the form of 
compaction of stone structures under the pavement layers. The elastic modulus and density of such structures can differ 
multi-fold from the basic parameters of the layer. In the mathematical setting, the problem is reduced to solving the 
inverse geometric problem of the elasticity theory [27]. The construction of an algorithm for recovering information on 
an object localized in a certain place is considered. For this, the application of the FE method, the analysis of the results 
of surface waves, and the correlation analysis of the dependence of the parameters of the defect on the wave field of the 
response using ANN, is considered.

Materials and Methods. An approach, whose purpose is to restore information on the parameters of the 
region of imperfection of the structure based on the analysis of the impact response of the surface of the medium, is 
proposed. The analysis is carried out on the basis of the developed algorithms with a combination of the computational 
approach and the use of ANN. A laminated material is considered as a sample.

Loading of the structure by impulse impact is carried out at a certain distance from the area under study, and 
the sensors recording vibrations are located in certain positions and sequences in the linear direction of this area. Lateral 
and longitudinal vibrations can be measured. Of interest is the period of time when waves reflected from the ends of the 
simulated section of the structure do not have time to reach the sensor. In this way, simulation of field operating 
conditions of a layered structure of the subgrade is simulated. The analysis of the measured amplitude-time 
characteristics (ATC) shows the possibility of their use in inverse problems of defect recovery.

As a tool for solving the inverse problem of reconstructing defect parameters, ANN are used, which were 
originally designed to solve the problems of determining nonlinear dependencies in multidimensional data arrays. 
Unlike other algorithms, ANNs are not programmed, but trained on a set of data for the investigated design parameters. 
Training samples are built through solving direct problems in the ANSYS FE package. The trained network, having 
received new, previously unknown analysis results, is able to correctly recognize the parameters of the defect.

Effective applications of analytical and numerical modeling, which correlate sufficiently well with the 
recoverable parameters of structural elements, are presented in [28–34].

Formulation of the problem. The problem is solved in a flat formulation using the finite element method 
(FEM). In this paper, we use linear equations of the elasticity theory with allowance for energy dissipation adopted in 
the ANSYS package [34−35].

For an elastic medium:
𝜌𝜌𝑢𝑢𝚤𝚤̈ +  𝛼𝛼𝜌𝜌𝑢𝑢𝚤𝚤̇ − 𝜎𝜎𝑖𝑖𝑖𝑖,𝑖𝑖 = 𝑓𝑓𝑖𝑖 ;

𝜎𝜎𝑖𝑖𝑖𝑖 = 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝜀𝜀𝑖𝑖𝑖𝑖 + 𝛽𝛽𝜀𝜀𝑖𝑖𝑖𝑖̇ ) ;

𝜀𝜀𝑖𝑖𝑖𝑖 =
𝑢𝑢𝑖𝑖,𝑖𝑖 + 𝑢𝑢𝑖𝑖,𝑖𝑖

2
,

where 𝜌𝜌 is material density; 𝑢𝑢𝑖𝑖 — components of the vector-function of displacements; 𝜎𝜎𝑖𝑖,𝑖𝑖 — mechanical stress tensor 
components; 𝑓𝑓𝑖𝑖 — components of the density vector of mass forces; 𝜀𝜀𝑖𝑖𝑖𝑖 — strain tensor components; 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 —
components of the fourth-rank tensor of elastic moduli; 𝛼𝛼 — nonnegative damping coefficients (in ANSYS).

Let us consider fully the mechanical boundary conditions. When defining mechanical boundary conditions, the 
body boundary is represented as a union of non-intersecting regions 𝑆𝑆 = 𝑆𝑆𝑢𝑢𝑆𝑆𝑡𝑡𝑆𝑆𝑢𝑢𝑡𝑡, on which the following conditions are 
set:
— the condition for fixing the border or specified displacements:
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constants of wave field propagation. Based on the analysis of publications in foreign literature, it can be stated that
experimental studies show a clear tendency to operate with the “velocity measuring” technique [11–12].

The application of specialized devices, which are located at certain points of the object and collect information
on various vibration parameters, are described in [13−14]. This technique assumes positional, time and frequency 
scanning of the study objects. The most attractive is using acoustic sensors and receivers installed on the outer surface
of the structure. These sensors can record signals reflected from defects. The use of diagnostic systems and complexes
requires the development of software, which provides the primary analysis of the signal. In the case of fine instrument
tuning, for example, when using special processing algorithms for analyzing the reflected signal, the software identifies
the region of imperfection of the structure. The corresponding software can be developed from using an artificial neural
network (ANN) [15]. The application of ANN in problems of reconstruction of the damaged state of structural elements
is described in [16–26]. The use of various architectures and ANN algorithms is described in [16–20]. The paper [21] 
considers the determination of defects in anisotropic plates using ANN. In [22], the authors pointed out the advantages
of identification methods that do not require preliminary construction of a mathematical model of the research object.

In this paper, a method for reconstructing the diameter of a circular defect located in the half-plane of a layered
structure is developed. Defects of this kind can often occur under the opening of the upper soil layers in the form of
compaction of stone structures under the pavement layers. The elastic modulus and density of such structures can differ
multi-fold from the basic parameters of the layer. In the mathematical setting, the problem is reduced to solving the
inverse geometric problem of the elasticity theory [27]. The construction of an algorithm for recovering information on
an object localized in a certain place is considered. For this, the application of the FE method, the analysis of the results
of surface waves, and the correlation analysis of the dependence of the parameters of the defect on the wave field of the
response using ANN, is considered.

Materials and Methods. An approach, whose purpose is to restore information on the parameters of the
region of imperfection of the structure based on the analysis of the impact response of the surface of the medium, is
proposed. The analysis is carried out on the basis of the developed algorithms with a combination of the computational
approach and the use of ANN. A laminated material is considered as a sample.

Loading of the structure by impulse impact is carried out at a certain distance from the area under study, and
the sensors recording vibrations are located in certain positions and sequences in the linear direction of this area. Lateral
and longitudinal vibrations can be measured. Of interest is the period of time when waves reflected from the ends of the
simulated section of the structure do not have time to reach the sensor. In this way, simulation of field operating
conditions of a layered structure of the subgrade is simulated. The analysis of the measured amplitude-time
characteristics (ATC) shows the possibility of their use in inverse problems of defect recovery.

As a tool for solving the inverse problem of reconstructing defect parameters, ANN are used, which were
originally designed to solve the problems of determining nonlinear dependencies in multidimensional data arrays.
Unlike other algorithms, ANNs are not programmed, but trained on a set of data for the investigated design parameters.
Training samples are built through solving direct problems in the ANSYS FE package. The trained network, having
received new, previously unknown analysis results, is able to correctly recognize the parameters of the defect.

Effective applications of analytical and numerical modeling, which correlate sufficiently well with the
recoverable parameters of structural elements, are presented in [28–34].

Formulation of the problem. The problem is solved in a flat formulation using the finite element method
(FEM). In this paper, we use linear equations of the elasticity theory with allowance for energy dissipation adopted in
the ANSYS package [34−35].

For an elastic medium:
𝜌𝜌𝑢𝑢𝚤𝚤̈ + 𝛼𝛼𝜌𝜌𝑢𝑢𝚤𝚤̇ − 𝜎𝜎𝑖𝑖𝑖𝑖,𝑖𝑖 = 𝑓𝑓𝑖𝑖 ;

𝜎𝜎𝑖𝑖𝑖𝑖 = 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝜀𝜀𝑖𝑖𝑖𝑖 + 𝛽𝛽𝜀𝜀𝑖𝑖𝑖𝑖̇ ) ;

𝜀𝜀𝑖𝑖𝑖𝑖 =
𝑢𝑢𝑖𝑖,𝑖𝑖 + 𝑢𝑢𝑖𝑖,𝑖𝑖

2
,

where 𝜌𝜌 is material density; 𝑢𝑢𝑖𝑖 — components of the vector-function of displacements; 𝜎𝜎𝑖𝑖,𝑖𝑖 — mechanical stress tensor
components; 𝑓𝑓𝑖𝑖 — components of the density vector of mass forces; 𝜀𝜀𝑖𝑖𝑖𝑖 — strain tensor components; 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 —
components of the fourth-rank tensor of elastic moduli; 𝛼𝛼 — nonnegative damping coefficients (in ANSYS).

Let us consider fully the mechanical boundary conditions. When defining mechanical boundary conditions, the
body boundary is represented as a union of non-intersecting regions 𝑆𝑆 = 𝑆𝑆𝑢𝑢𝑆𝑆𝑡𝑡𝑆𝑆𝑢𝑢𝑡𝑡, on which the following conditions are
set:
— the condition for fixing the border or specified displacements:
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𝑢𝑢𝑖𝑖|𝑆𝑆𝑢𝑢 = 𝑢𝑢𝑖𝑖0,
— the condition of force action, at which the components of the vector of mechanical stresses are given:

𝑡𝑡𝑖𝑖 = 𝜎𝜎𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖�𝑆𝑆𝑡𝑡 = 𝑝𝑝𝑖𝑖 ,

— the condition of smooth contact with an absolutely rigid solid, the equality to zero of normal displacements and 
tangential stresses:

𝑢𝑢𝑛𝑛 = 𝑢𝑢𝑖𝑖𝑛𝑛𝑖𝑖|𝑆𝑆𝑢𝑢𝑡𝑡 = 0, 𝑡𝑡𝑖𝑖(𝑖𝑖) = 𝜎𝜎𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝜏𝜏𝑖𝑖(𝑖𝑖)�
𝑆𝑆𝑢𝑢𝑡𝑡

= 0.

Description of the model. A layered construction is considered. The upper layer is rigidly linked to the 
underlying half-space (Fig. 1). Layer 1 contains a defect in the form of a circular configuration centered at a certain 
depth. The properties of the material are presented in Table 1. The defect is located at a depth of Yloc = 1.5 m subsurface 
and at a distance of Xloc = 2 m from the point P1 of application of a single pulsed Pt (Fig. 1) loading. Impulse loading 
depends linearly on the time of load application (𝜏𝜏 = 0.003 s), which corresponds to the parameters of real shock 
loading (Fig. 2). The field of surface displacements as a result of a short-term impulse action is considered as an input 
parameter. The radius of the defect varies in calculations as: Ri = 0; 0.25; 0.3; 0.35; 0.4; 0.45; 0.5 m. The basic 
objective is to determine the functional dependence of the defect radius on the oscillation responses measured at certain 
points of the structure based on the use of ANN.

Table 1
Layer options

No. Name Thickness, m E, GPa ρ, kg/m3 ν
Attenuation 
coefficient

1 Layer 1 5 0.1 2000 0.33 0.001

2 Underlying layer 0.1 0.1 2000 0.33 0.1

3 Defect Ri
XCENTER=2 

YCENTER= –1.5
1 2000 0.33 0.001

а) b)
Fig. 1. Layered construction model with inner circular defect:

(a) description of the region with imperfection; (b) layered structure model schematic

Fig. 2. Dependence of impulse load P on loading time

 

Layer 1 

Underlying layer 
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FE modeling. Modeling of a flat structure (10 m wide) with a defect was carried out in the ANSYS FE
complex: elements of the PLANE82 type with triangular and quadrangular configurations with plane deformation (3950
nodes and 1890 finite elements) were used for modeling. The outer layer of the structure (underlying) had high damping 
coefficients, but retained the basic properties of layer 1. The analyzed time was selected such that the impulse from the 
extreme boundaries of the structure did not return back. This was achieved by fixing the time of a sharp increase in the 
vibration amplitudes at the outer boundary of layer 1. The shock load was applied at the point Pt on the surface of the 
structure.

As a result of impulse loading, transverse and longitudinal wave displacements of points occur both on the 
surface of the structure and throughout its entire volume. An example of the form of transverse vibrations of the 
structure at time t = 0.01 s is shown in Fig. 3. Control points (40 points) are located on the surface at a distance of dk = 
0.1 m from each other (Fig. 1). The simulation of the distribution of points on the surface displays a true picture of 
measurements. The first measuring point is located at a distance of 0.1 m from the place of impact.

Fig. 3. Wave displacements along thickness of the structure at t = 0.01 s

Fig. 4, 5 show the results of calculating the transverse displacements (direction OY) at various points of the 
surface. In the process of solving the problem, the transverse displacements were calculated at the control points of the 
structure in the time interval t = 0–0.1 s. Of special interest is the field of displacements of points of the surface layer in
the time interval t = 0–0.04 s. At this time, the primary form of the layered structure deflections is formed, and there are 
no vibration responses from the excitation of the outer structure layers.

Fig. 5 shows the maximum values of vibration amplitudes depending on the time of their registration. The 
analysis shows that they have an exponential approximate trend. For the same measurement positions of the amplitude 
maxima, there are discrepancies in the vibration amplitudes depending on the value of the radius of the defect.

At the next stage, relative values of the displacement of amplitudes д ΔUy (a), the velocity ΔVy (b) and the 
acceleration ΔAy (c) were calculated for the points Np=1–40. These relative values were calculated as the difference 
between the current indicator of the maximum amplitude for the point at Ri (at i=2–7) and the amplitude of the 
vibration parameter at a defect size R1=0 (no defect in the structure):

ΔUyi=Uyi -Uy1;

ΔVyi=Vyi -Vy1;

ΔAyi=Ayi - Ay1.

Fig. 6 shows three-dimensional graphs representing the dependences of the relative magnitudes of the 
displacement of the amplitudes ΔUy (a), the velocity ΔVy (b) and the acceleration ΔAy (c) for points Np=1–40 on the 
surface of the structure and a variant of the radius Ri of the defect.
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FE modeling. Modeling of a flat structure (10 m wide) with a defect was carried out in the ANSYS FE
complex: elements of the PLANE82 type with triangular and quadrangular configurations with plane deformation (3950
nodes and 1890 finite elements) were used for modeling. The outer layer of the structure (underlying) had high damping
coefficients, but retained the basic properties of layer 1. The analyzed time was selected such that the impulse from the 
extreme boundaries of the structure did not return back. This was achieved by fixing the time of a sharp increase in the
vibration amplitudes at the outer boundary of layer 1. The shock load was applied at the point Pt on the surface of the
structure.

As a result of impulse loading, transverse and longitudinal wave displacements of points occur both on the
surface of the structure and throughout its entire volume. An example of the form of transverse vibrations of the
structure at time t = 0.01 s is shown in Fig. 3. Control points (40 points) are located on the surface at a distance of dk = 
0.1 m from each other (Fig. 1). The simulation of the distribution of points on the surface displays a true picture of
measurements. The first measuring point is located at a distance of 0.1 m from the place of impact.

Fig. 3. Wave displacements along thickness of the structure at t = 0.01 s

Fig. 4, 5 show the results of calculating the transverse displacements (direction OY) at various points of the
surface. In the process of solving the problem, the transverse displacements were calculated at the control points of the
structure in the time interval t = 0–0.1 s. Of special interest is the field of displacements of points of the surface layer in
the time interval t = 0–0.04 s. At this time, the primary form of the layered structure deflections is formed, and there are 
no vibration responses from the excitation of the outer structure layers.

Fig. 5 shows the maximum values of vibration amplitudes depending on the time of their registration. The 
analysis shows that they have an exponential approximate trend. For the same measurement positions of the amplitude
maxima, there are discrepancies in the vibration amplitudes depending on the value of the radius of the defect.

At the next stage, relative values of the displacement of amplitudes д ΔUy (a), the velocity ΔVy (b) and the
acceleration ΔAy (c) were calculated for the points Np=1–40. These relative values were calculated as the difference
between the current indicator of the maximum amplitude for the point at Ri (at i=2–7) and the amplitude of the
vibration parameter at a defect size R1=0 (no defect in the structure):

ΔUyi=Uyi -Uy1;

ΔVyi=Vyi -Vy1;

ΔAyi=Ayi - Ay1.

Fig. 6 shows three-dimensional graphs representing the dependences of the relative magnitudes of the
displacement of the amplitudes ΔUy (a), the velocity ΔVy (b) and the acceleration ΔAy (c) for points Np=1–40 on the
surface of the structure and a variant of the radius Ri of the defect.
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a) b)

c)

Fig. 4. Amplitudes of displacements Uy (a), velocity Vy (b) and acceleration Ay (c) depending on time for points 1-40 on the surface 
of the structure

a) b)

Fig. 5. Dependences of maximum displacements: (a) on time for points 1-40 on the surface of the structure for seven variants of the 
radius of the defect; (b) for the selected range of amplitudes

Uy,m⋅10-7 Vy,m/s⋅10-5

Ay,m/s2

Uy,m⋅10-6 Uy,m⋅10-7
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a) b)

c)

Fig. 6. Relative values of displacement amplitudes ΔUy (a), velocity ΔVy (b) and acceleration ΔAy (c) for points Np = 1-40 on the 
surface of the structure and variant of radius Ri of the defect

The center of the defect was located under the point P20. The analysis of these graphs shows that on the left 
and right in the vicinity of the defect, knees of the curves of the maximum oscillation amplitudes of the relative values 
of the displacement ΔUy, velocity ΔVy and acceleration ΔAy occur. This tendency persists for all variations in the radius 
of the defect Ri. Thus, this sign can be an indicator of the location of the defect.

In practice, such effects can be achieved through positional scanning during registration and processing of 
vibration amplitudes. The curves of the relative indices of displacement, velocity and acceleration in the vicinity of the 
defect correlate sufficiently well with the size of the defect.

The use of neural network technologies in the problem of identifying the size of a hidden defect. Let us 
establish a connection between velocity, acceleration, and vibration amplitudes propagating in the layered structure, and 
the radius of the defect Ri.. Based on the data obtained at the FE modeling stage, a training set is formed with the help 
of which the constructed ANN model is trained.

As a result of the numerical solution to a number of direct problems in the ANSYS FE software package, data 
were obtained for 40 points on the surface of the layered structure with variations in the radius of the defect Ri. with a 
calculation error within 3%. For each set of 40 values, the corresponding defect radius was set. The prepared training 
vectors contained the relative values of the oscillation amplitudes ΔUy(Npi), of the velocity ΔVy(Npi, and acceleration 
ΔAy(Npi) as the input values, and the defect radius as the output values.

A total of 100 numerical experiments were carried out. Thus, the training set consists of 100 vectors for each 
type of the investigated parameter ΔUy, ΔVy и ΔAy. All data used in training the neural network are normalized and are 
on the interval [0, 1].

To identify the radius of a defective inclusion, a fully connected multilayered ANN model was used, simulated 
in the Matlab complex. The ANN model contained 1 layer, consisted of 40 input neurons and 1 output neuron. Sigmoid 
was chosen as the input activation function, and a linear dependence was established as the output activation function. 
The network was trained using an error backpropagation algorithm based on the Levenberg-Marquardt optimization 
[37].

The loss function was characterized by the mean square error (MSE). For the training and test set, 100 vectors 
were constructed from the indicators of the relative values of the oscillation amplitudes ΔUy, velocity ΔVy and 
acceleration ΔAy. The correlation of these parameters to the radius of the defect is found. It was established that 8, 10 

∆Uy,m⋅10-9

∆Ay,m/s2⋅10-4
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a) b)

c)

Fig. 6. Relative values of displacement amplitudes ΔUy (a), velocity ΔVy (b) and acceleration ΔAy (c) for points Np = 1-40 on the
surface of the structure and variant of radius Ri of the defect

The center of the defect was located under the point P20. The analysis of these graphs shows that on the left
and right in the vicinity of the defect, knees of the curves of the maximum oscillation amplitudes of the relative values
of the displacement ΔUy, velocity ΔVy and acceleration ΔAy occur. This tendency persists for all variations in the radius
of the defect Ri. Thus, this sign can be an indicator of the location of the defect.

In practice, such effects can be achieved through positional scanning during registration and processing of
vibration amplitudes. The curves of the relative indices of displacement, velocity and acceleration in the vicinity of the
defect correlate sufficiently well with the size of the defect.

The use of neural network technologies in the problem of identifying the size of a hidden defect. Let us
establish a connection between velocity, acceleration, and vibration amplitudes propagating in the layered structure, and
the radius of the defect Ri.. Based on the data obtained at the FE modeling stage, a training set is formed with the help
of which the constructed ANN model is trained.

As a result of the numerical solution to a number of direct problems in the ANSYS FE software package, data
were obtained for 40 points on the surface of the layered structure with variations in the radius of the defect Ri. with a
calculation error within 3%. For each set of 40 values, the corresponding defect radius was set. The prepared training
vectors contained the relative values of the oscillation amplitudes ΔUy(Npi), of the velocity ΔVy(Npi, and acceleration
ΔAy(Npi) as the input values, and the defect radius as the output values.

A total of 100 numerical experiments were carried out. Thus, the training set consists of 100 vectors for each
type of the investigated parameter ΔUy, ΔVy и ΔAy. All data used in training the neural network are normalized and are
on the interval [0, 1].

To identify the radius of a defective inclusion, a fully connected multilayered ANN model was used, simulated
in the Matlab complex. The ANN model contained 1 layer, consisted of 40 input neurons and 1 output neuron. Sigmoid 
was chosen as the input activation function, and a linear dependence was established as the output activation function.
The network was trained using an error backpropagation algorithm based on the Levenberg-Marquardt optimization
[37].

The loss function was characterized by the mean square error (MSE). For the training and test set, 100 vectors
were constructed from the indicators of the relative values of the oscillation amplitudes ΔUy, velocity ΔVy and
acceleration ΔAy. The correlation of these parameters to the radius of the defect is found. It was established that 8, 10 

∆Uy,m⋅10-9

∆Ay,m/s2⋅10-4
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and 20 learning epochs for the corresponding indicators are sufficient to achieve the required level of the ANN 
performance. Fig. 7 shows the dependence of the root mean square error on the number of learning epochs of the ANN 
model. The analysis shows that when learning of more than 8 epochs is reached for all relative parameters of vibration 
amplitudes, the MSE changes insignificantly

a) b)

c)

Fig. 7. Change in the MSE of the ANN operation under its training based on the relative values of the oscillations: (a) amplitudes 
ΔUy, (b) velocity ΔVy, and (c) acceleration ΔAy

Table 2
Calculation accuracy evaluation

ANN applied Relative error, %
ΔUy 0.50
ΔVy 3.03
ΔAy 16.70

Testing the ANN dependences obtained. For a selective assessment of the restoration of the defect radius 

index Ri, sets of vibration amplitude parameters were performed, and their relative values were obtained. Graphical 

display of the results of three test sets for the relative values of vibration amplitudes ΔUy (a), velocity ΔVy (b) and 

acceleration ΔAy (c) are shown in Fig. 8. These indicators of the sets were substituted into the corresponding ANN, and 

the values of the radius of the defect were calculated. Table 2 shows the calculated error of the restored radius R of the 

defect. The analysis shows that the least accurate is the restoration of the radius from the acceleration parameters. At 

this, the average relative error in recovering the parameter of the radius R of the defect based on the data of the vibration 

amplitudes ΔUy and the velocity ΔVy does not exceed 5%.
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a) b)

c)

Fig. 8. Set of calculated relative values of vibration amplitudes ΔUy (a), velocity ΔVy (b) and acceleration ΔAy (c)

Discussion and Conclusions. The problem on reconstructing the radius of a defect based on the application of 
simulation modeling of oscillations in the ANSYS finite element complex and ANN in the MATLAB complex is 
considered. The results of unsteady oscillations of a half-plane with a circular internal defect are obtained. The 
transverse displacements are calculated at the control points of the structure during the propagation of a wave from a 
pulsed loading. As a result, an approach was developed to restore the radius of a defect in a structure based on a 
combination of the FEM and ANN. The best configuration of the ANN architecture consisting of 1 hidden and 1 output 
layers included 40 input neurons and 1 output neuron.

The study has shown that the amount of data used is sufficient for successful training of the constructed model 
and identification of a hidden defect in the structure. In addition, the relative accuracy of determining the radius of the 
defect inside layer 1, in the case of using the values of amplitudes of displacement oscillations and velocity, is more 
than 99%.

Thus, the constructed ANN algorithms can be successfully applied to assess the stratification of layered 
structures using temporal and positional scanning when oscillations are excited from a far zone.
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a) b)

c)

Fig. 8. Set of calculated relative values of vibration amplitudes ΔUy (a), velocity ΔVy (b) and acceleration ΔAy (c)

Discussion and Conclusions. The problem on reconstructing the radius of a defect based on the application of
simulation modeling of oscillations in the ANSYS finite element complex and ANN in the MATLAB complex is
considered. The results of unsteady oscillations of a half-plane with a circular internal defect are obtained. The
transverse displacements are calculated at the control points of the structure during the propagation of a wave from a
pulsed loading. As a result, an approach was developed to restore the radius of a defect in a structure based on a 
combination of the FEM and ANN. The best configuration of the ANN architecture consisting of 1 hidden and 1 output
layers included 40 input neurons and 1 output neuron.

The study has shown that the amount of data used is sufficient for successful training of the constructed model
and identification of a hidden defect in the structure. In addition, the relative accuracy of determining the radius of the 
defect inside layer 1, in the case of using the values of amplitudes of displacement oscillations and velocity, is more
than 99%.

Thus, the constructed ANN algorithms can be successfully applied to assess the stratification of layered
structures using temporal and positional scanning when oscillations are excited from a far zone.
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Introduction. The use of probabilistic analysis is important when the input data are random, that leads to stochastic 
results. This paper describes the integration of a probabilistic design strategy of the solid and hollow stems implanted in 
a proximal femur in order to compare their advantages. The used hollow stem is called “Improved Austin-Moore” 
(IAM) model.
Materials and Methods. Probabilistic methods allow variations in factors which control the biomechanical effects of the 
implanted femur to be taken into account while determining its performance. Different material properties were 
generated randomly using Monte Carlo simulation (MCS). Monte Carlo sampling techniques were applied, and 
different von Mises stresses of the layers (bone and metal) were chosen as a performance indicator.
Results. A simple 2D implant-bone study of solid and IAM stem design was carried out with a high level of confidence, 
99.87%, which corresponds to a target reliability index with regard to statistical uncertainties. The probabilistic design 
results show that the input and output parameters for the IAM stem are highly correlated relative to those for the solid 
stem. 
Discussion and Conclusions. The sensitivity analysis shows that the input parameters for the IAM stem play a much 
larger part in the output parameters relative to the solid stem. The IAM stem is much more advantageous than the solid 
stem which causes an increase in the performance of the hip prosthesis.
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1. Introduction
In probabilistic studies on Total Hip Replacement (THR) models, several important random parameters may

affect the hip performance, such as the geometrical description of the bone, the implant and the cement, the material 
properties of different layers, the magnitude and direction of the applied loads, and the position of the bone-implant 
[1−2]. In order to improve the stem design, several points have been considered. At the first stage, the rectangular 
section stem is considered more reliable than the circular section stem [3]. The rectangular section stem then provides a
secure diaphyseal press-fit in the frontal plane of the femoral canal. This way it allows excellent rotational stability and 
improves the primary mechanical fixation [1]. In addition, wear as mentioned in Kharmanda and Albashi [4] can be 
reduced. At the second stage, the shouldered stem is considered more reliable than the non-shouldered one. It has been 
shown in the numerical results of Kharmanda, et al. [5], that, when considering the shouldered stem, there is an
excellent decrease of the maximum values on von Mises stress in different bone layers compared to the non-shouldered 
one. At the third stage, the hollow stems are considered. In Kharmanda [6], a multi-objective structural optimization 
strategy has been integrated into Austin-Moore prosthesis in order to improve its performance. The resulting model was 
called Improved Austin-Moore (IAM). The topology optimization was considered as a conceptual design stage to 
sketch the IAM stem according to the daily loading cases. The shape optimization presented the detailed design stage 
considering several objectives. A new multiplicative formulation has been proposed as a performance scale to define the 
best compromise between several requirements. In this paper, a probabilistic design strategy is applied on two kinds of 
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1. Introduction
In probabilistic studies on Total Hip Replacement (THR) models, several important random parameters may 

affect the hip performance, such as the geometrical description of the bone, the implant and the cement, the material 
properties of different layers, the magnitude and direction of the applied loads, and the position of the bone-implant 
[1−2]. In order to improve the stem design, several points have been considered. At the first stage, the rectangular
section stem is considered more reliable than the circular section stem [3]. The rectangular section stem then provides a
secure diaphyseal press-fit in the frontal plane of the femoral canal. This way it allows excellent rotational stability and
improves the primary mechanical fixation [1]. In addition, wear as mentioned in Kharmanda and Albashi [4] can be 
reduced. At the second stage, the shouldered stem is considered more reliable than the non-shouldered one. It has been
shown in the numerical results of Kharmanda, et al. [5], that, when considering the shouldered stem, there is an
excellent decrease of the maximum values on von Mises stress in different bone layers compared to the non-shouldered 
one. At the third stage, the hollow stems are considered. In Kharmanda [6], a multi-objective structural optimization
strategy has been integrated into Austin-Moore prosthesis in order to improve its performance. The resulting model was
called Improved Austin-Moore (IAM). The topology optimization was considered as a conceptual design stage to
sketch the IAM stem according to the daily loading cases. The shape optimization presented the detailed design stage 
considering several objectives. A new multiplicative formulation has been proposed as a performance scale to define the
best compromise between several requirements. In this paper, a probabilistic design strategy is applied on two kinds of 
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stems (solid and IAM stems) to determine the mechanical effects, the response sensitivities with respect to input 
parameters, and the correlation of the used material properties with different output parameters. A numerical application
on a 2D problem is carried out to show the advantages of the IAM stem relative to the solid one.

2. Material and Methods
2.1 Model description and material properties
Fig. 1a and b show 2D sections for the studied solid and IAM stems implanted in bone layers (cortical bone

and cancellous bone). The bone materials are generally anisotropic [7]. In the current study, the material properties of 
bone have been for simplicity considered as linearly elastic and isotropic. In Fig. 1, the cortical bone material is 
considered to be homogeneous and isotropic with Young’s modulus 17E = GPa and Poisson’s ratio 0.33ν = . The 
corresponding number of elements for the cortical region is 605 elements for the solid stem model, while it is 545 
elements for the IAM stem model. The cancellous bone material is also considered to be homogeneous and isotropic
with Young’s modulus 386E = MPa and Poisson’s ratio 0.33ν = [8]. The corresponding number of elements for the 
cancellous region is 417 elements for the solid stem model, while it is 418 elements for the IAM stem model. The 
modulus of titanium alloy of stem is considered to be: 110E = GPa with Poisson’s ratio: 0.3ν = [9]. The 
corresponding number of elements for the metal region is 529 elements for the solid stem model, while it is 861 
elements for the IAM stem model. The used element is PLANE82 (8-node, nonlinear). The number of the total nodes is 
5048 nodes for the solid stem model, while it is 6094 nodes for the IAM stem model.

      a)   a)

Fig 1. Geometry models for: (a) solid stem and; (b) IAM one

2.2 Boundary conditions
The loading cases are considered as daily loading conditions [10]: one-legged stance (L1), extreme ranges of 

motion of abduction (L2), and adduction (L3) as shown in Fig. 2.

   a) b)         c)

Fig. 2. Loading cases: a) One-legged stance case (L1); b) Abduction case (L2); and c) Adduction case (L3)

Table 1 presents different components of the three loading cases (L1, L2 and L3) which are illustrated in Fig. 1.
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Table 1
Force components

Loading
Case

Body Forces Muscle Forces
B

xF [N] B
yF [N] M

xF [N] M
yF [N]

L1 942.41 -2116.68 -330.04 620.71
L2 -299.71 -1118.54 48.85 347.58
L3 1283.35 -865.63 -268.43 383.36

According to the results of Kharmanda [6], the third loading case (L3) leads to the highest von Mises stress 
values in the bone tissues. Thus, in this work, a probabilistic design strategy is performed considering the third loading 
case L3.

2.3 Probabilistic design strategy
2.3.1 Failure probability 
The design of structures and the prediction of their good performance lead to the confirmation of a certain 

number of rules depending on the knowledge of physical and mechanical experience of designers. Thus, there are 
several events leading to a failure mode. It is the objective to evaluate the probability of failure corresponding to the 
occurrence of critical failure scenarios. The probability of failure is then given by:

[ ] 1
(x,y) 0

Pr (x, y) (y) ...f Y n
G

P G f dy dy
≤

= = ∫ (1)

where (x, y)G is a limit state surface (curve) that is defined by the condition of good structural performance [11]. The 

limit state surface (curve) (x, y) 0G = is located between the failure part (x, y) 0G < and the safety part (x, y) 0G > .

(y)Yf is the density function of the random parameter Y . Several techniques can be used to compute the probability of 

failure. Monte Carlo Simulation (MCS) is the most conservative probability technique [12]. Here, the parameters are 
sampled at random from their underlying distributions and the probability of failure which is estimated by solving the 
model repeatedly. For all time, the MCS gives the correct solution if a sufficient number of trials is computed, but it 
requires a high computing time. In order to decrease this expense, and avoid overlapping of samples and/or lack of 
samples in some regions of the domain, another technique called Latin Hypercube Sampling (LHS) can be applied [13].
The MCS based approach divides the sample space into separate intervals with equal probabilities, and one sample is 
randomly taken from each interval. When considering implicit models, finite element analysis has been combined with 
probabilistic design methods in order to allow uncertainty in the system parameters to be taken into account. Several 
types of uncertainties can be distinguished:

• Physical uncertainty: For example: material properties, dimensions, loading, etc.;
• Statistical uncertainty: Due to limited sample sizes, probabilistic model is considered uncertain;
• Model uncertainty: For example, mathematical models, numerical approaches due to simplifying

assumptions, unknown boundary conditions, and unknown effects of other variables that are not included in the model.

2.3.2 Reliability index
The reliability is the inverse of failure probability. The relationship between the reliability R is related with 

the failure probability, it can be written as follows:
1fP R= − (2)

To estimate the reliability index, several techniques have been developed during the last five decades, namely 
FORM (First Order Reliability Methods), SORM (Second Order Reliability Method) and simulation techniques [11,
14]. In FORM approximation, the probability failure is simply evaluated by

( )fP ≈ Φ −β (3)

where ( )Φ • is the standard Gaussian cumulated function calculated through the following integral:
2

21( ) ,
2

Z z

Z e dz
−

−∞

Φ =
π ∫  (4)
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several events leading to a failure mode. It is the objective to evaluate the probability of failure corresponding to the 
occurrence of critical failure scenarios. The probability of failure is then given by:

 [ ] 1
(x,y) 0

Pr (x, y) (y) ...f Y n
G

P G f dy dy
≤

= = ∫  (1)

where (x, y)G is a limit state surface (curve) that is defined by the condition of good structural performance [11]. The 

limit state surface (curve) (x, y) 0G = is located between the failure part (x, y) 0G < and the safety part (x, y) 0G > .

(y)Yf is the density function of the random parameter Y . Several techniques can be used to compute the probability of 

failure. Monte Carlo Simulation (MCS) is the most conservative probability technique [12]. Here, the parameters are 
sampled at random from their underlying distributions and the probability of failure which is estimated by solving the 
model repeatedly. For all time, the MCS gives the correct solution if a sufficient number of trials is computed, but it 
requires a high computing time. In order to decrease this expense, and avoid overlapping of samples and/or lack of 
samples in some regions of the domain, another technique called Latin Hypercube Sampling (LHS) can be applied [13].
The MCS based approach divides the sample space into separate intervals with equal probabilities, and one sample is 
randomly taken from each interval. When considering implicit models, finite element analysis has been combined with 
probabilistic design methods in order to allow uncertainty in the system parameters to be taken into account. Several 
types of uncertainties can be distinguished:

• Physical uncertainty: For example: material properties, dimensions, loading, etc.;
• Statistical uncertainty: Due to limited sample sizes, probabilistic model is considered uncertain;
• Model uncertainty: For example, mathematical models, numerical approaches due to simplifying 

assumptions, unknown boundary conditions, and unknown effects of other variables that are not included in the model.

2.3.2 Reliability index
The reliability is the inverse of failure probability. The relationship between the reliability R is related with 

the failure probability, it can be written as follows:
 1fP R= −  (2)

To estimate the reliability index, several techniques have been developed during the last five decades, namely 
FORM (First Order Reliability Methods), SORM (Second Order Reliability Method) and simulation techniques [11,
14]. In FORM approximation, the probability failure is simply evaluated by

( )fP ≈ Φ −β (3)

where ( )Φ • is the standard Gaussian cumulated function calculated through the following integral:

 
2

21( ) ,
2

Z z

Z e dz
−

−∞

Φ =
π ∫  (4)
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For practical engineering applications, Eq. (3) gives sufficiently accurate estimation of the failure probability. 
In general, the nuclear and spatial studies necessitate very small values of failure probability, the failure probability 
should be: 6 8[10 10 ]fP  − −∈ − that corresponds to a reliability index [4.75 5.6]β∈ − when using equations 3 and 4; while 

in structural engineering studies, the failure probability should be: 3 5[10 10 ]fP − −∈ − that corresponds to a reliability 

index [3 4.25]β∈ − (A detailed study on target safety indices can be found in Jeppsson [15]. In the next section, a 

simple 2D implant-bone study of solid and IAM stem designs is presented with account for statistical uncertainties. 
3. Results
The Probabilistic Design System in ANSYS software analyzes a component or a system involving uncertain 

input parameters. The input parameters concerning geometry, material properties, boundary conditions, etc., are defined 
in ANSYS software. The variation of these input parameters is considered as random input variables and is 
characterized by their distribution type (normal, lognormal, etc.), as well as their distribution parameters (mean values, 
standard deviation, etc.). The important responses are defined as random output parameters. During a probabilistic 
study, the software executes multiple analysis loops to compute random output parameters as a function of a set of 
random input variables. The values for the input variables are generated randomly using Monte Carlo simulation.

The studied model has six parameters that are regarded as random input parameters. Thus, six sources of 
uncertainty were considered in the present investigation: CanE , CorE , ME , Canν , Corν and Mν . These sources are Young's 
modulus and Poisson's Ratio for the three studied layers (cortical, cancellous and metal layers). According to several 
references in the literature [16, 17], the maximum and the minimum values of Young's modulus are respectively 19.7 
GPa and 10.4 GPa for the cortical tissue, 5.6 GPa and 192 MPa for the cancellous tissue, and 120 GPa and 100 GPa for 
the titanium alloy. And the maximum and the minimum values of Poisson's ratio are respectively 0.33 GPa and 0.3 GPa 
for the cortical tissue and for the cancellous tissue, while they are: 0.36 and 0.3 for the titanium alloy. It is considered 
that the input parameters follow the uniform distribution law. To assess the accuracy of the results, it is performed with 
a high confidence interval of 99.87% (reliability level). The failure probability is noted to be 0.13% which corresponds 
to a reliability index equal to 3β = (Equations 3 and 4). Using Sampling Method, Monte Carlo based simulations were 
run, with 30000 simulations for the third loading case (L3) on the solid and IAM stems. A sensitivity analysis was
performed to assess the influence of each parameter on the maximum von Mises stress values for the cortical and 
cancellous bone, and for the metal ( 1

maxσ , 2
maxσ and max

Mσ ). The evaluation of the sensitivities was based on both Rank-
order correlation coefficients between the input parameters and the output parameters.

Table 2
Statistics of the random input and output parameters for solid stem

Parameter Mean 
Standard 
Deviation 

Skewness Kurtosis Minimum Maximum 

CanE (MPa) 2896 1561 -1.73× 10-7 6.65× 104 192.1 5600. 

CorE (MPa) 1.51× 104 2685 2.06× 10-7 6.65× 104 1.04× 104 1.97× 104

ME (MPa) 1.10× 105 5774 2.36× 10-7 6.65× 104 1.00× 105 1.20× 105

Canν 0.3150 8.66× 10-3 -5.96× 10-7 6.65× 104 0.3000 0.3300 

Corν 0.3150 8.66× 10-3 1.39× 10-6 6.65× 104 0.3000 0.3300 

Mν 0.3300 1.73× 10-2 5.56× 10-7 6.65× 104 0.3000 0.3600
1
maxσ (MPa) 16.93 1.783 1.992 2.49× 105 14.81 25.06 
2
maxσ (MPa) 7.057 0.7837 2.311 3.34× 105 6.333 11.24 

max
Mσ (MPa) 11.28 1.44× 10-2 -1.42× 10-2 6.65× 104 11.26 11.31 

Tables 2 and 3 show the statistical results of the random input and output parameters for the solid stem and for 
the IAM stem, respectively.
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Table 3
Statistics of the random input and output parameters for the IAM stem

Parameter Mean 
Standard 
Deviation 

Skewness Kurtosis Minimum Maximum 

CanE (MPa) 2896 1561 -1.57× 10-7 6.65× 104 192.0 5600. 

CorE (MPa) 1.51× 104 2685 1.71× 10-7 6.65× 104 1.04× 104 1.97× 104

ME (MPa) 1.10× 105 5774 3.08× 10-7 6.65× 104 1.00× 105 1.20× 105

Canν 0.3150 8.66× 10-3 5.64× 10-7 6.65× 104 0.3000 0.3300 

Corν 0.3150 8.66× 10-3 -5.93× 10-7 6.65× 104 0.3000 0.3300 

Mν 0.3300 1.73× 10-2 3.34× 10-8 6.65× 104 0.3000 0.3600 
1
maxσ (MPa) 16.92 1.822 1.963 2.43× 105 14.76 25.18 
2
maxσ (MPa) 7.081 0.7954 2.295 3.28× 105 6.345 11.33 

max
Mσ (MPa) 11.30 1.18× 10-2 -1.78× 10-2 6.65× 104 11.28 11.32 

Fig. 3 shows the probability density function histograms of output parameters. Fig. 3 a and b show the 
histograms of the maximum von Mises stress value ( 1

maxσ ) for the solid stem, and the IAM stem, respectively. Fig. 3 c

and d show the histograms of the maximum von Mises stress value ( 2
maxσ ) for the solid stem, and the IAM stem, 

respectively. Fig. 3 e and f show the histograms of the maximum von Mises stress value ( max
Mσ ) for the solid stem, and 

the IAM stem, respectively. The probability density function calculates an appropriate number of classes based on the 
number of samples. The number of classes is equal to the number of bars which are presented in the histogram. The 
distance between the smallest and largest sample value is divided into classes of equal width. A histogram is modeled
by counting the number of hits in the individual classes and dividing this number by the total number of samples. Thus,
a histogram represents the relative frequencies of the random quantity that is drawn for.

a) b)

c) d)
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Table 3
Statistics of the random input and output parameters for the IAM stem

Parameter Mean
Standard
Deviation

Skewness Kurtosis Minimum Maximum 

CanE (MPa) 2896 1561 -1.57× 10-7 6.65× 104 192.0 5600.

CorE (MPa) 1.51× 104 2685 1.71× 10-7 6.65× 104 1.04× 104 1.97× 104

ME (MPa) 1.10× 105 5774 3.08× 10-7 6.65× 104 1.00× 105 1.20× 105

Canν 0.3150 8.66× 10-3 5.64× 10-7 6.65× 104 0.3000 0.3300 

Corν 0.3150 8.66× 10-3 -5.93× 10-7 6.65× 104 0.3000 0.3300 

Mν 0.3300 1.73× 10-2 3.34× 10-8 6.65× 104 0.3000 0.3600 
1
maxσ (MPa) 16.92 1.822 1.963 2.43× 105 14.76 25.18
2
maxσ (MPa) 7.081 0.7954 2.295 3.28× 105 6.345 11.33

max
Mσ (MPa) 11.30 1.18× 10-2 -1.78× 10-2 6.65× 104 11.28 11.32

Fig. 3 shows the probability density function histograms of output parameters. Fig. 3 a and b show the
histograms of the maximum von Mises stress value ( 1

maxσ ) for the solid stem, and the IAM stem, respectively. Fig. 3 c

and d show the histograms of the maximum von Mises stress value ( 2
maxσ ) for the solid stem, and the IAM stem,

respectively. Fig. 3 e and f show the histograms of the maximum von Mises stress value ( max
Mσ ) for the solid stem, and

the IAM stem, respectively. The probability density function calculates an appropriate number of classes based on the
number of samples. The number of classes is equal to the number of bars which are presented in the histogram. The
distance between the smallest and largest sample value is divided into classes of equal width. A histogram is modeled
by counting the number of hits in the individual classes and dividing this number by the total number of samples. Thus,
a histogram represents the relative frequencies of the random quantity that is drawn for.

a) b)

c) d)
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e) f)
Fig. 3. Histograms of the output parameters: 1

maxσ for (a) solid stem; (b) IAM stem; 2
maxσ for; (c) solid stem;

(d) IAM stem; max
Mσ (e) solid stem, and (f) IAM stem.

Fig. 4 shows the sensitivity evaluation of the output parameter with respect to the input random variables: 
Fig. 4 a and b show the sensitivities of the maximum von Mises stress value ( 1

maxσ ) for the solid stem, and the IAM 

stem, respectively. Fig. 4c and d show the sensitivities of the maximum von Mises stress value ( 2
maxσ ) for the solid 

stem, and the IAM stem, respectively. Fig. 4 e and f show the sensitivities of the maximum von Mises stress value 
( max

Mσ ) for the solid stem, and the IAM stem, respectively. The sensitivities of a certain random output parameter are 
modeled. The random input parameters are separated into two types: significant parameters and insignificant 
parameters. The sensitivity plots include only the significant random input parameters.

a) b)

c) d)
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e) f)
Fig. 4. Sensitivities of the output parameters: 1

maxσ for (a) solid stem; (b) IAM stem; 2
maxσ ; (c) solid stem; (d) IAM stem; 

and max
Mσ for (e) solid stem; (f) IAM stem

Table 4 shows the correlation coefficients between the input and output parameters for the solid and IAM 
stems. Here, it is shown the statistical interdependence between the input and output parameters. The values being 
closer to zero show that the two parameters are weakly correlated. However, the values being closer to 1 or -1, show 
that the two variables are highly correlated either in positive or negative sense, respectively. 

Table 4
Correlation coefficients between the input and output parameters for solid and IAM stems

Parameters
Solid stem IAM stem

1
maxσ (MPa) 2

maxσ (MPa) max
Mσ (MPa) 1

maxσ (MPa) 2
maxσ (MPa) max

Mσ (MPa)

CanE (MPa) -0.799 -0.320 --- -0.801 -0.304 0.010

CorE (MPa) 0.191 -0.038 -0.002 0.187 -0.036 0.003

ME (MPa) 0.002 0.004 0.007 0.001 -0.001 0.010

Canν -0.006 --- 0.004 -0.006 -0.002 -0.008

Corν 0.025 --- -0.011 0.025 0.004 -0.004

Mν -0.004 -0.006 1.000 -0.007 -0.003 1.000

4. Discussion. In this work, a probabilistic design strategy is established to compare in details the role of
different input and output parameters considered when designing the solid and hollow (IAM) stems. Monte Carlo 
technique is used as a robust tool with a big number of simulations to provide with accurate results. The histograms of 
the probability density function of three output parameters are presented. The three output parameters have three 
different distribution forms: The maximum von Mises stress values for the cortical tissue ( 1

maxσ ) has the lognormal 

distribution form. The maximum von Mises stress values for the cancellous tissue ( 2
maxσ ) has the exponential 

distribution form. The maximum von Mises stress values for the metal ( max
Mσ ) has the uniform distribution form. The 

skewness values of the input values (asymmetry) for the IAM stem differ from those for the solid stem, while there is 
no big difference when considering the output parameters. The sensitivity analysis for the output parameters with 
respect to the input random variables is next carried out in order to determine the input parameter influence. Three input 
parameters ( CanE , CorE and Corν ) have different roles on the maximum von Mises stress values for the cortical tissue

( 1
maxσ ). Here, there is a small difference when comparing the diagram for the solid and IAM stems. For the maximum 

von Mises stress values for the cancellous tissue ( 2
maxσ ), two input parameters ( CorE and CanE ) play significant roles 

when considering the IAM stem, while only one input parameter ( CorE ) when considering the solid stem. For the 

maximum von Mises stress values for the metal ( max
Mσ ), only one input parameter ( Mν ) has a significant influence for 

the solid and IAM stems. According to the correlation study, the correlation coefficients between the input parameters 
and the output ones for the IAM stem are much higher than those for the solid stem where several values are closer to 
zero. According to the presented probabilistic design strategy, the IAM stem has several advantages relative to the solid 
one.     
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e) f)
Fig. 4. Sensitivities of the output parameters: 1

maxσ for (a) solid stem; (b) IAM stem; 2
maxσ ; (c) solid stem; (d) IAM stem; 

and max
Mσ for (e) solid stem; (f) IAM stem

Table 4 shows the correlation coefficients between the input and output parameters for the solid and IAM 
stems. Here, it is shown the statistical interdependence between the input and output parameters. The values being
closer to zero show that the two parameters are weakly correlated. However, the values being closer to 1 or -1, show 
that the two variables are highly correlated either in positive or negative sense, respectively.

Table 4
Correlation coefficients between the input and output parameters for solid and IAM stems

Parameters
Solid stem IAM stem

1
maxσ (MPa) 2

maxσ (MPa) max
Mσ (MPa) 1

maxσ (MPa) 2
maxσ (MPa) max

Mσ (MPa)

CanE (MPa) -0.799 -0.320 --- -0.801 -0.304 0.010

CorE (MPa) 0.191 -0.038 -0.002 0.187 -0.036 0.003

ME (MPa) 0.002 0.004 0.007 0.001 -0.001 0.010

Canν -0.006 --- 0.004 -0.006 -0.002 -0.008

Corν 0.025 --- -0.011 0.025 0.004 -0.004

Mν -0.004 -0.006 1.000 -0.007 -0.003 1.000

4. Discussion. In this work, a probabilistic design strategy is established to compare in details the role of
different input and output parameters considered when designing the solid and hollow (IAM) stems. Monte Carlo
technique is used as a robust tool with a big number of simulations to provide with accurate results. The histograms of
the probability density function of three output parameters are presented. The three output parameters have three 
different distribution forms: The maximum von Mises stress values for the cortical tissue ( 1

maxσ ) has the lognormal

distribution form. The maximum von Mises stress values for the cancellous tissue ( 2
maxσ ) has the exponential

distribution form. The maximum von Mises stress values for the metal ( max
Mσ ) has the uniform distribution form. The

skewness values of the input values (asymmetry) for the IAM stem differ from those for the solid stem, while there is
no big difference when considering the output parameters. The sensitivity analysis for the output parameters with
respect to the input random variables is next carried out in order to determine the input parameter influence. Three input
parameters ( CanE , CorE and Corν ) have different roles on the maximum von Mises stress values for the cortical tissue

( 1
maxσ ). Here, there is a small difference when comparing the diagram for the solid and IAM stems. For the maximum

von Mises stress values for the cancellous tissue ( 2
maxσ ), two input parameters ( CorE and CanE ) play significant roles

when considering the IAM stem, while only one input parameter ( CorE ) when considering the solid stem. For the

maximum von Mises stress values for the metal ( max
Mσ ), only one input parameter ( Mν ) has a significant influence for

the solid and IAM stems. According to the correlation study, the correlation coefficients between the input parameters
and the output ones for the IAM stem are much higher than those for the solid stem where several values are closer to
zero. According to the presented probabilistic design strategy, the IAM stem has several advantages relative to the solid
one.

Kharmanda G., et al. Probabilistic design strategy for improved Austin-Moore stem used in artificial cementless hip prosthesis

5 Conclusion. A probabilistic design strategy is applied to find different probabilistic bounds with high 
reliability (confidence) levels. The results show that the IAM stem is much more advantageous than the solid stem 
especially. This study was limited to a 2D modeling in order to reduce the computing time since 30000 simulations 
were performed. However, in future work, it is recommended to perform a 3D modeling and to deal with anisotropy 
behavior for bone tissues. 
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Analytical model for assessing fatigue limit of welded joints of 
ferritic-pearlitic steels

K. А. Molokov, V. V. Novikov, A. P. German
Far Eastern Federal University (Vladivostok, Russian Federation)

Introduction. Microdefects and zones with stress concentration in welded joints cause fatigue macrocracks. Such 
damage is potentially dangerous, especially if the fatigue life of the structure is almost exhausted. In this case, the crack 
size is close to the critical value, and it is crucial to determine its length. The paper considers the development of an 
engineering analytical model for assessing the critical crack length and endurance limit of weld joints with the formed 
grain in the structure of ferrite-pearlitic steels after welding.
Materials and Methods. The theory and methods of fracture mechanics at the mesoscale are used. A simple analytical 
dependence is obtained, which provides determining the critical dimensions of a macrocrack for ferrite-pearlite steels 
without using the Griffiths formula. . The calculation results of the critical crack lengths of various steels depending on 
their yield strength are presented. An analytical dependence of the endurance limit calculation for the most dangerous 
symmetric loading cycle, according to the standard set of mechanical characteristics and the average grain diameter of 
ferrite-pearlite steel, is presented.
Results. Structural deformation analysis of the crack propagation process has been performed. On its basis, an 
engineering technique for assessing the endurance limit is developed. A mathematical model that enables to calculate 
the endurance limit and the critical crack length in the components of welded assemblies of large-sized facilities, 
considering periodic loads of a symmetrical cycle, is developed. Using this model, it is possible to estimate the degree 
of metal sensitivity to the original characteristics (yield stress, Poisson's ratio, grain diameter, relative constriction, 
Young's modulus, power-law hardening coefficient, etc.).
Discussion and Conclusion. Under stresses corresponding to the steel endurance limit, the critical crack opening rates of 
the tip and edges approach each other. Energetically, this moment approximately corresponds to the transition of the 
crack to an unstable state. The accumulation of one-sided plastic deformations causes the limiting state of plasticity of 
the region adjacent to the crack tip and its avalanche-like or sharply accelerated motion. This critical area is interrelated 
with the grain diameter of the material, the characteristic of critical plasticity and the critical opening at the crack tip at 
the fatigue limit. The proposed analytical dependences can be used to assess the residual life and the fatigue limit of 
welded structures, the influence of various factors on the fatigue limit of welded joints of ferrite-pearlitic steels used in 
mechanical engineering, shipbuilding, pipeline transport, etc.

Keywords: welded joint, ferritic-pearlitic steel, crack length, endurance limit, critical deformation, mathematical model, 
structural damage.
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Introduction. Microdefects and stress concentration zones in welded joints cause fatigue macrocracks. Such 
damage is potentially dangerous, especially if the fatigue life of the structure is practically exhausted. In this case, the 
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crack size is close to the critical value, and it is crucially important to determine its length. The paper considers the 
development of an engineering analytical model for assessing the critical crack length and endurance limit of weld 
joints with the formed grain in the structure of ferrite-pearlitic steels after welding.

It should be noted that an equally-strength weld joint for static loading does not guarantee its reliability under 
cyclic loads. This is due to local plastic deformations in stress points in discontinuities of the structures subjected to 
cyclic loads [1]. It can be assumed that for plastic materials, the maximum stresses in these zones will be constant and 
equal to the yield point if we neglect some strengthening of the material in the stress points and assume that the regions 
of disturbed stresses are relatively small compared to the material thickness [2].

Materials and Methods. The fatigue strength of structural steels corresponds approximately to the values of 
σ−1 = 0.5 … 0.7σт, and destruction under cyclic stresses, as a rule, occurs locally in the form of cracks originating from 
stress concentrators or defects in the weld joint (Fig. 1).

а)
b)

c) d)

Fig. 1. Cracks at undercut and in seam (a, b), destruction of cross joints from crack under incomplete penetration (c) and in heat-
affected zone (HAZ) with full penetration (d) [2]

The stress concentration resulting from partial penetration during the formation of a weld joint can also play a 
decisive role in the formation of weak zones. This is facilitated by significant inhomogeneity of mechanical 
characteristics, major defects in the seam and near-weld zone.

In the corner and T-joints (with or without grooving), in most cases, the crack originates from the stress 
concentrator (see Fig. 1c,d). If the seam is convex, destruction can occur along the fusion zone or near it, along the base 
metal in the HAZ, whose structure has undergone changes [3].

Over time, microdefects cause fatigue cracks [4, 5]. Such cracks in the weld joints of some elements propagate 
slowly, so they may not be particularly dangerous. This is evident from the practice of using modern steel grades for 
ship hulls [6]. At the same time, fatigue cracks are potentially dangerous in two cases.

1. If the resource provided by the static indeterminacy of the structure and other factors is practically 
exhausted.

2. If the crack size corresponds to the Griffiths critical length in an infinite plate 𝐿𝐿|σ−1 = 𝐿𝐿𝑐𝑐 , determined from 

the dependence:
𝐿𝐿 = (𝐾𝐾1𝑐𝑐 σ−1⁄ )2 π⁄ , (1)

where 𝐾𝐾1𝑐𝑐 is critical stress intensity factor under plane deformation at the crack tip; σ−1 is stress of material endurance 
limit; 𝐿𝐿 is half the length of the through-crack.

The coefficient 𝐾𝐾1𝑐𝑐 can be calculated on the basis of a standard set of mechanical characteristics and average 
grain diameter of ferrite-pearlitic steel according to [7] for plane deformation and according to [8] for the planar stress 
state. However, to find the critical crack length of the fatigue limit, it is required to know value σ−1.
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crack size is close to the critical value, and it is crucially important to determine its length. The paper considers the
development of an engineering analytical model for assessing the critical crack length and endurance limit of weld
joints with the formed grain in the structure of ferrite-pearlitic steels after welding.

It should be noted that an equally-strength weld joint for static loading does not guarantee its reliability under
cyclic loads. This is due to local plastic deformations in stress points in discontinuities of the structures subjected to
cyclic loads [1]. It can be assumed that for plastic materials, the maximum stresses in these zones will be constant and 
equal to the yield point if we neglect some strengthening of the material in the stress points and assume that the regions
of disturbed stresses are relatively small compared to the material thickness [2].

Materials and Methods. The fatigue strength of structural steels corresponds approximately to the values of
σ−1 = 0.5 … 0.7σт, and destruction under cyclic stresses, as a rule, occurs locally in the form of cracks originating from
stress concentrators or defects in the weld joint (Fig. 1).

а)
b)

c) d)

Fig. 1. Cracks at undercut and in seam (a, b), destruction of cross joints from crack under incomplete penetration (c) and in heat-
affected zone (HAZ) with full penetration (d) [2]

The stress concentration resulting from partial penetration during the formation of a weld joint can also play a
decisive role in the formation of weak zones. This is facilitated by significant inhomogeneity of mechanical
characteristics, major defects in the seam and near-weld zone.

In the corner and T-joints (with or without grooving), in most cases, the crack originates from the stress
concentrator (see Fig. 1c,d). If the seam is convex, destruction can occur along the fusion zone or near it, along the base
metal in the HAZ, whose structure has undergone changes [3].

Over time, microdefects cause fatigue cracks [4, 5]. Such cracks in the weld joints of some elements propagate
slowly, so they may not be particularly dangerous. This is evident from the practice of using modern steel grades for
ship hulls [6]. At the same time, fatigue cracks are potentially dangerous in two cases.

1. If the resource provided by the static indeterminacy of the structure and other factors is practically
exhausted.

2. If the crack size corresponds to the Griffiths critical length in an infinite plate 𝐿𝐿|σ−1 = 𝐿𝐿𝑐𝑐 , determined from

the dependence:
𝐿𝐿 = (𝐾𝐾1𝑐𝑐 σ−1⁄ )2 π⁄ , (1)

where 𝐾𝐾1𝑐𝑐 is critical stress intensity factor under plane deformation at the crack tip; σ−1 is stress of material endurance
limit; 𝐿𝐿 is half the length of the through-crack.

The coefficient 𝐾𝐾1𝑐𝑐 can be calculated on the basis of a standard set of mechanical characteristics and average
grain diameter of ferrite-pearlitic steel according to [7] for plane deformation and according to [8] for the planar stress
state. However, to find the critical crack length of the fatigue limit, it is required to know value σ−1.

Molokov K. А., et al. Analytical model for assessing fatigue limit of welded joints of ferritic-pearlitic steels

The mechanism of the influence of the average diameter of steel grain at the moment of initiation of the 
transition of a crack into an avalanche-like advance is likely to differ from the mechanism that controls its movement at 
the stage of its formation. Such assumptions, based on the results of the studies [7, 9–11], motivate a more detailed 
consideration of the processes that control the end of the stage of stable development of macrocracks at stresses equal to 
the fatigue limit. It is not difficult to determine it at the critical crack size according to (1), if we find the pattern of the 
influence of the structure, plastic properties and mechanical characteristics of the material on the critical crack size.

The study objective is to develop analytical dependences that make it possible to establish the relationship 
between the critical crack length at stresses σ−1, mechanical characteristics of ferrite-pearlite steel and the average grain 
diameter in the metal structure. The task is to bring the obtained dependencies to engineering formulas to estimate the 
endurance limit of ferrite-pearlitic steels.

The results of studying the cracking process at high nominal stresses indicate their discrete, jump-like 
development [12]. This character of growth is demonstrated through modeling at the final stage of fracture [7] under the 
load corresponding to the endurance limit. This suggests that, after the accumulation of one-sided plastic deformation, 
plastic deformation is restrained if large volumes of material with a fragmented structure are adjacent to the crack tip.

Results. At a high density of dislocations that create a fragmented structure, we will accept the conditions of 
plane deformation at the crack tip. Additional conditions will be provided due to constraint and accumulated one-sided 
plastic deformation under cyclic loads. Let us write the postulates for the moment when 𝐿𝐿 = 𝐿𝐿кр, σ = σ−1.

1. One-sided plastic deformation reaches a critical value at the crack tip.
2. Fragmentation (cellularity) of the structure of the ferrite-pearlite material is limiting (located at the second

level).
3. The function of the difference between the opening of the crack edges and the crack tip has an inflection at a

point close to the state when 𝐿𝐿 = 𝐿𝐿кр, σ = σ−1.

The experimental data shows that the cyclic loading of metals causes a significant change in the structure, 
substructure, and affects all sensitive characteristics. For example, an increase in the number of loading cycles of 
cyclically hardening (or softening) metals contributes to an increase (or decrease) in hardness (primarily on the surface 
of the samples under study) [13, 14].

The results of the elastoplastic analysis of the plastic zones at the crack tip determined by the Panasyuk-
Dugdale model [15], differ significantly from the real ones for materials with a hardening index 𝑚𝑚 > 0.05.
Nevertheless, we will assume that at low nominal stresses σн = σ−1, the opening at the crack tip δ and the ratio δ 𝑟𝑟𝑝𝑝⁄

can be determined quite accurately for the case of plane deformation from the formulas [16]:
δ = 8σт ∙ 𝐿𝐿/𝑝𝑝𝑝𝑝/𝐸𝐸 ∙ ln sec[πσн/2/σт], (1)

δ 𝑟𝑟𝑝𝑝⁄ = 8𝑒𝑒т ln sec(πσн 2⁄ )
π(sec(πσн 2⁄ )−1)

(2)

where 𝑟𝑟𝑝𝑝 is the linear size of the plastic zone along the crack extension from its tip (Fig. 2); 𝑒𝑒т is deformation of the 
yield point.

Fig. 2. State of metal at the tip of a critical opening mode crack under stresses of fatigue limit

Fictitious
crack

Real crack
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Let us estimate the opening of the edges of this crack at rated stresses below the proportionality limit, allowing 
for some error [16]:

∆ = 4σн𝐿𝐿
𝐸𝐸

(3)
After derivation of the difference between δ and ∆, we find that the voltages corresponding to the moment of 

accelerated convergence δ and ∆ will correspond to the nominal ones determined from the expression:
σн = σт 2⁄ . (4)

With significant plastic deformations, the structure of the material undergoes fragmentation at the crack tip; 
therefore, the value 𝑒𝑒кр is associated with the staging and deformability of the fragmented structure. According to A.M. 
Glezer [17], the boundary between macroplastic and mega plastic deformations is conventional; it is at the level of 
relative deformation, equal to one hundred percent, or true. In this case, the critical deformation value:

𝑒𝑒кр ≈ 1. (5)
A. N. Balakhnin1 notes that self-organization of the structure with the cell formation (Fig. 3) starts already 

under the deformation of ferrite of 09G2S steel and with an average value of the degree of cold deformation ε 15–35%.

а) b)

c) d)

Fig. 3. Microstructure under plastic deformation: ε = 80 % (a), ε = 40 % (b), ε = 1 % (c), ε = 0 % (d) [11]

With a further increase in deformation, the cell walls become thinner, and their size decreases. The fragments 

acquire an elongated shape, and the grains stretch in the direction of the plastic flow (Fig. 3).

At critical crack opening in the region adjacent to the tip, the grain structure in the fictitious crack model 

should expand and pass into the pre-cleavage state (Fig. 3a). It is likely to be formed due to the containment of the 

influx of new dislocations and their transition across grain boundaries. The material in this area should be in a state of 

extreme critical plasticity, and the linear characteristics of its fragments should be at the second fragmentary level. 

Obviously, in the adjacent plasticity zone, the crack should also have a certain number of grains in their ultimate plastic 

state.

Thus, the zone can be formed due to the accumulation of a part of one-sided plastic deformation, covering 

practically all stages of crack propagation. However, the most significant contribution to the increase in such 

deformation is made at the final stage of fracture, when the plasticity region is large not only in relation to the crack 

length, but also to the linear characteristic of the metal structure. In this zone, the grains have a prolate shape in the form 

of an oblong grain of rice with a cross-sectional size 𝑑𝑑к.

Let us refer the average grain diameter of the undeformed material 𝑑𝑑𝑧𝑧 to 𝑑𝑑к. Then, for the second fragmentary 

level:

𝑑𝑑𝑧𝑧 𝑑𝑑к⁄ ≅ 1 0,618⁄ 0,618⁄ = 2,618, (6)

where 𝑑𝑑к is the fragment diameter.

1 Balakhnin A N. Formation of the structure and properties of hardened sectional low-carbon steels under cold radial forging and subsequent thermal 
exposure: Cand.Sci. (Eng.) diss. Perm, 2015. 158 p. (In Russ.)
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Let us estimate the opening of the edges of this crack at rated stresses below the proportionality limit, allowing
for some error [16]:

∆ = 4σн𝐿𝐿
𝐸𝐸

(3)
After derivation of the difference between δ and ∆, we find that the voltages corresponding to the moment of

accelerated convergence δ and ∆ will correspond to the nominal ones determined from the expression:
σн = σт 2⁄ . (4)

With significant plastic deformations, the structure of the material undergoes fragmentation at the crack tip; 
therefore, the value 𝑒𝑒кр is associated with the staging and deformability of the fragmented structure. According to A.M.
Glezer [17], the boundary between macroplastic and mega plastic deformations is conventional; it is at the level of
relative deformation, equal to one hundred percent, or true. In this case, the critical deformation value:

𝑒𝑒кр ≈ 1. (5)
A. N. Balakhnin1 notes that self-organization of the structure with the cell formation (Fig. 3) starts already

under the deformation of ferrite of 09G2S steel and with an average value of the degree of cold deformation ε 15–35%.

а) b)

c) d)

Fig. 3. Microstructure under plastic deformation: ε = 80 % (a), ε = 40 % (b), ε = 1 % (c), ε = 0 % (d) [11]

With a further increase in deformation, the cell walls become thinner, and their size decreases. The fragments

acquire an elongated shape, and the grains stretch in the direction of the plastic flow (Fig. 3).

At critical crack opening in the region adjacent to the tip, the grain structure in the fictitious crack model 

should expand and pass into the pre-cleavage state (Fig. 3a). It is likely to be formed due to the containment of the

influx of new dislocations and their transition across grain boundaries. The material in this area should be in a state of

extreme critical plasticity, and the linear characteristics of its fragments should be at the second fragmentary level.

Obviously, in the adjacent plasticity zone, the crack should also have a certain number of grains in their ultimate plastic

state.

Thus, the zone can be formed due to the accumulation of a part of one-sided plastic deformation, covering

practically all stages of crack propagation. However, the most significant contribution to the increase in such

deformation is made at the final stage of fracture, when the plasticity region is large not only in relation to the crack

length, but also to the linear characteristic of the metal structure. In this zone, the grains have a prolate shape in the form

of an oblong grain of rice with a cross-sectional size 𝑑𝑑к.

Let us refer the average grain diameter of the undeformed material 𝑑𝑑𝑧𝑧 to 𝑑𝑑к. Then, for the second fragmentary

level:

𝑑𝑑𝑧𝑧 𝑑𝑑к⁄ ≅ 1 0,618⁄ 0,618⁄ = 2,618, (6)

where 𝑑𝑑к is the fragment diameter.

1 Balakhnin A N. Formation of the structure and properties of hardened sectional low-carbon steels under cold radial forging and subsequent thermal
exposure: Cand.Sci. (Eng.) diss. Perm, 2015. 158 p. (In Russ.)
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It is not hard to conclude that for this state, plastic deformation can be determined from the dependence of the 

maximum uniform elongation [3, 14]:

𝑒𝑒кр = 2 𝑙𝑙𝑙𝑙(𝑑𝑑𝑧𝑧 𝑑𝑑к⁄ ) ≅ 2. (7)

For the same state, critical plastic deformation on the test specimen in the neck under rupture is expressed by 

the well-known dependence:

𝑒𝑒кр = 𝑘𝑘н ∙ 𝑙𝑙𝑙𝑙 �
1

1−φк
�, (8)

where 𝑘𝑘н is the normalization factor introduced by the authors for the transition from the structure in the critical plastic 

state to the value of the critical plastic deformation of the sample under rupture.

Let us find this coefficient through the relative (critical) contraction of the sample under rupture, equating (9) 

to (8). Then, considering (6), the critical plastic deformation is determined by the expression:

𝑒𝑒кр = 2 = 𝑙𝑙𝑙𝑙 1
1−φк

+ 𝑙𝑙𝑙𝑙 1
1−φк

= 2 𝑙𝑙𝑙𝑙 1
1−φк

(9)

For the critical opening at the crack tip, the structural-deformation criterion can be expressed:

δкр = 𝑑𝑑з𝑒𝑒кр = 2𝑑𝑑𝑧𝑧 𝑙𝑙𝑙𝑙 �
1

1−φк
�. (10)

As a result of the effect of the critical transverse narrowing φк on the stress intensity factor at plane 

deformation 𝐾𝐾1𝑐𝑐 for high-strength steels, the following is indicated [18]:

— significant spread of values 𝐾𝐾1𝑐𝑐 and φк;

— satisfactory correlation between them.

At the same time, it is concluded that the relationship between 𝐾𝐾1𝑐𝑐 and φк can be applied only as a qualitative 

one. We can agree with such conclusions, but only if we discard the relationship with some other structural 

characteristics, for example, the average grain diameter of steel, etc.

To find the required dependence, we substitute (5) into (2). We equate the resulting expression to (11) and 

write it with respect to 𝐿𝐿. As a result of calculations, we obtain the critical length of a macrocrack for nominal stresses 

equal to the endurance limit at the most dangerous asymmetry of the cycle:

𝐿𝐿кр�σн=σ−1 = 0,3607 π∙𝐸𝐸
σт

2𝑑𝑑𝑧𝑧 ln � 1
1−φк

�. (11)

It follows from this that the length of the critical crack is directly proportional to the value of the critical 

logarithmic plastic deformation 𝑒𝑒кр of steel and is inversely proportional to the yield strain σт 𝐸𝐸⁄ . Having transformed 

the numerical constant, (12) we can write in the form:

𝐿𝐿кр�σн=σ−1 = 0,7214 π∙𝑑𝑑𝑧𝑧∙𝑒𝑒кр
εт

(12)

Using the empirical dependence of the resistance to micro cleavage of grain 𝑅𝑅Mc = σв (1 −φк
2)⁄ , which is 

valid for the group of ferrite-pearlitic low-carbon steels, we find the average grain diameter:

𝑑𝑑𝑧𝑧 = [5,7(1 − φк
2) σв⁄ ]2. (13)

Here, σв is tensile strength of steel. Substituting 𝑑𝑑𝑧𝑧 in (13), we can obtain the desired simple formula for estimating 𝐿𝐿кр,

which includes only the key characteristics of the material.

To calculate the endurance limit of a symmetric cycle, it is sufficient to equate (12) to (1). To find 𝐾𝐾1𝑐𝑐, we use 

the conclusion obtained in [7]. The final formula for calculating 𝐾𝐾1𝑐𝑐 under the conditions of plane deformation at the 

crack tip, with mathematical rigor, has the form:

𝐾𝐾1𝑐𝑐 = � π 0,618 𝑑𝑑𝑧𝑧
�σт1 𝑚𝑚−1⁄ ∙(1−2µ)2 � 2⁄

�𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀∙𝐷𝐷
𝑞𝑞

�
1 𝑚𝑚⁄ +1

(14)
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Here, 𝑅𝑅𝑀𝑀𝑐𝑐𝑐𝑐 is resistance to micro cleavage of deformed metal, which for the class of ferrite-pearlitic steels 𝑅𝑅𝑀𝑀𝑐𝑐𝑐𝑐 =

1.618𝑅𝑅𝑀𝑀𝑐𝑐; 𝑅𝑅𝑀𝑀𝑐𝑐 is resistance to micro cleavage of ferrite grain; 𝑚𝑚 is the coefficient (indicator) of the power-law 

hardening of the material; 𝑞𝑞 is the overvoltage factor equal for this case 1 − 2𝐷𝐷 √3⁄ ; µ is Poisson's ratio. 𝐷𝐷 is the 

coefficient that takes into account the increase in the first principal е (1 + 𝑚𝑚)(1 − 2µ) 2⁄ .

The resistance of grain micro cleavage is calculated according to the classical relationship 𝑅𝑅𝑀𝑀𝑐𝑐 = 5.7 �𝑑𝑑𝑧𝑧⁄ for 

cleavage of ferrite or ferrite-pearlite grains. Substituting (15) with all components from (12) into (1), we obtain the final 

value of the fatigue limit depending on the standard set of mechanical characteristics of the material and the average 

grain diameter:

σ−1 = �
1,091�4,611∙(1−2µ)(𝑚𝑚+1)

�𝑑𝑑𝑧𝑧
�
1 𝑚𝑚⁄ +1

∙σт2−1 𝑚𝑚⁄

𝐸𝐸(2µ−1)2∙𝑐𝑐кр�
√3∙(2µ−1)(𝑚𝑚+1)

3 +1�
1 𝑚𝑚⁄ +1 (15)

If the value of the average grain diameter 𝑑𝑑𝑧𝑧 is unknown, it can be calculated using (14).
The results of numerical testing of the endurance limit show that the dependence (16) is “sensitive” to some 

characteristics of the material. For example, varying the value of Poisson's ratio in hundredths can change the result by 

√2 times. Probably, such an error in calculations is associated with the unique features of the models used and the

assumptions made when deriving (16).

Let us check the adequacy of the proposed analytical model through the example of a group of ferrite-pearlitic 

steels (Table 1).

Table 1
Basic experimental and calculated characteristics of steels

Steel grade σт,𝑀𝑀𝑀𝑀𝑀𝑀а σв,𝑀𝑀𝑀𝑀𝑀𝑀 µ 𝑚𝑚 φк 𝑑𝑑з, 𝜇𝜇𝑚𝑚 𝐾𝐾1𝑐𝑐 ,𝑀𝑀𝑀𝑀𝑀𝑀 σ−1,𝑀𝑀𝑀𝑀𝑀𝑀
10 steel 190 320 0.3 0.17 0.73 66 103.6 135.41

St3sp 270 450 0.3 0.16 0.71 37 101 1921

22K 310 540 0.3 0.16 0.69 30 97 2201

50 steel 350 680 0.3 0.16 0.62 25 78 2471

37KHN3A 743 1014 0.26 0.12 0.6 143 73 4801

15G 280 490 0.29 0.1561 0.65 454 – 230
09G2 300 440 0.29 0.16 0.69 33 – 235

30KHGSA 1360 1750 0.26 0.132 0.44 74 – 490
16G2AF 417 600 0.29 0.16 0.5 22 – 255

10KHSND 390 540 0.29 0.1322 0.71 274 – 284
1 Values obtained by calculation [7].
2 Dependency calculation 𝑚𝑚 = �0.75 ∙ 𝑙𝑙𝑙𝑙�σв(1 + 1.4φк)/σ0,2�� 𝑙𝑙𝑙𝑙 �105 ∙ 𝑙𝑙𝑙𝑙 � 1

1−φк
� /�200 + 0.5σ0,2��� [2].

3 Calculated from the data on the resistance of micro-cleavage of an undeformed material.
4 Dependency calculation (14).

To compare the results obtained by (12), we find the critical crack lengths from the experimental data and with 

account for the formula (1). The endurance limits are calculated under the condition of plane deformation by the method 

[7], which considers the average grain diameter, the hardening rate 𝑚𝑚 and other mechanical characteristics that 

significantly affect the endurance limit.

Fig. 4 a shows the values of the critical lengths of through-cracks at the fatigue limit for steels with different 

yield strengths. The calculated values according to (12) are compared to the experimental data. The comparison has 

shown a reasonably good agreement for ferrite-pearlitic steels of different strength, despite the numerous assumptions 

made (Fig.4 b).
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Here, 𝑅𝑅𝑀𝑀𝑐𝑐𝑐𝑐 is resistance to micro cleavage of deformed metal, which for the class of ferrite-pearlitic steels 𝑅𝑅𝑀𝑀𝑐𝑐𝑐𝑐 =

1.618𝑅𝑅𝑀𝑀𝑐𝑐; 𝑅𝑅𝑀𝑀𝑐𝑐 is resistance to micro cleavage of ferrite grain; 𝑚𝑚 is the coefficient (indicator) of the power-law

hardening of the material; 𝑞𝑞 is the overvoltage factor equal for this case 1 − 2𝐷𝐷 √3⁄ ; µ is Poisson's ratio. 𝐷𝐷 is the

coefficient that takes into account the increase in the first principal е (1 + 𝑚𝑚)(1 − 2µ) 2⁄ .

The resistance of grain micro cleavage is calculated according to the classical relationship 𝑅𝑅𝑀𝑀𝑐𝑐 = 5.7 �𝑑𝑑𝑧𝑧⁄ for

cleavage of ferrite or ferrite-pearlite grains. Substituting (15) with all components from (12) into (1), we obtain the final

value of the fatigue limit depending on the standard set of mechanical characteristics of the material and the average 

grain diameter:

σ−1 = �
1,091�4,611∙(1−2µ)(𝑚𝑚+1)

�𝑑𝑑𝑧𝑧
�
1 𝑚𝑚⁄ +1

∙σт2−1 𝑚𝑚⁄

𝐸𝐸(2µ−1)2∙𝑐𝑐кр�
√3∙(2µ−1)(𝑚𝑚+1)

3 +1�
1 𝑚𝑚⁄ +1 (15)

If the value of the average grain diameter 𝑑𝑑𝑧𝑧 is unknown, it can be calculated using (14).
The results of numerical testing of the endurance limit show that the dependence (16) is “sensitive” to some

characteristics of the material. For example, varying the value of Poisson's ratio in hundredths can change the result by 

√2 times. Probably, such an error in calculations is associated with the unique features of the models used and the

assumptions made when deriving (16).

Let us check the adequacy of the proposed analytical model through the example of a group of ferrite-pearlitic

steels (Table 1).

Table 1
Basic experimental and calculated characteristics of steels

Steel grade σт,𝑀𝑀𝑀𝑀𝑀𝑀а σв,𝑀𝑀𝑀𝑀𝑀𝑀 µ 𝑚𝑚 φк 𝑑𝑑з, 𝜇𝜇𝑚𝑚 𝐾𝐾1𝑐𝑐 ,𝑀𝑀𝑀𝑀𝑀𝑀 σ−1,𝑀𝑀𝑀𝑀𝑀𝑀
10 steel 190 320 0.3 0.17 0.73 66 103.6 135.41

St3sp 270 450 0.3 0.16 0.71 37 101 1921

22K 310 540 0.3 0.16 0.69 30 97 2201

50 steel 350 680 0.3 0.16 0.62 25 78 2471

37KHN3A 743 1014 0.26 0.12 0.6 143 73 4801

15G 280 490 0.29 0.1561 0.65 454 – 230
09G2 300 440 0.29 0.16 0.69 33 – 235

30KHGSA 1360 1750 0.26 0.132 0.44 74 – 490
16G2AF 417 600 0.29 0.16 0.5 22 – 255

10KHSND 390 540 0.29 0.1322 0.71 274 – 284
1 Values obtained by calculation [7].
2 Dependency calculation 𝑚𝑚 = �0.75 ∙ 𝑙𝑙𝑙𝑙�σв(1 + 1.4φк)/σ0,2�� 𝑙𝑙𝑙𝑙 �105 ∙ 𝑙𝑙𝑙𝑙 � 1

1−φк
� /�200 + 0.5σ0,2��� [2].

3 Calculated from the data on the resistance of micro-cleavage of an undeformed material.
4 Dependency calculation (14).

To compare the results obtained by (12), we find the critical crack lengths from the experimental data and with

account for the formula (1). The endurance limits are calculated under the condition of plane deformation by the method

[7], which considers the average grain diameter, the hardening rate 𝑚𝑚 and other mechanical characteristics that

significantly affect the endurance limit.

Fig. 4 a shows the values of the critical lengths of through-cracks at the fatigue limit for steels with different

yield strengths. The calculated values according to (12) are compared to the experimental data. The comparison has

shown a reasonably good agreement for ferrite-pearlitic steels of different strength, despite the numerous assumptions

made (Fig.4 b).

Molokov K. А., et al. Analytical model for assessing fatigue limit of welded joints of ferritic-pearlitic steels

а)

b)

Fig. 4. Values of critical crack lengths of steels depending on yield point (a), and relative error of the model (b)

Fig. 5 shows the results of comparing the fatigue limit of a symmetric cycle according to (16) for a group of 
steels (Table 1) to the experimental and known calculated values.

Fig. 5. Comparison of endurance limits of symmetric cycle and yield strength: ○ is calculation according to the model (16);
□ is known data (Table 1)

Based on the comparative analysis results, conclusions can be drawn.

1. The stronger the steel, the more the “sensitivity” (16) affects the initial data, and the calculation error grows.

2. For ferrite-pearlite steels with σт < 400 MPa, the results of calculating the fatigue limits are in satisfactory

agreement with the initial data in Table 1.

The dependence (16) has high “sensitivity” to some initial parameters, so, at this stage of the study, it is 
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impossible to more accurately assess the results.

When the crack length approaches the critical value Lкр, it starts to grow stepwise. Therefore, the deterministic 

model cannot accurately determine the number of cycles after which this crack propagation will end and it will 

propagate at the speed of sound. The average grain diameter of a material can vary significantly in areas of welded 

structures, for example, in the HAZ and the material that is not affected by welding.

It should be noted that the stage of the macrocrack development in air for elements of large-sized parts without 

stress concentrators takes almost 20% in time. 

In this regard, when determining Lкр, the relative error up to ∼15% can be considered a positive result. The 

period of the so-called “cyclic breakdown” [11] falls within the framework of this error, where for low cyclic fatigue 

stresses, ∼1/10 a part of the residual life corresponds to an increase in the crack length about two fold.

Thus, the analytical dependences proposed on the basis of the structural-deformation analysis criteria can be 

used in calculating the endurance limit of the ship and other large-sized structures.

Discussion and Conclusions. A safe operation of ships requires up-to-date and adequate information on the 

condition of the hull structures including metallurgical defects and structural stress concentrators. It is important to 

assess the residual life and, accordingly, to determine the critical dimensions of fatigue cracks. At the top of a critical 

developing macrocrack under stresses corresponding to the endurance limit, one-sided plastic deformation, which 

reduces the plasticity of the highly fragmented zone, is accumulated. At the same time, the number of residual life 

cycles remains insignificant and strongly depends on the yield point, defects, grain diameter of the steel of the structure 

in which the crack develops.

The study results show that under stresses corresponding to the endurance limit of steel, the rates of the critical 

crack opening of the tip and the edges approach. Energetically, this moment corresponds approximately to the transition 

of the crack to an unstable state. The accumulation of one-sided plastic deformations causes the limiting state of 

plasticity of the region adjacent to the crack tip and its avalanche-like or sharply accelerated motion. This critical area is 

related to the material grain diameter, critical plasticity characteristic and critical opening at the crack tip at the fatigue 

limit.

The analytical dependences obtained allow us, with account for the average grain diameter of ferrite-pearlite 

steel and critical narrowing, to calculate the endurance limit of the most dangerous loading cycle according to the 

classic Griffith relationship between the crack length, stresses and the stress intensity factor.

The proposed mathematical model and the approach based on structural-deformation analysis criteria can be 

used in engineering calculations of machine-building, ship structures and their connections to assess the service life.
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impossible to more accurately assess the results.

When the crack length approaches the critical value Lкр, it starts to grow stepwise. Therefore, the deterministic

model cannot accurately determine the number of cycles after which this crack propagation will end and it will

propagate at the speed of sound. The average grain diameter of a material can vary significantly in areas of welded

structures, for example, in the HAZ and the material that is not affected by welding.

It should be noted that the stage of the macrocrack development in air for elements of large-sized parts without 

stress concentrators takes almost 20% in time.

In this regard, when determining Lкр, the relative error up to ∼15% can be considered a positive result. The

period of the so-called “cyclic breakdown” [11] falls within the framework of this error, where for low cyclic fatigue

stresses, ∼1/10 a part of the residual life corresponds to an increase in the crack length about two fold.

Thus, the analytical dependences proposed on the basis of the structural-deformation analysis criteria can be

used in calculating the endurance limit of the ship and other large-sized structures.

Discussion and Conclusions. A safe operation of ships requires up-to-date and adequate information on the

condition of the hull structures including metallurgical defects and structural stress concentrators. It is important to

assess the residual life and, accordingly, to determine the critical dimensions of fatigue cracks. At the top of a critical

developing macrocrack under stresses corresponding to the endurance limit, one-sided plastic deformation, which

reduces the plasticity of the highly fragmented zone, is accumulated. At the same time, the number of residual life

cycles remains insignificant and strongly depends on the yield point, defects, grain diameter of the steel of the structure 

in which the crack develops.

The study results show that under stresses corresponding to the endurance limit of steel, the rates of the critical

crack opening of the tip and the edges approach. Energetically, this moment corresponds approximately to the transition

of the crack to an unstable state. The accumulation of one-sided plastic deformations causes the limiting state of

plasticity of the region adjacent to the crack tip and its avalanche-like or sharply accelerated motion. This critical area is

related to the material grain diameter, critical plasticity characteristic and critical opening at the crack tip at the fatigue

limit.

The analytical dependences obtained allow us, with account for the average grain diameter of ferrite-pearlite

steel and critical narrowing, to calculate the endurance limit of the most dangerous loading cycle according to the 

classic Griffith relationship between the crack length, stresses and the stress intensity factor.

The proposed mathematical model and the approach based on structural-deformation analysis criteria can be 

used in engineering calculations of machine-building, ship structures and their connections to assess the service life.
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Formation of surface layer quality under abrasive treatment of 
polymer-composite materials

M. A. Tamarkin, E. E. Tishchenko, A. V. Verchenko, V. M. Troitsky
Don State Technical University (Rostov-on-Don, Russian Federation)

Introduction. The study results of the abrasive processing of parts made of polymer-composite materials are presented. 
The features of processing polymer composites and the technology of preforming through waterjet cutting are de-
scribed. The stages of preparation of a part made of polymer-composite material for the “glueing” operation are investi-
gated.
Materials and Methods. Dependences for determining the surface roughness under waterjet cutting of polymer-
composite material are considered. Research is carried out to achieve the required surface roughness under adhesive 
bonding of workpieces. The dependence is given that describes the roughness that is required for a reliable adhesive 
bond.
Results. The theoretical and experimental studies of the waterjet cutting process are resulted. Their implementation 
technique, the tool and equipment used are described. The results of theoretical and experimental studies are compared. 
Their high convergence is established. The results of experimental studies on the preparation of parts made of polymer-
composite materials for glueing are shown. The abrasive tools and processing modes are selected.
Discussions and Conclusions. The process design procedure of abrasive treatment of workpieces from polymer-
composite materials is proposed.

Keywords: treatment of polymer composites, waterjet cutting, treatment by petal wheels, surface roughness.
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Introduction. Increase in labor productivity in modern engineering production is possible through the use of 
new technologies and materials. For the manufacture of machine parts, polymer composite materials (PCM) are 
increasingly used. This is a composition of two or more materials, a base and a binder. Compared to metal products, 
products made of polymer composites have better physical and mechanical properties and, as a rule, weigh much less.
The anisotropic structure of the polymer composite material allows the workload to be distributed throughout the 
product structure, which increases its performance properties. PCM is formed in a certain way. The base layers are laid 
in directions mutually opposite to each other. And the binder plays the role of filler, that is, it provides immobility and 
filling the space between the base layers. A special layer, formed by a hardened binder, is created on the surface of the 
polymer composite.

This layer may not match the ideal surface shape. Its adhesion properties provide:
— substances that are on the workpiece surface and contain a hardener,
— chemical reaction products occurring during curing.
The anti-adhesive layer of the polymer composite should be removed through mechanical treatment. This 

provides optimum surface roughness of the machined part. Mechanical processing of PCM has a number of features:
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— delamination occurs,
— fibers close to the processing site loosen,
— a large amount of heat is generated during cutting,
— burns are formed,
— the material is destroyed.-.
In this case, it is not always possible to use lubricating coolants since their effect causes delamination, 

swelling, and the PCM loses the required physical and mechanical properties. This is due to the fact that polymer 
composites absorb moisture abundantly. The use of fluid in PCM processing requires further study.

At the majority of enterprises where parts are made from polymer composites, the technological process 
consists of cutting a sheet and further machining the workpiece. Polymer-composite parts are often glued together, 
which requires careful preparation of the surface layer. Within the framework of this work, the formation of surface 
quality under waterjet cutting of PCM, as well as during preparation of the surface for further bonding is studied.

Materials and Methods. In modern mechanical engineering, cutting of materials through water-jet cutting is 
on rise. Its advantages are as follows: a wide variety of processed materials, high productivity, good quality of the cut 
surface and the ability to obtain profiled surfaces. When using this method, significant internal stresses do not arise due 
to the low-temperature nature of the process.

In addition, waterjet cutting is characterized by a small allowance and high cutting accuracy. This is in contrast 
to edge cutting and fixed-abrasive machining. The process of cutting a material with water jet is rather complicated, 
underexplored. Its result is influenced by many technological factors: jet velocity, jet travel speed along the part, 
characteristics of the abrasive powder, distance from the jet to the surface to be treated, as well as physical and 
mechanical properties of the processed polymer composite materials. Some difficulties arise when designing cutting 
technology. They are primarily associated with the selection of optimal cutting conditions: it is necessary to provide the 
given workpiece surface quality under the lowest processing costs. The use of waterjet cutting for PCM processing also 
requires a study of the effect of water on the state of the cut surface. Preliminary investigations have allowed
establishing the power of the energy of a supersonic jet of water with an abrasive. It is so great that when it interacts 
with the surface to be treated, destruction is comparable in intensity to damage from a hard abrasive tool. Under cutting, 
water does not deviate from the motion trajectory, the effect on the workpiece material is minimal, i.e. water is not 
absorbed [1–4].

As you know, under deep cutting of materials (including polymer composites) in the contact zone of the 
abrasive jet and the cut material, two clearly traceable zones appear:

— with low surface roughness (smooth cut zone),
— with higher roughness (wavy cut zone) [1, 2].
Their occurrence is due to the fact that, upon contact of the jet with the lower part of the cut, the angle of attack 

of the embedded particles grows. A significant number of them do not participate in an effective collision and are 
reflected from the material. In this case, new interacting particles encounter an obstacle, are reflected and cause 
blocking of particles entering the treatment zone. The result is a wavy cut zone with high surface roughness. In the 
upper part of the cut, there is nothing to prevent particles from collision; therefore, a smoother surface with lower
roughness is formed. Under present-day conditions, when designing technological processes for waterjet cutting, it is 
difficult to determine not only the surface roughness of various cutting zones, but also the dimensions of the smooth and 
wavy cutting zones. The forecast of obtaining the required roughness at the stage of technology design will provide
determining the feasibility of finishing and the required allowances in this case.

Theoretical studies of the formation of the roughness profile of various cutting zones of the PCM clearly show
regularities that describe the abrasive particle - workpiece surface interaction process. It has been established that the 
cut surface roughness depends on the process parameters of the treatment. The cut layer of the material is 
conventionally divided into two cutting zones: wavy and smooth. The mechanism of the formation of these zones is 
described. The range of penetration depths of particles is specified [1–2]:
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— delamination occurs,
— fibers close to the processing site loosen,
— a large amount of heat is generated during cutting,
— burns are formed,
— the material is destroyed.-.
In this case, it is not always possible to use lubricating coolants since their effect causes delamination,

swelling, and the PCM loses the required physical and mechanical properties. This is due to the fact that polymer
composites absorb moisture abundantly. The use of fluid in PCM processing requires further study.

At the majority of enterprises where parts are made from polymer composites, the technological process
consists of cutting a sheet and further machining the workpiece. Polymer-composite parts are often glued together,
which requires careful preparation of the surface layer. Within the framework of this work, the formation of surface
quality under waterjet cutting of PCM, as well as during preparation of the surface for further bonding is studied.

Materials and Methods. In modern mechanical engineering, cutting of materials through water-jet cutting is
on rise. Its advantages are as follows: a wide variety of processed materials, high productivity, good quality of the cut
surface and the ability to obtain profiled surfaces. When using this method, significant internal stresses do not arise due 
to the low-temperature nature of the process.

In addition, waterjet cutting is characterized by a small allowance and high cutting accuracy. This is in contrast
to edge cutting and fixed-abrasive machining. The process of cutting a material with water jet is rather complicated,
underexplored. Its result is influenced by many technological factors: jet velocity, jet travel speed along the part,
characteristics of the abrasive powder, distance from the jet to the surface to be treated, as well as physical and
mechanical properties of the processed polymer composite materials. Some difficulties arise when designing cutting
technology. They are primarily associated with the selection of optimal cutting conditions: it is necessary to provide the
given workpiece surface quality under the lowest processing costs. The use of waterjet cutting for PCM processing also
requires a study of the effect of water on the state of the cut surface. Preliminary investigations have allowed
establishing the power of the energy of a supersonic jet of water with an abrasive. It is so great that when it interacts
with the surface to be treated, destruction is comparable in intensity to damage from a hard abrasive tool. Under cutting,
water does not deviate from the motion trajectory, the effect on the workpiece material is minimal, i.e. water is not 
absorbed [1–4].

As you know, under deep cutting of materials (including polymer composites) in the contact zone of the
abrasive jet and the cut material, two clearly traceable zones appear:

— with low surface roughness (smooth cut zone),
— with higher roughness (wavy cut zone) [1, 2].
Their occurrence is due to the fact that, upon contact of the jet with the lower part of the cut, the angle of attack

of the embedded particles grows. A significant number of them do not participate in an effective collision and are
reflected from the material. In this case, new interacting particles encounter an obstacle, are reflected and cause
blocking of particles entering the treatment zone. The result is a wavy cut zone with high surface roughness. In the
upper part of the cut, there is nothing to prevent particles from collision; therefore, a smoother surface with lower
roughness is formed. Under present-day conditions, when designing technological processes for waterjet cutting, it is
difficult to determine not only the surface roughness of various cutting zones, but also the dimensions of the smooth and
wavy cutting zones. The forecast of obtaining the required roughness at the stage of technology design will provide
determining the feasibility of finishing and the required allowances in this case.

Theoretical studies of the formation of the roughness profile of various cutting zones of the PCM clearly show
regularities that describe the abrasive particle - workpiece surface interaction process. It has been established that the
cut surface roughness depends on the process parameters of the treatment. The cut layer of the material is
conventionally divided into two cutting zones: wavy and smooth. The mechanism of the formation of these zones is
described. The range of penetration depths of particles is specified [1–2]:
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max
2

sin
3

дин ч
L

см s s

P ρ
h DK α

cρ k σ
= , (1)

where ρч is particle material density; ks is the coefficient that considers the effect of the workpiece surface roughness on 
the real contact area; К is the volume concentration of particles in the process fluid; Рдин is dynamic pressure of the 

mixture; ρсм is the density of the working mixture of liquid and particles; σs is the yield point of the workpiece

material; D is the particle diameter; КL is the coefficient of energy losses to overcome the distance from the jet to the 
workpiece surface; c is the bearing capacity factor of the contact surface; α is the impact angle of an abrasive particle 
with a processed surface.

Let us describe the flow of abrasive particles as an event stream corresponding to the Poisson distribution: the 
particles of the medium perform microcutting in a fixed time interval, which does not depend either on its origin or on 
possible realizations of previous or subsequent similar acts. The parameter λ in Poisson's law is the intensity of the flow 
of events. Let us assume for waterjet cutting that λ is the number of possible interactions per unit time on the square of 

the abrasive particles packing. Then, λ particles will pass through each side of the packing square 2R, and
2
едL
R

particles will pass through the unit length. With this in view, a formula has been proposed that provides the 
determination of the arithmetic mean deviation of the profile of the steady-state surface roughness under the waterjet 
cutting of PCM [1, 2]:

13.01 sinRa дин ч
α L

см S S

P ρ
Ra К R K α

λ с ρ k σ
⋅

= ⋅ ⋅ ⋅
⋅ ⋅ ⋅ ⋅

, (2)

where α
RaК is the coefficient considering the abrasive particles – workpiece surface impact angle; R is the average

radius of particles.
The number of effective interactions λ functionally depends on the amount of feed, the pressure of the abrasive 

jet, and the depth of roughness measurement λ = f (S, Q, h). A theoretical description of the value λ is difficult. 
Therefore, λ has been determined on the basis of experimental studies, which made it possible to propose a set of 
regression dependences.

The experiments were carried out on the basis of the Rostvertol, Russian Helicopters JSC. A Flow 5-axis 
waterjet cutting machine was used. Garnet was used as an abrasive medium. The samples were made of VPS-7
fiberglass reinforced with titanium foil (OT4-0-0.1 × 220 marking). This fiberglass is used at Rostvertol for full-scale 
parts of Mi-28 helicopter.

Surface roughness was measured using a Surtronic 25 digital profilometer from Taylor Hobson. The effect of 
water on PCM cutting was investigated on a NETZSCH DSC 200 F3 Maia differential scanning calorimeter. The results 
were processed by the method of mathematical statistics in the MathСad program.

Research Results. The cut surface roughness grows with the jet rate increase. At the same time, the relative 
height of the wavy cut zone increases. The intervals of surface roughness values and processing modes required for 
waterjet cutting of PCM with specified properties are determined. When studying the influence of the jet feed, its speed 
was varied in the range from 5 to 480 mm/min. The material is characterized by a layered structure and anisotropy. In 
this regard, the cut surface roughness was measured in two directions: perpendicular to the feed and along it.

The experimental results analysis of the waterjet cutting process allows obtaining models of the cut surface
formation:

— one-factor that describes the change in roughness across the cut section;
— two-factor – for calculating the change in roughness along the cut section and varying the depth of 

roughness measurement (4) based on the regression analysis:
6 63,538 10 4,721 10Ra S ,− −= ⋅ + ⋅ ⋅ (3)
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13 10 8 2

7 10 12 2

6 8 11 2 14 3

2.706 10 3.157 10 1.886 10
3.062 10 1.301 10 1.469 10

4.288 10 1.324 10 5.142 10 7.308 10 .

Ra S h h h
h S h S h

S S S

− − −

− − −

− − − −

= ⋅ ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅ −

− ⋅ ⋅ − ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ +

+ ⋅ + ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅

(4)

The effect of water on the thermophysical properties of a polymer composite under the waterjet cutting has 
been studied. The investigation was carried out by the method of differential scanning calorimetry. As a result, the 
possibility of using this processing technique for cutting parts from PCM was established.

The cut surface roughness was determined using a theoretical model (2) and was compared with the results 
obtained experimentally. It is found that the discrepancy does not exceed 15%. This indicates that the resulting set of 
theoretical models can be used in the technological design of processing parts from PCM.

At many machine-building enterprises, manual processing with coated abrasive is used to prepare the surface 
for gluing (GOST 13344-79, GOST 5009-82 and GOST 10054-82). As a rule, the sample is sanded to gloss remove, 
which cleans a thin layer of binder from the part and does not damage the fibers. At the same time, the manual labor 
content is very high, and the costs for it are high. The coated abrasive wears out quickly and has to be replaced. In 
addition, the quality of sanding depends directly on the qualifications of the employee, his ability to create a certain 
pressing force and remove the surface layer without destroying the fibers of the composite [4–8]. It is required to reduce 
the labor content of the operation in question, to eliminate hand work while maintaining the quality of processing. In 
this regard, two approaches to solving the problem have been proposed. The first one is based on a comprehensive study 
of the processes of providing the roughness specified for PCM parts. It is assumed that the resulting roughness will 
provide adhesion strength without having to be limited by the minimum possible roughness. You can select a tool for 
mechanizing the processing of PCM parts. Such studies were carried out at Rostvertol with full-scale parts made of 
polymer-composite materials. The processing with grinding elastic tools, which provides mechanizing the process, was 
considered. The grains move in the direction of the normal component of the cutting force reducing the intensity of the 
heat flux and increasing the tool life [7]. A feature of this process is the absence of microcracks typical for processing 
with a hard grinding tool [8]. In addition, lack of the required rigidity is characteristic of many PCM parts: casings, 
shells, caps, etc. For their processing, it is much more reasonable to use an elastic grinding tool. Due to its elastic 
properties, such a tool (in contrast to a tool on a rigid base) quenches vibrations and oscillations, and also absorbs 
shocks under processing [4–8]. The hygroscopicity of polymer composite materials makes it difficult or does not allow 
the use of a coolant during processing. A flexible abrasive tool is well suited for such cases. It provides high quality 
grinding without cooling and without wetting the workpiece surface.

The formation of the surface quality of a PCM part intended for further bonding is theoretically investigated.
When calculating the surface roughness parameters, the technique developed by Prof. A.V. Korolev [9] was 

applied. It is used to describe the formation of a roughness profile when machining with a rigidly bound abrasive:
3

0.9
60

c S ф ед

K K

t v l L
Ra

v L
⋅ ⋅ ⋅

=
⋅ ⋅

, (5) 

where tc is the thickness of the material layer removed in one pass; vs is the feed rate; lф is the actual distance between 
the contact grains; Lед is the width of the treated area; vк is the wheel speed; Lк is the total length of the petals.

To check the adequacy of the dependence obtained, a set of experiments was carried out to prepare polymer-
composite parts for further bonding. Specimens made of VPS-7 fiberglass, having a significant area (80 × 200 mm), 
were processed by flexible abrasive flap wheels from Klingspor (MM 630 model with dissected lamellae, Fig. 1).

Fig. 1. Scheme of abrasive flap disc from Klingspor (MM 630 model): diameter is 180 mm, width is 50 mm, abrasive material is
electrocorundum, binding material is synthetic resin
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(4)

The effect of water on the thermophysical properties of a polymer composite under the waterjet cutting has
been studied. The investigation was carried out by the method of differential scanning calorimetry. As a result, the
possibility of using this processing technique for cutting parts from PCM was established.

The cut surface roughness was determined using a theoretical model (2) and was compared with the results
obtained experimentally. It is found that the discrepancy does not exceed 15%. This indicates that the resulting set of
theoretical models can be used in the technological design of processing parts from PCM.

At many machine-building enterprises, manual processing with coated abrasive is used to prepare the surface 
for gluing (GOST 13344-79, GOST 5009-82 and GOST 10054-82). As a rule, the sample is sanded to gloss remove,
which cleans a thin layer of binder from the part and does not damage the fibers. At the same time, the manual labor
content is very high, and the costs for it are high. The coated abrasive wears out quickly and has to be replaced. In
addition, the quality of sanding depends directly on the qualifications of the employee, his ability to create a certain
pressing force and remove the surface layer without destroying the fibers of the composite [4–8]. It is required to reduce
the labor content of the operation in question, to eliminate hand work while maintaining the quality of processing. In 
this regard, two approaches to solving the problem have been proposed. The first one is based on a comprehensive study 
of the processes of providing the roughness specified for PCM parts. It is assumed that the resulting roughness will 
provide adhesion strength without having to be limited by the minimum possible roughness. You can select a tool for
mechanizing the processing of PCM parts. Such studies were carried out at Rostvertol with full-scale parts made of
polymer-composite materials. The processing with grinding elastic tools, which provides mechanizing the process, was
considered. The grains move in the direction of the normal component of the cutting force reducing the intensity of the
heat flux and increasing the tool life [7]. A feature of this process is the absence of microcracks typical for processing
with a hard grinding tool [8]. In addition, lack of the required rigidity is characteristic of many PCM parts: casings,
shells, caps, etc. For their processing, it is much more reasonable to use an elastic grinding tool. Due to its elastic
properties, such a tool (in contrast to a tool on a rigid base) quenches vibrations and oscillations, and also absorbs
shocks under processing [4–8]. The hygroscopicity of polymer composite materials makes it difficult or does not allow
the use of a coolant during processing. A flexible abrasive tool is well suited for such cases. It provides high quality
grinding without cooling and without wetting the workpiece surface.

The formation of the surface quality of a PCM part intended for further bonding is theoretically investigated.
When calculating the surface roughness parameters, the technique developed by Prof. A.V. Korolev [9] was

applied. It is used to describe the formation of a roughness profile when machining with a rigidly bound abrasive:
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where tc is the thickness of the material layer removed in one pass; vs is the feed rate; lф is the actual distance between
the contact grains; Lед is the width of the treated area; vк is the wheel speed; Lк is the total length of the petals.

To check the adequacy of the dependence obtained, a set of experiments was carried out to prepare polymer-
composite parts for further bonding. Specimens made of VPS-7 fiberglass, having a significant area (80 × 200 mm),
were processed by flexible abrasive flap wheels from Klingspor (MM 630 model with dissected lamellae, Fig. 1).

Fig. 1. Scheme of abrasive flap disc from Klingspor (MM 630 model): diameter is 180 mm, width is 50 mm, abrasive material is
electrocorundum, binding material is synthetic resin
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The sanding pads are fixed on a mandrel with a diameter of 6 mm and are cut in the radial direction into ten 
equal segments, which, in turn, are wrapped in the same direction. The length of such a segment is 50 mm. The tool has 
high elasticity and can be made of abrasive materials of various grain sizes.

The stability of the processing modes is achieved by the constancy of the centrifugal and elastic forces created 
by the sanding cloth petals. The quality of the surface layer of the processed parts is significantly affected by the feed 
rate and the specific pressure of the petals. Also of great importance is the dynamic radius of the wheel rД, the distance 
from its axis to the contact surface of the petal with the workpiece [7, 9].

The grinding wheel selected in this way was fixed in the spindle of the vertical mill. The wheel rotation speed 
was 450–1400 rpm, the feed was 100–800 mm/min. The dynamic radius was chosen from the sizes: 55 mm, 60 mm, 65 
mm, which created a different contact area of the petals with the workpiece surface. The samples were fixed on the 
machine in a special device.

The experiments have proven the possibility of obtaining a uniform matte surface, devoid of gloss, using 
flexible petal discs. After processing, the integrity of the fibers was not compromised. The surface roughness of the 
samples was measured on a Tailor Hobson profilometer. For the above modes, the arithmetic mean value of the 
roughness Ra = 1.22 μm was obtained (Fig. 2).

Fig. 2. Profilogram of the sample surface processed by the flap wheel: rotation speed is 1400 rpm, feed is 315 mm/min, and dynamic
radius of the circle (rД) is 55 mm

As a result of the experiments on processing PCM samples with flexible petal wheels, a uniform matte surface 
devoid of gloss was obtained. In this case, the integrity of the fibers is not compromised. The finished surface was 
examined, and the roughness was measured on a Tailor Hobson profilometer. The roughness Ra = 1.22 μm was 
obtained under the selected processing modes, which is shown on the profilogram (Fig. 2).

Statistical processing of the experimental data has shown their high convergence with the results of theoretical 
calculations.

Discussion and Conclusion. The issues of design and optimization of the PCM waterjet cutting processes and 
preparation of their surface for gluing are considered. A technique has been developed that takes into account the 
specified roughness of the cut surface and the surface to be glued and provides the minimum cost of the product [1, 2, 
10–13]. The cut surface roughness e is calculated from the formula (2). Taking into account the initial processing 
parameters (Pдин, R, ρч, h, L, S, Q), the number of effective collisions λ is calculated. Then the roughness value Ra is 
determined. Variants of technological processes, in which the condition Ra ≤ Raзад is not met, are eliminated, and the 
cost of the cut is calculated. The combination of processing parameters is considered optimal, at which the cost of the 
cut will be minimal.

Designing the preparation of a PCM part for gluing starts with a technological assessment of the part design 
and the glued joint in which this part is involved. For each type of adhesive and of adhesive bond to be made, the 
developer should indicate the required roughness class of the surface to be bonded. Taking this into account, the 
technologist chooses the grain size of the grinding tool and processing modes. The resulting PCM part surface should be 
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homogeneous and uniformly processed over the entire bonding surface. The machining quality describes the arithmetic 
mean deviation of the roughness profile Ra. Measurements of this parameter are carried out using a probe-type 
profilometer. At this, a correct assignment of processing modes and an adequate tool selection provide the required 
surface roughness.

The part, whose surface is being prepared for gluing, should be cleaned and free from residues of crimping 
materials (separating materials, vacuum bag materials, sealants, etc.). Technological allowances that are not needed in 
subsequent operations are removed. The sanded surface is visually checked for runs, pebbles and other defects to be 
removed.

The roughness, which will provide the required strength of the adhesive bond, is determined. Depending on it, 
the grain size of the abrasive wheel is selected. To process thin-walled products with insufficient rigidity when 
preparing their surfaces for bonding, it is recommended to use grinding wheels of 240, 220, 180 and 150 grit according 
to FEPA (Federation of the European Producers of Abrasives).

To process PCM parts with a thickish surface epoxy layer (0.01 mm or more), the grain size 40, 80, 100, 120
(according to FEPA) is suitable. For sanding runs, pebbles, gradients, etc., with simultaneous preparation of the surface 
for bonding, it is recommended to use flap discs with grain size 80, 100, 120 (according to FEPA ). The productivity of 
this process is increased (when compared to the use of wheels with smaller grit).

Processing modes are selected. Based on the surface area to be sanded, the number of tool passes is calculated. 
Separately, it should be mentioned about the odd-shaped parts with surfaces located at an angle, with spherical radii and 
curved sections of structural components. They are processed first and only then you move on to flat areas. Parts with 
curved surfaces can be treated on high-end machine tools and software-controlled installations. In this case, the tool 
moves in accordance with the control program, and its path follows the theoretical contour of the part.

Table 1 gives recommendations on the selection of processing modes for parts made of fiberglass, which will 
be glued further on. The equipment is flap discs from Klingspor. The grinding process parameters that provide the 
required roughness are as follows: wheel rotation speed n (rpm), feed S (mm/min) and rД (mm).

Table 1
Recommendations for selection of cutting conditions for final abrasive processing of PCM parts

Required 
roughness

Material grain size

Rc*, mm S, mm/min n, rpmof petal wheel, recommended 
by FEPA

of abrasive
according to GOST 

3647-80
4.5–5.0 Р40 40 55 200–350 1400–1600
4.2–4.5 Р80 20 55 200–350 1400–1600
3.7–4.2 Р100 16 55 200–350 1400–1600
3.0–3.7 Р120 12 50 200–400 1100–1400
2.6–3.0 Р150 10 50 200–400 1100–1400
1.6–2.5 Р180 8 50 200–400 1100–1400
1.2–1.6 Р220 6 48 200–350 1100–1200
1.0–1.2 Р240 5; М63 48 350–500 1100–1200
0.6–1.0 Р320 5; М50 46 350–500 1100–1200

*Rc is specified for petal wheels of the model considered in this study.

After finishing the treatment, the workpiece surface is cleaned of sanding products using a clean cotton cloth or 
a sweep brush with soft bristles. In this case, fiberglass dust should not rise into the air.

Visual inspection will reveal untreated areas (gloss on the surface), as well as exposure and destruction of 
polymer composite fibers.
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homogeneous and uniformly processed over the entire bonding surface. The machining quality describes the arithmetic 
mean deviation of the roughness profile Ra. Measurements of this parameter are carried out using a probe-type
profilometer. At this, a correct assignment of processing modes and an adequate tool selection provide the required 
surface roughness.

The part, whose surface is being prepared for gluing, should be cleaned and free from residues of crimping 
materials (separating materials, vacuum bag materials, sealants, etc.). Technological allowances that are not needed in
subsequent operations are removed. The sanded surface is visually checked for runs, pebbles and other defects to be 
removed.

The roughness, which will provide the required strength of the adhesive bond, is determined. Depending on it,
the grain size of the abrasive wheel is selected. To process thin-walled products with insufficient rigidity when
preparing their surfaces for bonding, it is recommended to use grinding wheels of 240, 220, 180 and 150 grit according 
to FEPA (Federation of the European Producers of Abrasives).

To process PCM parts with a thickish surface epoxy layer (0.01 mm or more), the grain size 40, 80, 100, 120
(according to FEPA) is suitable. For sanding runs, pebbles, gradients, etc., with simultaneous preparation of the surface
for bonding, it is recommended to use flap discs with grain size 80, 100, 120 (according to FEPA ). The productivity of
this process is increased (when compared to the use of wheels with smaller grit).

Processing modes are selected. Based on the surface area to be sanded, the number of tool passes is calculated.
Separately, it should be mentioned about the odd-shaped parts with surfaces located at an angle, with spherical radii and
curved sections of structural components. They are processed first and only then you move on to flat areas. Parts with
curved surfaces can be treated on high-end machine tools and software-controlled installations. In this case, the tool 
moves in accordance with the control program, and its path follows the theoretical contour of the part.

Table 1 gives recommendations on the selection of processing modes for parts made of fiberglass, which will
be glued further on. The equipment is flap discs from Klingspor. The grinding process parameters that provide the
required roughness are as follows: wheel rotation speed n (rpm), feed S (mm/min) and rД (mm).

Table 1
Recommendations for selection of cutting conditions for final abrasive processing of PCM parts

Required
roughness

Material grain size

Rc*, mm S, mm/min n, rpmof petal wheel, recommended
by FEPA

of abrasive
according to GOST

3647-80
4.5–5.0 Р40 40 55 200–350 1400–1600
4.2–4.5 Р80 20 55 200–350 1400–1600
3.7–4.2 Р100 16 55 200–350 1400–1600
3.0–3.7 Р120 12 50 200–400 1100–1400
2.6–3.0 Р150 10 50 200–400 1100–1400
1.6–2.5 Р180 8 50 200–400 1100–1400
1.2–1.6 Р220 6 48 200–350 1100–1200
1.0–1.2 Р240 5; М63 48 350–500 1100–1200
0.6–1.0 Р320 5; М50 46 350–500 1100–1200

*Rc is specified for petal wheels of the model considered in this study.

After finishing the treatment, the workpiece surface is cleaned of sanding products using a clean cotton cloth or
a sweep brush with soft bristles. In this case, fiberglass dust should not rise into the air.

Visual inspection will reveal untreated areas (gloss on the surface), as well as exposure and destruction of
polymer composite fibers.
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Introduction. The paper considers the creation and application of digital twins at various stages of the life cycle of 
mobile transport and transshipment rope complexes (mobile ropeways), the equipment of which is mounted on the basis 
of wheeled or tracked chassis of high load capacity. The work objective is to improve safety in using such transport 
systems based on real-time forecasting of potential failures. This will prevent the occurrence of emergencies in a timely 
manner.
Materials and Methods. The structure of the digital twin of the mobile transport and transshipment rope complex is 
proposed. Approaches to the analysis of ongoing work processes in order to prevent accidents have been developed. 
They are based on simulation modeling of the system dynamics using new complex mathematical models built through
the system approach.
Results. The developed method was tested on a large-scale layout of a mobile transport and transshipment rope complex 
created by 3D printing methods. A mathematical model of this system was developed; it was used to construct a digital 
double of the experimental model. The possibility of predicting failures in the layout is shown experimentally through 
the example of a rope slipping case. To do this, the actual value of the load suspension point coordinate obtained 
through the video stream processing method was compared to the predicted value calculated using a digital twin.
Discussion and Conclusions. The research results provide the creation of an industrial digital twin of a mobile transport 
and transshipment rope complex mounted on cross-country wheeled chassis.
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Introduction. Concepts for creating a new generation of ropeway transport systems are proposed. These 
include urban passenger ropeway transport systems based on the “Rope Metro” technology [1, 2], and mobile transport 
and reloading ropeway complexes (MTRRC) [2-5]. The complex (Fig. 1) represents several base stations of the cable 
way whose equipment is mounted on mobile chassis.
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Fig. 1. Conception of mobile transport and reloading cable system [2, 6]: 
1 – drive base station on the basis of wheeled chassis; 2 – drive pulley; 3 – non-drive base station; 4 – non-drive pulley with cable 

rope tensioner; 5 – ring traction and drive rope; 6 – carriage for suspension of cargo; 7 – overcome barrier

For successful implementation of this idea, it is required to develop a scientific basis for studying work 

processes and design of MTRRC. At the same time, it is necessary to solve scientific and technical problems of 

providing the overall stability of base stations, installation and tension of the rope system, loading and unloading of the 

ropeway [2].

In the context of digitalization of the industrial production, it is required to develop high-precision digital twins 

of the MTRRC, which enable to create effective and globally competitive product samples.

Materials and Methods. Active development of system digital models, which can be considered the prototype 

of digital twins, started with the introduction of computer-aided design systems that support the basic stages of the life 

cycle of an industrial product. The relationship between the stages of the life cycle and the main types of computer-

aided design systems is widely known (Fig. 2) [7].

Fig. 2. Relationship between stages of industrial product life cycle and main computer-aided design systems

The creation of a system digital model starts with the definition of the configuration (geometry) of the object in 

the CAD system. Then, the required calculations of the dynamics, strength, stability, performance of the designed 

object, are performed in CAE systems; while process documentation is developed, and programs for machine tools with 

numerical control are prepared in CAM systems. SCM systems allow us to consider the possibility of using purchased 

products during design and to provide their timely delivery at the production stage. The indicated CAD systems are 

integrated at the level of PDM systems that control the design and preproduction processes. In the production shops, 

SCADA systems provide operation dispatching, and CNC systems control technological equipment including 

numerically controlled machines. The last two systems are integrated at the level of the MES-system that controls 

production processes. ERP and MRP-2 systems provide the enterprise with the desired resources. At the stage of 

implementation and operation, interaction with consumers is carried out using CRM-systems of sales and S&SM-
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products during design and to provide their timely delivery at the production stage. The indicated CAD systems are 

integrated at the level of PDM systems that control the design and preproduction processes. In the production shops, 

SCADA systems provide operation dispatching, and CNC systems control technological equipment including 

numerically controlled machines. The last two systems are integrated at the level of the MES-system that controls 

production processes. ERP and MRP-2 systems provide the enterprise with the desired resources. At the stage of 

implementation and operation, interaction with consumers is carried out using CRM-systems of sales and S&SM-

Design

Implementation

Production

Operation

Preproduction

Recycling

Lagerev I. A., et al.  Methods of creating and using a digital twin of a mobile transport and transshipment rope complex

 

systems of maintenance and repair. Integration of all of these systems forms the basis of digital business (CPC), which 

is also called digital enterprise [7].

The analysis of the circuit (Fig. 2) shows that existing digital twins of industrial products have the greatest 

refinement when used at the design and production stages. At this, the work processes occurring at the stage of 

operation of an industrial product are considered in the design in terms of initial data presented in the form of numerical 

values or distribution laws. Foremost, such data include external loads and other influences, sequences of working 

operations. Under this approach [7], after manufacturing, an industrial product becomes a commodity for which not 

technical, but economic properties are more important: sales volumes, price, quantity and nature of claims for warranty 

service, customer reviews, and parameters of purchase and sale documents. Therefore, during the operation phase, 

detailed digital twins developed during design and production are usually not used. They can be used for overhaul or 

modernization of an industrial product, but in this case, it is taken out of service and returned to the manufacturer or a 

specialized repair company. This conclusion is also confirmed by the fact that 11 out of 14 computer-aided design 

systems presented in Fig. 2 are related to design and manufacture.

In the context of digitalization of the industrial production, such an approach is insufficient since the 

manufacturer of industrial products does not have the needed data to improve the design, control algorithms and 

technology for manufacturing competitive products and the consumer does not have complete information on the 

product in use. At the same time, mainstreaming of digital twins at the stage of operation of an industrial product will 

allow solving two main problems:

— operational challenge is to take into account possible abnormal and emergency conditions that should be 

avoided under the operation of the finished product;

— project designing task is focused on the creation of new structures and algorithms for program control

considering the array of statistical data and mathematical models formed under the operation of industrial 

products.

At the same time, constant updating of the digital twin of the object under operation plays a key role. Thus, it is 

required to use the developed high-precision digital twins at all stages of the life cycle of an industrial product [8, 9].

For this, the developed mathematical models that underlie the digital twin are processed in real time on high-

speed computers. Signals from sensors installed on a real object are used as initial data for the calculation (Fig. 3). The 

digital twin is linked to a real object through a cloud service.

This approach enables to increase the efficiency and safety of the industrial product operation, reveal hidden 

phenomena and effects, collect material for further modernization and improve consumer qualities, and prevent 

emergencies [8, 9].

Fig. 3. Relationship between an industrial product and its digital twin

Thus, a digital twin is a software analogue of a physical device (industrial product) that simulates in real time 
the internal processes, technical characteristics and behavior of the device under the impact of random actions and the 
environment whose parameters are transmitted from the sensors of a real device operating in parallel [8, 9]. The digital 

Real-life object Cloud service Digital twin
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twin contains mathematical models of the object's configuration and workflows. In this case, the dimensions and 
characteristics of the configuration are used to calculate the initial parameters of mathematical models that describe 
work processes. For example, the inertia moment of a mechanism element is calculated on the basis of its geometric 
model. Then, the obtained value of the moment of inertia is translated into the differential equation of motion of the 
element.

To construct mathematical models of the industrial product workflows, it is recommended to use a systematic 
approach [10], according to which each significant element of the system is associated with a mathematical submodel 
assigned to submodels of other elements through joint parameters and communication equations. This approach 
provides the creation of easy-to-use modular mathematical models with account for the feedbacks between system 
elements.

This paper considers the creation and use of a digital twin of a mobile transport and transshipment rope 
complex at the stage of operation. Other stages of the MTRRC life cycle are not considered since they use general 
approaches that are applied for any machinery and equipment. It is believed that for the development of a digital twin, 
there are complete sets of three-dimensional computer geometric models of the MTRRC and design-engineering 
documentation developed at the design and preproduction stage.

Let us consider the options for using a digital twin to prevent emergencies under the operation of a mobile 
transport and transshipment rope complex. Let {a} be the vector of parameters of a real-life object obtained by means 
of objective control means (sensors connected to measuring systems). These parameters describe the current state of the 
MTRRC and the nature of the ongoing work processes at the current time moment ti. The values of the parameters {a}
are determined periodically, within a given period t∆ . The parameters obtained from the physical object correspond to 
the parameters {x} calculated using the mathematical model. The results of modeling work processes are written into 
the matrix [X], which contains information on the change in the simulated parameters over time. The parameters are 
simulated using various step-by-step numerical methods while the size of the computation step by the model time mt is 

equal to mt∆ .
The parameters {a} at each current moment of time ti are transferred to the mathematical model input, with the 

help of which the modeling of the MTRRC work processes for a given period of time T is carried out. Besides, 
information on the configuration (structure) of a real-time object is used in the calculation. As a result of the calculation 
in real time, the values [X] are obtained, and according to the results of their analysis, an assessment (forecast) of the 
possibility of an emergency occurs. If the onset of an emergency is predicted according to the simulation results, the 
MTRRC immediately stops, or other measures are taken to prevent the accident.

The relationship between a real-time object and a digital twin is clearly illustrated in Fig. 4.

Fig. 4. Implementation of workflow parameter change obtained using objective control of real-time object and digital double:
1 – actual parameter change before ti, 2 – actual parameter change of real-time object in future; 3 – result of modeling parameter 

change in future using digital double

One of the parameters of the vector {a}, for example, the tension force of the carrying rope F, is determined 
using a force-measuring transducer at intervals t∆ . In real time, the tensile force is Fi. Similarly, other components ai

of the vector {a}, which are transferred for analysis through a digital twin, are determined.
The j-th row of the matrix [X] corresponds to the tension force. If, according to the results of modeling the 

working processes of MTRRC, the possibility of an emergency is not established, then the work of MTRRC does not 

Physical object (MTRRC)

MTRRC Digital double
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twin contains mathematical models of the object's configuration and workflows. In this case, the dimensions and
characteristics of the configuration are used to calculate the initial parameters of mathematical models that describe 
work processes. For example, the inertia moment of a mechanism element is calculated on the basis of its geometric
model. Then, the obtained value of the moment of inertia is translated into the differential equation of motion of the
element.

To construct mathematical models of the industrial product workflows, it is recommended to use a systematic
approach [10], according to which each significant element of the system is associated with a mathematical submodel
assigned to submodels of other elements through joint parameters and communication equations. This approach
provides the creation of easy-to-use modular mathematical models with account for the feedbacks between system
elements.

This paper considers the creation and use of a digital twin of a mobile transport and transshipment rope
complex at the stage of operation. Other stages of the MTRRC life cycle are not considered since they use general
approaches that are applied for any machinery and equipment. It is believed that for the development of a digital twin,
there are complete sets of three-dimensional computer geometric models of the MTRRC and design-engineering
documentation developed at the design and preproduction stage.

Let us consider the options for using a digital twin to prevent emergencies under the operation of a mobile
transport and transshipment rope complex. Let {a} be the vector of parameters of a real-life object obtained by means
of objective control means (sensors connected to measuring systems). These parameters describe the current state of the
MTRRC and the nature of the ongoing work processes at the current time moment ti. The values of the parameters {a}
are determined periodically, within a given period t∆ . The parameters obtained from the physical object correspond to
the parameters {x} calculated using the mathematical model. The results of modeling work processes are written into
the matrix [X], which contains information on the change in the simulated parameters over time. The parameters are 
simulated using various step-by-step numerical methods while the size of the computation step by the model time mt is 

equal to mt∆ .
The parameters {a} at each current moment of time ti are transferred to the mathematical model input, with the

help of which the modeling of the MTRRC work processes for a given period of time T is carried out. Besides,
information on the configuration (structure) of a real-time object is used in the calculation. As a result of the calculation
in real time, the values [X] are obtained, and according to the results of their analysis, an assessment (forecast) of the 
possibility of an emergency occurs. If the onset of an emergency is predicted according to the simulation results, the
MTRRC immediately stops, or other measures are taken to prevent the accident.

The relationship between a real-time object and a digital twin is clearly illustrated in Fig. 4.

Fig. 4. Implementation of workflow parameter change obtained using objective control of real-time object and digital double:
1 – actual parameter change before ti, 2 – actual parameter change of real-time object in future; 3 – result of modeling parameter

change in future using digital double

One of the parameters of the vector {a}, for example, the tension force of the carrying rope F, is determined
using a force-measuring transducer at intervals t∆ . In real time, the tensile force is Fi. Similarly, other components ai

of the vector {a}, which are transferred for analysis through a digital twin, are determined.
The j-th row of the matrix [X] corresponds to the tension force. If, according to the results of modeling the

working processes of MTRRC, the possibility of an emergency is not established, then the work of MTRRC does not
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stop. At the next iteration, at time ti+ t∆ , new values of the vector {a} are determined, after which a new simulation 
session is performed. In the event of a negative forecast, for example, if the calculated tensile force exceeds the 
permissible value, then the operation of the MTRRC stops until the reasons are identified and the threat of an 
emergency is eliminated.

To improve the accuracy of the forecast, it is required to use adequate mathematical models. The deviation of 
the simulation result (section 3 in Fig. 4) from the actual behavior of the object (section 2 in Fig. 4) can serve as an 
accuracy criterion. Ideally, the forecast for changes in parameters should fully coincide with the actual change in 
parameters in future.

In the course of the study, a complex mathematical model being the basis for the MTRRC digital twin [10] was 
used. The equations of motion included in this model can be written in general form as follows:

[ ]{ } [ ]{ } [ ]{ } { }
[ ] { }

,
0 ,

M x B x C x P
Y

 + + =
 =

 

where { }x is the vector of laws of motion of system elements (changes in their coordinates in time); { }x is the velocity 

vector of system elements; { }x is the vector of accelerations of system elements; [ ]M is the matrix of inertial

parameters depending on the masses and moments of inertia of the system elements; [ ]B is the matrix of dissipation

coefficients; [ ]С is the elastic matrix depending on the rigidity of the system elements; { }P is the vector of external

loads on the system elements; [ ]Y is the matrix of algebraic equations for the system parameters association:

{ } { } { }( )iF F x , x , x=   [10].

The considered approach enables to predict and prevent the onset of emergencies:
— cable break due to excess driving force;

— rope coming off the pulley;

— fall of the base station due to loss of overall stability;

—the cable car drive stop with self-swinging;

— detachment of the ropeway cab with rolling down the rope and collision with another cab or support;

— impact of the cab on the support or base station equipment;

— heavy side roll when exposed to wind

Research Results. As discussed, the digital twin should interact with a physical object. However, mobile 

transport and transshipping rope complexes are a promising type of transport systems; so, there are no full-scale

experimental prototypes nowadays. At this stage of research, a full-scale model of the MTRRC was created to work out 

the technique for creating a digital twin. Data on its operation was transmitted to the input of the digital twin. The 

prototype version of the complex made on the basis of the Engineering Research and Educational Center of Digital

Technologies “Industry 4.0” of Ivan Petrovsky Bryansk State University is shown in Fig. 5.

The coordinate of the load suspension point z was chosen as the controlled parameter. The coordinate center is 

located on the axis of rotation of the drive pulley, and the coordinate axis connects the centers of the ropeway pulleys. 

The current coordinate value on a real-time object was determined using the Kinovea software, which provides

analyzing video data.
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Fig. 5. Full scale mock-up of mobile ropeway complex: 1 – drive base station; 2 – non-drive base station; 3 – suspended load;
4 – videocamera; 5 – laptop computer for signal processing and simulation; 6 – control module based on a microcontroller

The predicted coordinate of the load suspension point was calculated using the model shown in Fig. 6.

Fig. 6. Computational model to study work processes of the mock-up

At the stage of the rope system acceleration, when the speed of the load x is less than the nominal value load 

номx = 0.013 m/s corresponding to steady motion, the equations of motion of the elements of the system are as follows:

( )

( )

( )

( )

1
1 1 1 1 1 1

1 1 1

2
2 2 2 2 2 2

2 2 2

1 1 1 1 1
1

2 2 2
2

sin
( ) cos ( )

cos

sin
( ) cos ( );

cos

( ) sin cos
cos

( ) s
cos

D

S

xJ c x y M ;     
R R

xJ c x y M  
R R

xMx c R x y

xc R x y

 α
φ + φ − + δ − α = φ α 

 α
φ − φ − + δ − φ = − φ α 

 
− φ − + δ − α α − α 

− φ − + δ −
α

 

 



( )

( )

2 2

1 1 1 1 1
1

2 2 2 2 2
2

in cos 0;

( ) sin sin
cos

( ) sin sin 9,81 ,
cos

xMy c R x y

xc R x y M













  α α =   
  

+ φ − + δ − α α −  α  
  − φ − + δ − α α = −  α 



where 1φ , 1J angle of rotation, inertia moment of the head pulley, respectively; 2φ , 2J are angle of rotation, inertia 

moment of the tail pulley, respectively; x , y are horizontal, vertical coordinates of the load, respectively; M is load 

weight; 1c and 2c is rigidity of the rope in the area of the head and tail pulley, respectively; 1α and 2α are angles of 

inclination of the rope in the area of the head and tail pulley, respectively; 1R and 2R are radii of the head and tail 

pulley, respectively; L is the distance between the axes of rotation of the pulleys (a span of the ropeway).
Inclination angles of rope branches:
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where 1φ , 1J angle of rotation, inertia moment of the head pulley, respectively; 2φ , 2J are angle of rotation, inertia

moment of the tail pulley, respectively; x , y are horizontal, vertical coordinates of the load, respectively; M is load 

weight; 1c and 2c is rigidity of the rope in the area of the head and tail pulley, respectively; 1α and 2α are angles of

inclination of the rope in the area of the head and tail pulley, respectively; 1R and 2R are radii of the head and tail

pulley, respectively; L is the distance between the axes of rotation of the pulleys (a span of the ropeway).
Inclination angles of rope branches:
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1 1
( )( ) sin xx a
x

δ α = α =  
 

at 0x ≠ , 1 0α = at 0x = ;

2 2
( )( ) sin xx a

L x
δ α = α =  − 

at 0x ≠ , 2 0α = at x L= ,

where the dependence of the rope curve on the position of the load in the span of the ropeway is determined on a full-
scale model and has the following form:

( ) 0.003sin( / )x x Lδ = π м.

Stiffness of the model elements are determined as follows:

1 2 100x xc c= = N/m; 1 1 1/xc c R= ; 2 2 2/xc c R= .

Here are the values of other parameters of the model: 1 2 0.059J J= = kgm; 0.025M = kg; 0.395L = m;

1 2 0.03R R= = m; 334.3 10DM −= ⋅ Nm; 30.15 10SM −= ⋅ Nm.

At the stage of steady motion, the law of motion is used:

0 номx x x t= + ,

where 0x is the coordinate of the position of the load corresponding to the end of the transient process and the 

beginning of the steady motion.
Fig. 7 shows the real-time motion path of the load suspension point and the results of its simulation using a 

digital twin. In the case of a forced stop of the rope system by keeping the load, the actual position of the load deviated 
from the predicted one using the digital twin. This fact was recorded by the control system of the mock-up, while the 
deviation ε was determined, which made it possible to identify an emergency, such as “the rope slipping”.

a)

b)
Fig. 7. Simulation results using a digital twin: (a) normal movement; 

(b) case of forced rope stop; is simulation results; is experimental values

Discussion and Conclusions. The application of the considered methodology for creating digital twins has 

provided the identification of deviations from correct operation to prevent non-routine events and emergencies as in the 

case of a full-scale ropeway model. In the course of further research, an industrial digital twin of a mobile transport and 

transshipment rope complex based on the considered methodology will be created. In this case, of emergency situation 

models will be built.
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Introduction. Improving the quality and operational reliability of welded structures of power equipment is an urgent 
task of welding production. Its solution is possible on the basis of the development or selection of advanced methods 
and technologies of electroslag welding (ESW), which eliminate the causes of the formation of tempering cracks (TC) 
in thick-plate welds. This paper considers a comparative assessment and recommendations on the selection of such 
advanced ESW methods. The work objectives are to solve the problem of forming a fine-grained, uniform, crack-
resistant metal structure of a welded joint with high mechanical characteristics and to reduce the negative impact of the 
ESW thermal cycle on the base metal. The solution to this problem is possible on the basis of a reasonable choice of 
methods and technologies for ESW with regulated (controlled) thermal cycle.
Materials and Methods. A comparative analysis of advanced methods and technologies of ESW with a controlled 
thermal cycle is carried out; a comparison of their pros and cons is provided; practical recommendations on the 
selection of advanced methods for controlling the thermal cycle parameters are offered.
Results. It is shown that moderate heat input at high-speed ESW in a narrow gap provides a single pass to form a 
welded joint with a finer-grained structure and high mechanical properties compared to the in-house technologies of 
ESW and automatic submerged-arc welding. Recommendations for practical use of the method in welding production 
are given.
Discussion and Conclusions. The results obtained are recommended to be used in the development of ESW technology 
for thick-sheet welded structures of nuclear and thermal power equipment that enables to abandon post-welding heat 
treatment (normalization and high tempering).

Keywords: ESW, electroslag welding, slag welding method, thermal cycle of welding, welding joint, narrow-gap 
welding, structure, properties.
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Introduction. Electroslag welding is a high-performance process for the production of thick-walled welded 
structures for the power equipment. However, obtaining a homogeneous structure providing high mechanical properties 
of weld joints is achieved only after complete heat treatment in the form of normalization and high tempering. 
Moreover, coarse-grained weld metal and heat-affected zone (HAZ) metal has low resistance to cracking during 
welding and heat treatment in the form of tempering.

The problem urgency is determined by the fact that TC (Fig. 1) are detected unexpectedly at the stage of 
manufacturing and operation of a welded structure causing emergency situations and significant material costs [1].
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Fig. 1. TC nature in the electroslag weld joint of low-alloy steel, × 100

Studies of national and foreign scientists Eh.L. Makarov, V.N. Zemzin, Yu.V. Poletaev, A.S. Zubchenko, 
I. Grivnyak, F. Muller, R. Cadman, J. Tanaka, H. Nakamura and others show [2–9] that the tendency to the formation of 
cracks under welding increases significantly as a result of the combined effect of the unfavorable thermal cycle of ESW 
and embrittlement of the structure.

Materials and Methods. The developed methods of affecting the ESW thermal regime are based on the 
regulation of the key parameters of the thermal welding cycle: maximum heating temperature, the metal residence time 
at a temperature above the temperature of the grain intensive starting, cooling rate, etc. For example, an increase in the 
cooling rate to form a fine-grained structure of a weld joint can be achieved through introducing additional filler 
materials into the weld pool: wire, wire bundle, consumable tip, granular metal filler, metal powder, etc. A similar 
effect can be achieved under concomitant heating of the weld metal and HAZ for local continuous normalization. An 
increase in the quality and technological strength of the weld metal under ESW is achieved with the use of fluxes with 
reduced basicity index [10−11]. The method of weld metal exposure to external magnetic fields should be considered 
efficient.

The solution to a wide range of problems, of which the ESW technology is summarized, is associated with the 
properties of the slag and metal baths, as well as with the possibilities of controlling the crystallization of the weld using 
the magnetic hydrodynamic (MHD) flows generated in it. The nature of MHD flows depends mainly on the electric 
current passing through the melt, and the magnetic fields interacting with this current. The application of controlled 
MHD flows provides improving the quality, mechanical properties and technological strength of weld joints through 
optimizing the shape of the metal bath, refining the metal structure and increasing the resistance against the formation 
of TC. Higher values of plasticity and impact toughness of the metal obtained using controlled MHD flows made it 
possible, in a number of cases, to exclude post weld heat treatment.

Research Results. Electromagnetic stirring of liquid metal is carried out using magnetic fields generated by a 
solenoid or electromagnets (Fig. 2). This field interacts with the molten weld pool and regulates the thermal regime of 
the weld metal. In this case, a decrease in the heat input under welding, the residence time of the crystallizing metal 
above the temperature of the grain intensive starting, the size of dendrites.

Fig. 2. Scheme of ESW with electromagnets mounted on formers 1

                                                           
1 Poletaev VYu. Methods for improving quality of weld joints made by electroslag welding (review) In: Proc. 5th Int. Sci.-Pract. Conf. on Actual 
problems of science of the 21st century. St.Petersburg: Cognitio. 2015;2:131–139. (In Russ.)
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In Fig. 3, you can see the difference in the macrostructure of weld joints made according to the standard ESW 
technology and under the magnetic field effect. It should be noted that in the case of standard technology (Fig. 3 a), the 
average thickness of the weld and its width are much smaller than when exposed to a magnetic field. The area of 
large overheated grain in the HAZ is the largest and reaches 5−7 mm. For comparison, its surface size does not 
exceed 1–2 mm, and the zone of large columnar crystals reaches almost the middle of the seam. Therefore, in the 
central part of the seam, the area of relatively small equiaxed grains has a length of only 3−4 mm.

                                                a)                                                                                      b)

Fig. 3. Macrostructure of electroslag weld joint made according to standard technology (a)
and under impact of magnetic field (b), × 100

Under the magnetic field impact, there is a noticeable improvement in the macrostructure and, first of all, a 
decrease in the zone of large columnar crystals (Fig. 3 b); the zone of relatively small equiaxed crystals in the center of 
the weld has a length of 25−30 mm, which is more than 50% of the weld width. For an AN-8 submerged-arc weld joint, 
this zone is somewhat smaller and amounts to 16−20 mm. In all samples, the size of large columnar crystals of the weld 
metal reaches 10−11 mm. A decrease in the size of the zone of large columnar crystals should contribute to an increase 
in mechanical and, above all, plastic properties2.

The principle of the high-speed ESW method is to programmatically change the current lead points to the 
electrodes and welded edges with a specified frequency (Fig. 4).

Fig. 4. ESW circuit with switching current leads: 1 ― electrodes; 2 ― slag bath; 3 ― metal bath; 4 ― weld seam; 5 ― product; 
6 ― three-channel current changer; 7 ― power supply; 8 ― two-channel current switch

Switching current leads during welding causes periodic changes in the direction of the electric current lines 
in the weld pool [12]. At the same time, the motion pattern of the slag-metal melt and, accordingly, the temperature 
balance in the bath changes sharply. Most of the energy is used to melt the electrodes, while less is transferred to the 
base metal. All this increases the rate of melting of electrodes by 3−4 times and minimizes the degree of heat 
removal to the walls of the base metal. Fluctuations of the liquid phase relative to the solid one reduce the 
temperature gradient at the interface, stop the growth of crystals, and disrupt the frequency and direction of the 

                                                           
2 Poletaev VYu. Increase in crack resistance under tempering of weld joints of 15Kh2NMFA-VRV thick plate steel based on development of a single-
pass automatic arc welding technology: Cand.Sci. (Eng.) diss. Rostov-on-Don, 2017. 162 p. (In Russ.)
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In Fig. 3, you can see the difference in the macrostructure of weld joints made according to the standard ESW
technology and under the magnetic field effect. It should be noted that in the case of standard technology (Fig. 3 a), the 
average thickness of the weld and its width are much smaller than when exposed to a magnetic field. The area of
large overheated grain in the HAZ is the largest and reaches 5−7 mm. For comparison, its surface size does not
exceed 1–2 mm, and the zone of large columnar crystals reaches almost the middle of the seam. Therefore, in the
central part of the seam, the area of relatively small equiaxed grains has a length of only 3−4 mm.

a)   b)

Fig. 3. Macrostructure of electroslag weld joint made according to standard technology (a)
and under impact of magnetic field (b), × 100

Under the magnetic field impact, there is a noticeable improvement in the macrostructure and, first of all, a
decrease in the zone of large columnar crystals (Fig. 3 b); the zone of relatively small equiaxed crystals in the center of
the weld has a length of 25−30 mm, which is more than 50% of the weld width. For an AN-8 submerged-arc weld joint,
this zone is somewhat smaller and amounts to 16−20 mm. In all samples, the size of large columnar crystals of the weld
metal reaches 10−11 mm. A decrease in the size of the zone of large columnar crystals should contribute to an increase
in mechanical and, above all, plastic properties2.

The principle of the high-speed ESW method is to programmatically change the current lead points to the
electrodes and welded edges with a specified frequency (Fig. 4).

Fig. 4. ESW circuit with switching current leads: 1 ― electrodes; 2 ― slag bath; 3 ― metal bath; 4 ― weld seam; 5 ― product;
6 ― three-channel current changer; 7 ― power supply; 8 ― two-channel current switch

Switching current leads during welding causes periodic changes in the direction of the electric current lines
in the weld pool [12]. At the same time, the motion pattern of the slag-metal melt and, accordingly, the temperature
balance in the bath changes sharply. Most of the energy is used to melt the electrodes, while less is transferred to the 
base metal. All this increases the rate of melting of electrodes by 3−4 times and minimizes the degree of heat
removal to the walls of the base metal. Fluctuations of the liquid phase relative to the solid one reduce the
temperature gradient at the interface, stop the growth of crystals, and disrupt the frequency and direction of the

2 Poletaev VYu. Increase in crack resistance under tempering of weld joints of 15Kh2NMFA-VRV thick plate steel based on development of a single-
pass automatic arc welding technology: Cand.Sci. (Eng.) diss. Rostov-on-Don, 2017. 162 p. (In Russ.)

Poletaev Yu. V., et al. Methods and technologies of electroslag welding with controlled thermal cycle

dendritical crystallization. The development of these processes contributes to the formation of a finer-grained 
structure with high mechanical properties without high-temperature heat treatment.

A.N. Khakimov and his colleagues proposed the ESW method without subsequent heat treatment 
(normalization). With regard to low-alloy heat-hardened steels, the efficiency of regulating the parameters of the 
thermal welding cycle through reducing the heating time 𝑡𝑡н and increasing the cooling rate 𝑤𝑤о is shown. When welding, 
the parameters of the thermal cycle are controlled by accompanying cooling according to the optimal program. Special 
technological equipment provides the supply of a cooling water-air mixture to the weld seam and HAZ of the joint 
using slotted air-hydraulic nozzles installed inside the welding machine at the level of the molten metal pool. Intensive 
heat dissipation to provide the required parameters of the thermal cycle over the thickness of the metal is carried out 
from one surface of the weld joint.

Studies on the weld joint metal microstructure have shown that under ESW at a cooling rate of 0.7−1.0° C/s, a 
ferrite-pearlite structure of the weld and HAZ metal is formed, such as Widmanstätt. Significant precipitation of ferrite 
along the boundaries of primary austenite grains is observed. The grain size corresponds to a score of 0−1. The ferrite 
content in the weld metal structure is about 60%, and in the HAZ metal structure – 40%. At a cooling rate of 6 − 8° C/s, 
the residence time above the temperature of the critical point Ac3 is reduced from 140 to 40−45 s. This contributes to a 
decrease in ferrite the content in the structure of the weld joint and an increase in mechanical properties.

All of the above welding methods do not completely solve the main problem of overheating and a decrease in 
the technological strength of thick-plate welded joints in ESW. One of the methods that reduce heat input, and, as a 
consequence, the grain size and the length of the heat-affected zone, is the method of single-pass electric-arc narrow-
gap welding with PF constraint shaping of the weld (Fig. 5). The method is developed by a group led by 
Yu. V. Poletaev. The thermal welding cycle is regulated through changing the parameters of the electric arc process 
mode. This is where the proposed method is fundamentally different from ESW.

Fig. 5. Basic diagram of the welding technique: 1 ― parts to be welded; 2 ― weld metal; 3 ― welding pool; 4 ― liquid slag; 
5 ― flux envelope; 6 ― welding wire; 7 ― wire feeder; 8 ― flux dispenser; 9 ― supply of flux to the welding zone; 

10 ― copper water-coiled dam

The arc process provides the required heat input, high-quality penetration of the welded edges and a “soft” 
thermal cycle of metal welding in the HAZ. For this, the height of the liquid slag layer covering the welding arc is 
maintained equal to the width of the welding gap of slotted cutting, which is 14−18 mm. This completely eliminates 
slag splashing, provides the process stability and the formation of a high-quality weld joint. The height of the slag layer 
is controlled and maintained by an automatic flux control device. The optimal welding gap depends on the thickness 
and length of the weldments and is set experimentally with account for the possibility of welding and high-quality 
fusion of the edges. For welding sheets of heavy thickness, two or more electrode wires of small diameter (2 mm) are 
simultaneously fed into the gap located one after the other along the cutting axis. Small-diameter wire feed into a 
narrow gap provides a high welding speed – up to 5 m/h, while under the traditional ESW method, this speed is no more 
than 0.9−1.0 m/h. The proposed technique increases the weld metal solidification rate, which contributes to the 
formation of a fine-grained structure and the required level of mechanical properties of the joint (Fig. 6). It is found that 
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weld joints of carbon and low-alloy steels, made through the electric arc slot welding with a heat input Qсв up to 
15 MJ/m, a favorable macro- and microstructure without large columnar crystals with a minimum length of the area of 
overheated large grains near the fusion zone (no more 1 mm) is formed. The quality and mechanical properties of such 
structures meet regulatory requirements.
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Fig. 6. Macrostructure of weld joint made by the following method: 
(a) slot welding; (b) automatic submerged arc welding; (c) ESW, × 100

In the course of the experimental study, the following advantages of the electric arc slot welding method were 

established:

― weld joints undergo only high tempering; 

― high welding speed (up to 5 m/h); 

― fabricability and high quality of joints; 

― minimum angular deformations during welding; 

― no mechanical processing of preweld edges; 

― welding is performed without preliminary and concomitant heating;

― low flux consumption;

― the formation of joints with high resistance to the formation of intergranular fracture under welding and heat 

treatment (tempering); 

― low costs for heat treatment and subsequent mechanical descaling the joints.

Discussion and conclusions:

1. Advanced methods and technologies of electroslag welding with controlled thermal cycle are studied. It is 

shown that the optimization of heat input (the thermal cycle parameters) under welding provides the control of 

structural, mechanical homogeneity of the weld joint and its process through.

2. It is shown that the implementation of ESW methods with a controlled thermal cycle is associated with the 

complication of technology and equipment.

3. Single-pass electric arc slot welding enables to abandon the multi-pass automatic submerged arc welding 

technique and single-pass ESW, which significantly increases the production cost of the weldments.

4. Directions for further research are associated with the development of competitive, alternative methods of 

ESW, single-pass electric arc slot welding of thick-walled structures of the power engineering providing a noticeable 

decrease in heat input during the formation of joints.
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― high welding speed (up to 5 m/h);

― fabricability and high quality of joints; 

― minimum angular deformations during welding;

― no mechanical processing of preweld edges;

― welding is performed without preliminary and concomitant heating;

― low flux consumption;

― the formation of joints with high resistance to the formation of intergranular fracture under welding and heat

treatment (tempering); 

― low costs for heat treatment and subsequent mechanical descaling the joints.

Discussion and conclusions:

1. Advanced methods and technologies of electroslag welding with controlled thermal cycle are studied. It is

shown that the optimization of heat input (the thermal cycle parameters) under welding provides the control of

structural, mechanical homogeneity of the weld joint and its process through.

2. It is shown that the implementation of ESW methods with a controlled thermal cycle is associated with the

complication of technology and equipment.

3. Single-pass electric arc slot welding enables to abandon the multi-pass automatic submerged arc welding

technique and single-pass ESW, which significantly increases the production cost of the weldments.

4. Directions for further research are associated with the development of competitive, alternative methods of

ESW, single-pass electric arc slot welding of thick-walled structures of the power engineering providing a noticeable

decrease in heat input during the formation of joints.

Poletaev Yu. V., et al. Methods and technologies of electroslag welding with controlled thermal cycle
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Physicomathematical modeling of the formation features of fillet welds of bridge metal 
structures under submerged-arc welding

A. A. Mosin1, V. A. Erofeev2, M. A. Sholokhov3

1 “Kurganstalmost” CJSC (Kurgan, Russian Federation)
2 Tula State University (Tula, Russian Federation)
3 Ural Federal University named after the First President of Russia B.N. Yeltsin (Ekaterinburg, Russian Federation)

Introduction. The weld formation under the submerged-arc welding of bridge metal structures is investigated. The work 
objective is to study possibilities to increase the welding performance during the arc welding of fillet seams.
Materials and Methods. Methods of computer analysis are used to optimize the technology. With their help, a 
physicomathematical model of fillet weld formation under the submerged-arc welding has been developed. It is based 
on a system of equations for thermal conductivity and equilibrium of the weld pool surface. In this system, the 
formation of an arc cavern is determined through the flux boiling isotherm under the action of the arc column radiation; 
heat transfer by the flux vapor inside the arc cavern and the influence of the spatial position on the formation of the 
weld pool are taken into account.
Results. New mathematical relationships that describe physical phenomena under the submerged-arc welding of fillet 
welds are proposed. The key feature of the proposed model is in the fundamental difference between the submerged-arc 
welding and the gas-shielded arc welding, i.e., during submerged-arc welding, the arc burns in a gas-vapor cavern that 
appears due to the melting and evaporation of flux. Numerical simulation of the temperature distribution during 
production of the fillet welds in 1F and 2F positions is carried out. The process constraints under the single-run welding 
of the fillet welds are specified. It was determined that the single-run submerged-arc welding of fillet welds in 1F 
position exhibits high-quality formation of welds for almost the entire range of metal sheet thicknesses. During 
production of fillet welds in 2F position, high-quality formation is provided only for sheet thicknesses up to 8 mm. At 
heavy thicknesses, the formation of the seam is disrupted due to the melt flow from the vertical wall. In this case, the 
leg length decreases; a typical undercut is formed; so the weld will be asymmetric and less strong.
Discussion and Conclusions. Comparison of the numerical analysis results with actual data on welding modes under the 
production of bridge metal structures shows that the existing fillet welding technologies have already reached their 
maximum efficiency rate. Further productivity gain is possible by forming oversized legs only with multiarc or 
multielectrode welding methods.

Keywords: fillet weld, submerged-arc welding, physicomathematical model, numerical simulation, arc cavern.

For citation: A.A. Mosin, V.A. Erofeev, M.A. Sholokhov. Physicomathematical modeling of the formation features of 
fillet welds of bridge metal structures under submerged arc welding. Advanced Engineering Research, 2020, vol. 20, 
no. 3, p. 259−268. https://doi.org/10.23947/2687-1653-2020-20-3-259-268

Introduction. Traditional methods of bridge construction provide for the enlarged assembly of bulk welded 
metal structures at the construction site [1]. Therefore, at the facility itself, welding work is carried out to a minimum. 
They are performed mainly at the factories of bridge metal structures [2], and most of them are associated with the 
welding of elongated seams. Of these, corner welds account for 40% to 70%. Fillet welding with small thickness is 
carried out without grooving. For thicknesses up to 50 mm, asymmetric and symmetrical grooves with an included 
angle of 45-60 ° are used. Fillet welds with a flat surface in cross section and smooth transitions to the base metal along 
the fusion zones without sagging and undercuts, gas cavities and slag inclusions are optimal. In addition, weld joints 
should have high ductility and impact toughness at low temperatures. Defects in the formation of seams are 
unacceptable. Sound reproduction of the maximum possible leg, when welding fillet seams, is the main capacity for 
increasing productivity [3].

To minimize defects and increase the productivity of welding processes for bridge metal structures, it is 
advisable to weld fillet seams with the largest possible leg size in one pass. Therefore, an urgent task is to increase the 
leg welded in one pass [4]. This can be achieved through the following:
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— optimization of the parameters of welding processes,
— using new sources of heating,
— reduction of auxiliary time,
— increasing the fusibility of the electrode wire.
In our opinion, first of all, one should consider the possibility of a sound shop reproduction of the maximum 

possible leg using the traditional submerged-arc consumable-electrode welding technology.
This work objective is to study the possibilities of increasing the productivity of the arc welding process of 

fillet welds with account of the characteristic properties of their formation.
Materials and Methods. As noted in [5], in addition to the well-known parameters of the welding mode (arc 

current, welding speed), the performance of the submerged-arc welding process is influenced by the arc voltage and the 
diameter of the electrode wire. The spatial position during welding and the positioning of the electrode in the groove 
also affect significantly the formation of fillet welds [6]. It is a highly time-consuming task to consider the influence of 
the entire set of the listed factors on the productivity of the welding process and the quality of fillet welds without using 
modern research methods.

For a significant reduction in the volume of experimental studies of fillet welding, physicomathematical 
modeling of stresses and features of shaping and penetration is used [7–9]. Let us consider the sequence of computer 
simulation of the features of the formation of fillet welds — from creating a model to its visualization. The principle
difference between the submerged-arc welding method and gas shielded arc welding is that the arc burns in a vapor-gas 
cavity arising from the melting and evaporation of the flux. The second important feature is that physical phenomena 
determining the formation of the weld pool and seam occur in different environments [9]. This should be taken into 
account in the physicomathematical model of the seam formation under the submerged-arc welding.

Modeling space coordinates. When modeling, the space in which fillet welding is performed, and the 
geometric dimensions of high-quality welds are specified. In Fig. 1a, an area of space covering the welded edges and 
zones of arc burning, melting of the flux and metal is highlighted; and in Fig. 1b, geometric dimensions of fillet welds, 
which can be used to assess the quality of their formation in accordance with the recommendations, are shown [5].

a)

b)

Fig. 1. Structure of the simulation space for the welding process (a), and the geometric dimensions of fillet welds (b), which 
determine the quality of their formation
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Modeling space coordinates. When modeling, the space in which fillet welding is performed, and the 
geometric dimensions of high-quality welds are specified. In Fig. 1a, an area of space covering the welded edges and 
zones of arc burning, melting of the flux and metal is highlighted; and in Fig. 1b, geometric dimensions of fillet welds, 
which can be used to assess the quality of their formation in accordance with the recommendations, are shown [5].
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Fig. 1. Structure of the simulation space for the welding process (a), and the geometric dimensions of fillet welds (b), which 
determine the quality of their formation

Mosin A. A., et. al. Physicomathematical modeling of the formation features of fillet welds of bridge metal structures

The simulation space includes the following zones: M — parent metal, E — electrode, D — welding arc, F —
free flow flux, V — flux vapor, G — molten flux, R — solidified flux, L — liquid metal, K — solid-liquid metal, S —
weld metal, W — air. Internal interzone surfaces are designated as intersections of sets of points belonging to the 
corresponding zones.

For example, the surface of the weld pool ZL (x, y) is designated L∩(D∪V∪G). It separates the weld pool L
from the welding arc D, the vaporous V and liquid G flux. The sizes of the V, G, L, K zones and the location of the 
interfaces between them are unknown. They need to be defined under the simulation. These indicators depend on the 
results of solving the system of equations describing physical phenomena of the submerged-arc welding. It is more 
convenient to solve such a problem in a fixed Cartesian coordinate system, in which the metal of the welded joint is 
stationary, and the electrode and arc move at the welding speed vw in the direction of the x coordinate. Accordingly, the 
coordinates of the electrode axis xf and yf are determined:

𝐻𝐻i,j,k(𝑡𝑡)=Hi+1,j,k(𝑡𝑡 − τ), (1)
where t is time since excitation.

When welding, the surfaces of fillets and interface zone are oriented mainly in the plane connecting the fillet 
weld legs. It is convenient to describe such surfaces as a deviation from this plane. Therefore, the z coordinate is 
directed along the bisector α of the angle between the sheets (or the groove angle).

Heat transfer is a common process for all designated areas. The simulation considers the thermodynamic state 
of media with different thermophysical properties, in which several internal local distributed heat sources operate. The 
rate of change and distribution of enthalpy should be described from the equation [10]:

∂𝐻𝐻
∂𝑡𝑡

= ∂
∂𝑥𝑥
�λ ∂𝑇𝑇

∂𝑥𝑥
� + ∂

∂𝑦𝑦
�λ ∂𝑇𝑇

∂𝑦𝑦
� + ∂

∂𝑧𝑧
�λ ∂𝑇𝑇

∂𝑧𝑧
�+q (x, y, z, t). (2)

Here, H = H (x, y, z, t) is volumetric enthalpy, J/cm3; λ = λ(Т ) is heat conductivity factor dependent on temperature and 
material of the medium, W/(cm·°С); q is volumetric heat source. The temperature T (x, y, z, t) is related to the enthalpy 
H (x, y, z, t) by the nonlinear function T(H), which takes into account the dependence of the heat capacity on the 
temperature and heat of phase and aggregate transformations. At the initial moment of time, the weld pool is absent, the 
flux is in a free flow state, the temperature at all points in space is the same and equal to the ambient temperature. 
Taking this into account, the heat exchange between the simulation zone and the external space can be described by the 
boundary conditions:

𝜕𝜕2𝑇𝑇
𝜕𝜕𝑥𝑥2

= 0, x = ± 𝑥𝑥𝑚𝑚, (3)
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑦𝑦2

= 0, y = ± 𝑦𝑦𝑚𝑚, (4)
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑧𝑧2

= 0, z = ± 𝑧𝑧𝑚𝑚. (5)
Heat sources. The main heat sources are the electric arc qarc acting in zone D, and the heat released under the 

electrode stickout [11, 12]. Heat release in the liquid flux is close to non-existent, since it has no direct contact with the 
electrode whose temperature is lower than the melting point of the flux, and the electrical resistance of the powder flux 
is very high. Taking these circumstances into account, the heating rate of the metal in the electrode stickout (in zone E)
can be described by the relation:

dT𝑓𝑓
dz

= ρ𝑒𝑒𝑗𝑗2

cρ𝑓𝑓

𝑧𝑧𝑚𝑚−𝑧𝑧
𝑣𝑣𝑓𝑓

(6)

where Tf is temperature of the stickout; ρe = ρe(Tf) is electrical resistivity; j = 4𝐼𝐼
πd 𝑓𝑓

 2 is current density I in the electrode of 

diameter df ; сρ f is volumetric heat capacity of the electrode material; vf is the wire feed speed.
Heat release in the anodic region of the arc on the surface E∩D is described as the heat flux:

dq
dz

=jU𝑎𝑎, (7)
where Ua is voltage drop in the anode region of the arc.

Heat release in the plasma arc flame is considered as the distribution of the arc column radiation over the 
surface of the arc cavern L∩(D∪V):

𝜕𝜕2𝑇𝑇
𝜕𝜕𝑦𝑦2

= 0,𝑦𝑦 = ±𝑦𝑦𝑛𝑛′. (8)

The heat flux created by heat release in the cathode region of the arc on the surface L∩D is:
dq
dn

= IU𝑘𝑘
πR2

exp �−𝑟𝑟0
2

𝑅𝑅2
� (9)

where Uk is cathode arc voltage, R is effective radius of the arc, r0 is the distance between the surface point L∩D and 
the point of intersection of the arc axis and this surface.

Heat transfer by drops of electrode metal is considered by the heat flux through the surface L∩D [13]:
dq
dn

= IT𝑘𝑘
πR 2 exp �−𝑟𝑟0

2

𝑅𝑅2
�, (10)

,
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where Tk is droplet temperature taken equal to the half-sum of the melting and boiling temperatures of the electrode 
material.

Heat transfer by flux vapor is described as heat flux through the surface of the weld pool L∩V and flux G∩V:
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑧𝑧2

= 0, 𝑧𝑧 = ±𝑧𝑧𝑚𝑚. The heat transfer coefficient is determined from the balance of the capacities of evaporation and 
condensation of steam:

∫ dq
dn

dS𝑍𝑍𝑆𝑆𝑍𝑍
p vap = var������������������������⃗ 0, (11)

where Sz is the area of specified surfaces L∩V∪G∩V.
Equilibrium equation of the weld pool surface. The location of the weld pool surface Z(x, y), delimiting the zones 
L∩(D∪V∪G), is determined by solving the pressure equilibrium equation on it:

— capillary pσ,
— gravitational pg,
— stream of electrode metal drops pf,
— hydrodynamic pressure of the weld pool metal flow pv,
— electrodynamic pressure of the arc pa,
— internal pressure of liquid metal pm.

𝑑𝑑𝑇𝑇𝑓𝑓
𝑑𝑑𝑧𝑧

= ρ𝑒𝑒𝑗𝑗2

𝑐𝑐ρ𝑓𝑓

𝑧𝑧𝑚𝑚−𝑧𝑧
𝑣𝑣𝑓𝑓

. (12)

Capillary pressure is determined by the curvature of the surface Z (x, y), and for small deflections, it is 
calculated:

𝑝𝑝σ = −σ �𝜕𝜕
2𝑍𝑍

𝜕𝜕𝑥𝑥2
+ 𝜕𝜕2𝑍𝑍

𝜕𝜕𝑦𝑦2
�, (13)

where σ is the surface tension constant.
Gravitational pressure is determined by the weight of a column of substance above a point on the surface of 

the weld pool:
𝑝𝑝𝑔𝑔 = g(ρ(𝑍𝑍 − 𝑧𝑧max)+ρℎ𝑍𝑍ℎ), (14)

where g is acceleration of gravity; ρ, ρh are densities of metal and slag; zmax is maximum height of the weld pool 
surface; Zh is thickness of the liquid slag layer.

Electrodynamic pressure of the welding arc is determined by the arc current:

𝑝𝑝𝑎𝑎 = 𝑘𝑘𝑎𝑎𝐼𝐼2

πR 𝑝𝑝
 2 exp �− (𝑥𝑥0+v𝑤𝑤𝑡𝑡)2+y2

𝑅𝑅𝑝𝑝2
�, (15)

where ka is the electrodynamic coefficient, Rp is force radius of the arc.
Flow pressure of electrode metal droplets is determined by the flow rate and mass:

𝑝𝑝𝑓𝑓 = ρ
𝑣𝑣𝑓𝑓
2

2
exp �−(𝑥𝑥0+v𝑤𝑤𝑡𝑡)2+y2

𝑅𝑅𝑓𝑓
2 � . (16)

Hydrodynamic pressure of the weld pool metal flow is determined by the rate of change in the weld pool 
section area SL:

𝑝𝑝𝑣𝑣 = −ρv 𝑥𝑥
 2 dS𝐿𝐿

dx
. (17)

This component increases the pressure in front of the arc and decreases it behind the arc.
Internal pressure in the melt pm is determined from the equality of the deposited metal area to the amount of 

consumed electrode metal:
𝑆𝑆𝑆𝑆∪𝑀𝑀(−𝑥𝑥𝑚𝑚) − 𝑆𝑆𝑀𝑀(+x𝑚𝑚)𝑝𝑝𝑚𝑚 = var�������������������⃗  π r𝑓𝑓

𝑣𝑣𝑓𝑓
𝑣𝑣𝑤𝑤

, (18)
where 𝑆𝑆𝑆𝑆∪𝑀𝑀(−𝑥𝑥𝑚𝑚) is the cross-sectional area of the metal at the end of the simulation area at x = –xm; 𝑆𝑆𝑀𝑀(𝑥𝑥) is the 
initial groove cross-sectional area at x = xm.

Current and location of the welding arc. The welding arc current I is set by the feed rate vf and the diameter df
of the electrode:

I = v𝑓𝑓
πd𝑓𝑓

 2

4
�c ρ𝑓𝑓�𝑇𝑇𝑘𝑘 − 𝑇𝑇𝑓𝑓�+HLS�, (19)

where Tk is temperature of the electrode metal droplets; HLS is the volumetric specific heat of fusion.
The length l of the welding arc is set by the voltage U0 of the power source and depends on the electrical 

resistance of the current-carrying elements R0 and the stickout of the electrode Rf :
l = 1/E (U0 – Ua – Uk – I (R0 + Rf)). (20)

The arc length l is determined by the potential gradient E in the arc column whose value depends on the 
properties of the flux vapor. With curved surface L∩D of the cathode spot, the concept of arc length needs to be 
clarified. If we consider the arc column as a set of parallel conductors, then the current density will be the greater, the 
smaller the distance from the electrode tip to the point of the metal surface. The average length l of the set of such 
conductors can be determined by solving the equation:
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where Tk is droplet temperature taken equal to the half-sum of the melting and boiling temperatures of the electrode
material.

Heat transfer by flux vapor is described as heat flux through the surface of the weld pool L∩V and flux G∩V:
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑧𝑧2

= 0, 𝑧𝑧 = ±𝑧𝑧𝑚𝑚. The heat transfer coefficient is determined from the balance of the capacities of evaporation and
condensation of steam:

∫ dq
dn

dS𝑍𝑍𝑆𝑆𝑍𝑍
p vap = var������������������������⃗ 0, (11)

where Sz is the area of specified surfaces L∩V∪G∩V.
Equilibrium equation of the weld pool surface. The location of the weld pool surface Z(x, y), delimiting the zones
L∩(D∪V∪G), is determined by solving the pressure equilibrium equation on it:

— capillary pσ,
— gravitational pg,
— stream of electrode metal drops pf,
— hydrodynamic pressure of the weld pool metal flow pv,
— electrodynamic pressure of the arc pa,
— internal pressure of liquid metal pm.

𝑑𝑑𝑇𝑇𝑓𝑓
𝑑𝑑𝑧𝑧

= ρ𝑒𝑒𝑗𝑗2

𝑐𝑐ρ𝑓𝑓

𝑧𝑧𝑚𝑚−𝑧𝑧
𝑣𝑣𝑓𝑓

. (12)

Capillary pressure is determined by the curvature of the surface Z (x, y), and for small deflections, it is
calculated:

𝑝𝑝σ = −σ �𝜕𝜕
2𝑍𝑍

𝜕𝜕𝑥𝑥2
+ 𝜕𝜕2𝑍𝑍

𝜕𝜕𝑦𝑦2
�, (13)

where σ is the surface tension constant.
Gravitational pressure is determined by the weight of a column of substance above a point on the surface of

the weld pool:
𝑝𝑝𝑔𝑔 = g(ρ(𝑍𝑍 − 𝑧𝑧max)+ρℎ𝑍𝑍ℎ), (14)

where g is acceleration of gravity; ρ, ρh are densities of metal and slag; zmax is maximum height of the weld pool
surface; Zh is thickness of the liquid slag layer.

Electrodynamic pressure of the welding arc is determined by the arc current:

𝑝𝑝𝑎𝑎 = 𝑘𝑘𝑎𝑎𝐼𝐼2

πR 𝑝𝑝
2 exp �− (𝑥𝑥0+v𝑤𝑤𝑡𝑡)2+y2

𝑅𝑅𝑝𝑝2
�, (15)

where ka is the electrodynamic coefficient, Rp is force radius of the arc.
Flow pressure of electrode metal droplets is determined by the flow rate and mass:

𝑝𝑝𝑓𝑓 = ρ
𝑣𝑣𝑓𝑓
2

2
exp �−(𝑥𝑥0+v𝑤𝑤𝑡𝑡)2+y2

𝑅𝑅𝑓𝑓
2 � . (16)

Hydrodynamic pressure of the weld pool metal flow is determined by the rate of change in the weld pool
section area SL:

𝑝𝑝𝑣𝑣 = −ρv 𝑥𝑥
2 dS𝐿𝐿

dx
. (17)

This component increases the pressure in front of the arc and decreases it behind the arc.
Internal pressure in the melt pm is determined from the equality of the deposited metal area to the amount of

consumed electrode metal:
𝑆𝑆𝑆𝑆∪𝑀𝑀(−𝑥𝑥𝑚𝑚) − 𝑆𝑆𝑀𝑀(+x𝑚𝑚)𝑝𝑝𝑚𝑚 = var�������������������⃗ π r𝑓𝑓

𝑣𝑣𝑓𝑓
𝑣𝑣𝑤𝑤

, (18)
where 𝑆𝑆𝑆𝑆∪𝑀𝑀(−𝑥𝑥𝑚𝑚) is the cross-sectional area of the metal at the end of the simulation area at x = –xm; 𝑆𝑆𝑀𝑀(𝑥𝑥) is the
initial groove cross-sectional area at x = xm.

Current and location of the welding arc. The welding arc current I is set by the feed rate vf and the diameter df
of the electrode:

I = v𝑓𝑓
πd𝑓𝑓

2

4
�c ρ𝑓𝑓�𝑇𝑇𝑘𝑘 − 𝑇𝑇𝑓𝑓�+HLS�, (19)

where Tk is temperature of the electrode metal droplets; HLS is the volumetric specific heat of fusion.
The length l of the welding arc is set by the voltage U0 of the power source and depends on the electrical

resistance of the current-carrying elements R0 and the stickout of the electrode Rf :
l = 1/E (U0 – Ua – Uk – I (R0 + Rf)). (20)

The arc length l is determined by the potential gradient E in the arc column whose value depends on the
properties of the flux vapor. With curved surface L∩D of the cathode spot, the concept of arc length needs to be 
clarified. If we consider the arc column as a set of parallel conductors, then the current density will be the greater, the
smaller the distance from the electrode tip to the point of the metal surface. The average length l of the set of such 
conductors can be determined by solving the equation:
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�1
𝑆𝑆 ∫

1
𝑟𝑟2

dS𝑆𝑆
0 = 1

𝑙𝑙
. (21)

Here, r is the distance from the electrode tip to the considered point of the weld pool surface; S is the cross-sectional 
area of the column determined by the effective radius R of the arc. The radius depends on the current I of the arc [13]:

R =�  𝐼𝐼
πj

+R 𝑓𝑓
 2 ,

where j is the current density in the arc in flux vapors.
Electrical resistance of the stickout depends on its length Lf and temperature Tf distributed along the length:

𝑅𝑅𝑓𝑓 = 4
πd 𝑓𝑓

  2 ∫ ρ𝑒𝑒�𝑇𝑇𝑓𝑓(𝑧𝑧)dz�𝐿𝐿𝑓𝑓
0 . (22)

Algorithm for the numerical solution to the system of equations of the physicomathematical model. Initially, the 
geometric structure of the weld pool formation zone is unknown. This requires continuous adjustment of the location of 
the interzone surfaces depending on the results of solving the equations of thermal conductivity and equilibrium of the 
weld pool. The location of the surfaces delimiting the solid, liquid and gaseous state of the flux and metal is specified 
by the position of the corresponding isotherms as a result of solving the heat conduction equation. To correct the 
location of the weld pool surface, the equation of pressure equilibrium on the given surface Z (x, y) is solved. In this 
case, it is required to change the sizes of the zones L, V, G, D. It is assumed that the temperatures of the metal and slag 
in the displacement zone are equal to the surface temperature at the time of the solution, and their enthalpies change in 
accordance with this temperature. During the transformation, errors arise, which are defined as the rate of change in 
enthalpy when changing the volumes vL, vG of zones L and G:

Λ𝐿𝐿 = 𝑑𝑑
dt
�∫ Hdv𝐿𝐿𝑣𝑣𝐿𝐿

� и Λ𝐺𝐺 = 𝑑𝑑
dt
�∫ Hdv𝐺𝐺𝑣𝑣𝐺𝐺

�. (23)
These errors are compensated for a change in the enthalpy of the L and G zones depending on the temperature 

distribution in them:
𝑑𝑑
dt
𝐻𝐻�(x, y, z) ∈ 𝐿𝐿� = Λ𝐿𝐿

𝑇𝑇(x, y, z)−𝑇𝑇𝐿𝐿
1
𝑣𝑣𝐿𝐿
∫ (𝑇𝑇(x, y, z)−𝑇𝑇𝐿𝐿)dv𝐿𝐿𝑣𝑣𝐿𝐿

, (24)

where TL is the liquidus temperature.
As the thermodynamic state approaches the steady state, the transformation error is ΛL→0. The condition for 

the simulation termination is stabilization of the solidus isotherm length:
𝑑𝑑
dt

(max𝑥𝑥 ∈ 𝑆𝑆) → 0. (25)
The model system of equations is solved by the temperature distribution T(x, y, z, t) and the geometric structure 

of the simulation zone. This provides reproducing the initial stage of the process from the arc starting moment until the 
established dimensions of the weld pool are reached. To solve the equations of thermal conductivity and equilibrium of 
the weld pool surface, the finite-difference method on conjugate meshes was used. On the interphase surfaces, the 
thermal conductivity coefficient was determined as the average harmonic value of the thermal conductivity of adjacent 
phases.

An algorithm for the numerical simulation of the welding process is schematically presented below.

Initial data: groove geometry after the previous pass, thermophysical properties of steel and flux, welding parameters
Determination of the initial geometry of the numerical solution domain

Calculation of melting parameters of the electrode wire and energy characteristics of the welding arc
Cycle of unsteady numerical simulation of the thermodynamic state of the weld pool formation region

Determination of the distribution of heat fluxes over the surfaces of metal and slag
Solving the heat equation
Solution to the variational problem on the location of welding arc in the groove

Solution to the equilibrium equation of the weld pool surface under the action of capillary, 
gravitational, electrodynamic, hydrodynamic and internal pressures
Calculation of the weld pool internal pressure by the condition of the balance of seam masses and 
electrode feed

to equal masses of surfacing and electrode feed
Correction of the location of the interphase boundaries of “vapor - slag – free flow flux - solid slag”, “solid -
liquid metal” according to the solutions to the equation of thermal conductivity and equilibrium of the surface 
of the weld pool

until the length of the solidus temperature isotherm stabilizes
Formation of a protocol of simulation results on temperature distribution, geometry of the weld pool formation area, 
energy characteristics of the welding process

Fig. 2. Algorithm for numerical simulation of the weld formation under the submerged-arc welding
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Research Results. For a virtual study, we took information on the thermophysical properties of steels from 
[13]. In addition, we used the data of the Transstroiinvest corporate group on the specific steel grades and 
technological materials used, the modes of submerged-arc fillet welding of bridge metal structures1.

Virtual reproduction of the welding process in 1F position. To test the developed model, we performed 
computer simulation of the T-joint welding of 15KHSND T1steel sheets 12 mm thick. The welding mode was chosen 
according to the recommendations [14]: Sv08GA wire with a diameter of 5 mm, arc voltage — 34 V, welding speed —
18 m/h (5 mm/s), electrode stickout — 25 mm. The electrode feed rate, calculated in the model, is 10 mm/s. This
corresponds to the data of [14], which recommends these values in the range of 55–61 m/h.

Fig. 3 shows the results of welding simulation when the sheets are tilted 45о (1F position).

a)

b)

c)

d)

Fig. 3. Temperature distribution under submerged-arc fillet welding simulation when the sheets are tilted at 45° (1F position): 
(a) longitudinal section of the weld pool in the plane of joint symmetry;

(b) submerged metal surface); (c) surface of the sheets to be welded;
(d) calculated cross-sectional profile of the seam

1 STO-GK “Transstroi” -012-2007. Steel structures of bridges. Factory production. Moscow: Transstroy; 2007. 174 p. (In Russ.)

Steel

Flux
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Research Results. For a virtual study, we took information on the thermophysical properties of steels from
[13]. In addition, we used the data of the Transstroiinvest corporate group on the specific steel grades and
technological materials used, the modes of submerged-arc fillet welding of bridge metal structures1.

Virtual reproduction of the welding process in 1F position. To test the developed model, we performed 
computer simulation of the T-joint welding of 15KHSND T1steel sheets 12 mm thick. The welding mode was chosen 
according to the recommendations [14]: Sv08GA wire with a diameter of 5 mm, arc voltage — 34 V, welding speed —
18 m/h (5 mm/s), electrode stickout — 25 mm. The electrode feed rate, calculated in the model, is 10 mm/s. This
corresponds to the data of [14], which recommends these values in the range of 55–61 m/h.

Fig. 3 shows the results of welding simulation when the sheets are tilted 45о (1F position).

a)

b)

c)

d)

Fig. 3. Temperature distribution under submerged-arc fillet welding simulation when the sheets are tilted at 45° (1F position):
(a) longitudinal section of the weld pool in the plane of joint symmetry;

(b) submerged metal surface); (c) surface of the sheets to be welded;
(d) calculated cross-sectional profile of the seam

1 STO-GK “Transstroi” -012-2007. Steel structures of bridges. Factory production. Moscow: Transstroy; 2007. 174 p. (In Russ.)
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As a result, the following values were obtained: arc length — 6.8 mm; effective drop of anode voltage —
5.9 V, that of cathode voltage — 8.5 V; potential gradient in the arc column — 4.4 V/mm; arc column diameter — 18
mm. The total power of the process is 23 kW, of which 12.9 kW is radiation. The arc emits 4.3 kW at the electrode; 5.8
kW — at the joint surface. Heat dissipation power at the electrode stickout is 0.2 kW; the temperature of its heating by
the arc current is 152°C. The area of the arc cavern plan is 135 mm2; cavern volume is 519 mm3. The crater depth under
the arc is 16 mm. The length of the weld pool on the surface along the liquidus is 38 mm, along the solidus — 52 mm.
The welding pool weight is 150 g. Seam width is 15 mm; the leg is 10.7 mm; the joint penetration depth is 6 mm; the
cross-sectional area is158 mm2. The weld is formed with a meniscus up to 1.3 mm.

Virtual simulation of the corner welding process. When welding large structures, it is impossible to use 
rotators. In this case, corner welding is performed. The simulation result of the formation of a weld at this position and 
under the same conditions is shown in Fig. 4.

a)

b)

c)

d)

Fig. 4. The computer simulation result of the fillet weld formation under corner welding with welding of a vertical wall to a 
horizontal base: (a) longitudinal section of the weld pool in the symmetry plane of the joint; 

(b) submerged metal surface; (c) surface of weld sheets;
(d) design weld cross-sectional profile

A noticeable melt flow from the butt wall to the flange under the corner welding is due to large mass of the weld 
pool. The deviation of the seam surface from the plane connecting the walls is ± 1.5 mm. The melt flows from the vertical 
wall to the horizontal base, so the weld is asymmetric, and the melt in the upper part of the weld is reduced by 2 mm.

The largest possible leg size. It needs to be specified at what maximum leg size (“1F position” and “corner” 

Steel

Flux
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welding) a high-quality seam is formed. For this purpose, we simulated fillet welding of 8 mm thick sheets with a 2 mm 
diameter wire at an arc current of 350 A. The welding speed and arc voltage were varied. The results are shown in Fig. 5.

a)

b)

Fig. 5. Result of computer simulation of seam formation: 
(a) 1F position, (b) corner

If the recommended 1F position welding speed is observed (Fig. 5a), a seam with equal legs of 6 mm is 
formed. This is less than required, but without collaring and meniscus. Under the corner welding in the same mode 
(Fig. 5b), a seam with meniscus is formed. To increase the leg, simulations were performed at a lower welding speed 
and a higher arc voltage value. At a speed of 5 mm/s and a voltage of 35 V, the cross-sectional area of the cast zone and 
its dimensions increase dramatically, but a seam is formed with an undercut and collar. Increasing the welding speed up 
to 7 mm/s reduces collaring. If the tension is reduced, an acceptable seam is formed with the legs of about 7 mm.

These results show that the recommended submerged arc welding modes are the most productive for 
obtaining legs of a given size. To obtain larger legs under single-arc welding, additional passes are required. However, 
in this case, the overall welding performance is significantly reduced.

Discussion and Conclusions. Labor intensity of manufacturing elements of bridge structures is largely 
determined by labor intensity of welding. A rational way to increase productivity is to use automatic submerged-arc 
welding. To optimize the technology using computer analysis methods, a physicomathematical model of forming fillet 
welds under submerged-arc welding has been developed. The model is based on a system of equations for heat 
conductivity and equilibrium of the weld pool surface. In this system, the formation of an arc cavern is determined by 
the boiling isotherm of the flux under the action of radiation from the arc column. Heat transfer by flux vapors inside 
the arc cavity and the influence of the spatial position on the formation of the weld pool are taken into account. The 
equations of the model of submerged-arc welding of fillet joint with metal thickness typical for bridge structures are 
solved numerically. The solution shows that when performing 1F position welding, the joint is formed in one pass. 
According to the simulation data, when welding a fillet weld “into a corner”, unsatisfactory formation is possible due to 
the flow of liquid metal from the vertical wall. In this case, additional backing passes are required to obtain a high-
quality seam.

The studies have shown that the traditional technology of single-arc submerged-arc fillet welding with the 
formation of oversized legs has already reached its maximum productivity. To further increase it, it is required to use 
more complex advanced techniques. Such unconventional technologies include:
— multi-arc and multi-electrode welding methods [14, 15],
— introduction of non-conducting filler wire (cold wire feed welding) [16], granular metal additive (grit) or metal 
powder into the weld pool [17].

cast metal
hardening zone
tempering zone

vw=10 mm/s

U=29V

vw=5 mm/s

U=35V

vw=7 mm/s

U=35V

vw=7 mm/s

U=29V
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welding) a high-quality seam is formed. For this purpose, we simulated fillet welding of 8 mm thick sheets with a 2 mm
diameter wire at an arc current of 350 A. The welding speed and arc voltage were varied. The results are shown in Fig. 5.

a)

b)

Fig. 5. Result of computer simulation of seam formation: 
(a) 1F position, (b) corner

If the recommended 1F position welding speed is observed (Fig. 5a), a seam with equal legs of 6 mm is
formed. This is less than required, but without collaring and meniscus. Under the corner welding in the same mode
(Fig. 5b), a seam with meniscus is formed. To increase the leg, simulations were performed at a lower welding speed
and a higher arc voltage value. At a speed of 5 mm/s and a voltage of 35 V, the cross-sectional area of the cast zone and
its dimensions increase dramatically, but a seam is formed with an undercut and collar. Increasing the welding speed up
to 7 mm/s reduces collaring. If the tension is reduced, an acceptable seam is formed with the legs of about 7 mm.

These results show that the recommended submerged arc welding modes are the most productive for
obtaining legs of a given size. To obtain larger legs under single-arc welding, additional passes are required. However,
in this case, the overall welding performance is significantly reduced.

Discussion and Conclusions. Labor intensity of manufacturing elements of bridge structures is largely
determined by labor intensity of welding. A rational way to increase productivity is to use automatic submerged-arc 
welding. To optimize the technology using computer analysis methods, a physicomathematical model of forming fillet
welds under submerged-arc welding has been developed. The model is based on a system of equations for heat
conductivity and equilibrium of the weld pool surface. In this system, the formation of an arc cavern is determined by
the boiling isotherm of the flux under the action of radiation from the arc column. Heat transfer by flux vapors inside 
the arc cavity and the influence of the spatial position on the formation of the weld pool are taken into account. The 
equations of the model of submerged-arc welding of fillet joint with metal thickness typical for bridge structures are
solved numerically. The solution shows that when performing 1F position welding, the joint is formed in one pass.
According to the simulation data, when welding a fillet weld “into a corner”, unsatisfactory formation is possible due to
the flow of liquid metal from the vertical wall. In this case, additional backing passes are required to obtain a high-
quality seam.

The studies have shown that the traditional technology of single-arc submerged-arc fillet welding with the
formation of oversized legs has already reached its maximum productivity. To further increase it, it is required to use
more complex advanced techniques. Such unconventional technologies include:
— multi-arc and multi-electrode welding methods [14, 15],
— introduction of non-conducting filler wire (cold wire feed welding) [16], granular metal additive (grit) or metal
powder into the weld pool [17].
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Morphology and genealogy of structural defects in 
vacuum ion-plasma coatings

O. V. Kudryakov, V. N. Varavka, I. Yu. Zabiyaka, E. A. Yadrets, V. P. Karavaev
Don State Technical University (Rostov-on-Don, Russian Federation)

Introduction. The main work objective is systematization and analysis of structural defects of vacuum ion-plasma 
coatings; on this basis, their classification principles are developed and given in the paper. Another important part of the 
work is the experimental study on one of the specific defects of coatings, which the authors propose to call “defect of 
substructural origin”.
Materials and Methods. PVD coatings of various nitride and metal systems 1.5–9.0 μm thick were used as an object of 
the research. Coatings were applied in vacuum installations using arc and magnetron evaporators. The research results 
were obtained by high resolution electron microscopy, energy dispersive analysis and indentation.
Results. Various types of defects in ion-vacuum coatings are presented as the research results. They include 
discontinuities, deformation of crystallites, and structural inhomogeneity. The principles of their systematization are 
validated. It is proposed to classify defects into droplet, substructural, and growth defects (depending on the causes of 
their nucleation), as well as regular and stochastic ones (depending on their distribution in the coating volume). The 
study of “substructural defects”, classified by the authors as stochastic, is given special consideration. These 
micrometric defects are shaped like a cylinder with a conical “head”. Their main axle is oriented perpendicular to the 
surface of the coating. They can be “extruded” (tore away) by the coating. The paper validates the dislocation 
mechanism of their nucleation and the helicoid growth principle.
Conclusions. The inference is summarized that the proposed systematization of defects in ion-plasma coatings has the 
character of an intermediate result of research in this scientific area. At this, the “substructural defects” do not have a 
fatal effect on the structure and properties of the coating due to a small size.
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Introduction and Problem Statement. Obtaining ion-plasma coatings is one of the most rapidly developing 
research areas. Despite the high publication activity of scientists working in this area, the authors failed to find thorough
fundamental studies on the defects of ion-plasma coatings. The problem of defects is usually rated as technological,
and, in this case, it is considered not in the content-related part of a scientific publication, but only in the 
methodological one. In this regard, when performing this work devoted to the problem of defects in ion-plasma 
coatings, two objectives have been set:

— to suggest classification principles for defects of this type of coating on the basis of a small review;
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— to conduct a study on one of the specific types of such defects, which we propose to call “defects of 
substructural origin”.
Materials and Methods. To obtain coatings, vacuum ion-plasma spraying units were used: two-cathode 

system PLATIT π80 equipped with two arc evaporators; modernized TINA-900 unit equipped with magnetron 
evaporators. The operating modes of coating deposition were as follows: deposition temperature — 300−450ºС;
pressure in the vacuum chamber — (1.3−4.7)×10-2 mbar; bias voltage ― 100−150 V. In accordance with the given 
parameters of the vacuum ion-plasma technology, the resulting coatings are classified as PVD. The coatings of various 
nitride and metal systems with a thickness of 1.5−9.0 μm have been investigated. The basic results on the study of 
substructural defects were obtained on Ti-Al-N coatings. The coating hardness of the selected systems exceeded 
12−15 GPa, which allows them to fall into the category of wear-resistant.

Samples from various structural steels were used as a substrate. The impact of the composition, structure, and 
properties of the substrate on the parameters of the coatings was not taken into account. Before coating deposition, the 
sample surface was cleaned in a vacuum chamber by a continuous flow of Ar ions for 5 min. To provide high adhesion 
of the coatings, a sublayer of the first metal in the system was applied to the sample surface cleaned by the ion beam.

To study the microstructure of the coatings and their surface relief with high resolution, we used a scanning 
dual beam (electron/ion, SEM/FIB) microscope ZEISS CrossBeam 340 with an integral energy-dispersive X-ray 
detector X-Max EDAX (Oxford Instruments).

Results and Discussion. One of the basic conditions for zero-defect coatings obtained using the ion-plasma 
technology is the minimum branching of the substrate surface relief. To implement the procedure, according to the 
normative requirement to the surface relief, roughness should have the parameters not lower than Ra ≤ 0.12 μm; 

Rz ≤ 0.6 μm. Failure to comply with these conditions can cause the formation of “regular growth defects” in the coating 
during deposition in the form of porosity, deformation of crystallites and lattice, internal stresses, etc. Microroughnesses 
located separately on a tolerably smooth substrate relief cause disorientation of the axes of growing crystallites, which 
induces their deformation and forms incoherent, often porous, intercrystalline boundaries. High density of
microroughnesses causes the formation of a large volume of porosity near the coating and substrate interface. Large 
waviness of the substrate surface, for example, during rough grinding, forms high stresses in the coating, which, under 
weak cohesive bonds in the coating, can induce its delamination, and under poor adhesion — complete delamination of 
the coating. Coatings with such defects, as a rule, do not meet even the most moderate operating requirements in terms 
of protecting products from wear, corrosion and similar actions.

If the specified requirements for the substrate surface roughness are met and the coating is uniform in density 
and structure, this does not exclude the appearance of random defects in it: those of substructural origin and due to the 
presence of a droplet phase.

Since the appearance of both types of defects in a specific microvolume of the coating is of a random nature, 

then, in contrast to “regular growth defects”, it is logical to combine them into a class of “stochastic defects”. Among 

them, “droplet defects” are mainly formed when using powerful thermal evaporators of a vacuum installation, as well as 

during the deposition of fusible coating elements. “Droplet defects” can be almost completely eliminated through

magnetron evaporation. Examples of “drop stochastic defects” of ion-plasma coatings are shown in Fig. 1. On the 

surface, they have a characteristic shape with a flaky configuration, which is marked in Fig. 1 a with dark arrows. 

Getting on the surface of the coating during its application, the droplet phase violates the laminar dynamics of the 

normal growth of the coating, which manifests itself in the form of irregular pores in the cross section of the coating 

(Fig. 1 b). In multilayer coatings, pores and structural inhomogeneity formed in the droplet phase zones can have an 

elongated shape at the boundaries of the coating layers during the transition from a layer with refractory components to 

a layer with a fusible element (Fig. 1 c).
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— to conduct a study on one of the specific types of such defects, which we propose to call “defects of
substructural origin”.
Materials and Methods. To obtain coatings, vacuum ion-plasma spraying units were used: two-cathode

system PLATIT π80 equipped with two arc evaporators; modernized TINA-900 unit equipped with magnetron 
evaporators. The operating modes of coating deposition were as follows: deposition temperature — 300−450ºС;
pressure in the vacuum chamber — (1.3−4.7)×10-2 mbar; bias voltage ― 100−150 V. In accordance with the given 
parameters of the vacuum ion-plasma technology, the resulting coatings are classified as PVD. The coatings of various
nitride and metal systems with a thickness of 1.5−9.0 μm have been investigated. The basic results on the study of
substructural defects were obtained on Ti-Al-N coatings. The coating hardness of the selected systems exceeded
12−15 GPa, which allows them to fall into the category of wear-resistant.

Samples from various structural steels were used as a substrate. The impact of the composition, structure, and
properties of the substrate on the parameters of the coatings was not taken into account. Before coating deposition, the
sample surface was cleaned in a vacuum chamber by a continuous flow of Ar ions for 5 min. To provide high adhesion 
of the coatings, a sublayer of the first metal in the system was applied to the sample surface cleaned by the ion beam.

To study the microstructure of the coatings and their surface relief with high resolution, we used a scanning
dual beam (electron/ion, SEM/FIB) microscope ZEISS CrossBeam 340 with an integral energy-dispersive X-ray 
detector X-Max EDAX (Oxford Instruments).

Results and Discussion. One of the basic conditions for zero-defect coatings obtained using the ion-plasma
technology is the minimum branching of the substrate surface relief. To implement the procedure, according to the
normative requirement to the surface relief, roughness should have the parameters not lower than Ra ≤ 0.12 μm;

Rz ≤ 0.6 μm. Failure to comply with these conditions can cause the formation of “regular growth defects” in the coating 
during deposition in the form of porosity, deformation of crystallites and lattice, internal stresses, etc. Microroughnesses
located separately on a tolerably smooth substrate relief cause disorientation of the axes of growing crystallites, which
induces their deformation and forms incoherent, often porous, intercrystalline boundaries. High density of
microroughnesses causes the formation of a large volume of porosity near the coating and substrate interface. Large
waviness of the substrate surface, for example, during rough grinding, forms high stresses in the coating, which, under
weak cohesive bonds in the coating, can induce its delamination, and under poor adhesion — complete delamination of
the coating. Coatings with such defects, as a rule, do not meet even the most moderate operating requirements in terms
of protecting products from wear, corrosion and similar actions.

If the specified requirements for the substrate surface roughness are met and the coating is uniform in density
and structure, this does not exclude the appearance of random defects in it: those of substructural origin and due to the
presence of a droplet phase.

Since the appearance of both types of defects in a specific microvolume of the coating is of a random nature,

then, in contrast to “regular growth defects”, it is logical to combine them into a class of “stochastic defects”. Among

them, “droplet defects” are mainly formed when using powerful thermal evaporators of a vacuum installation, as well as

during the deposition of fusible coating elements. “Droplet defects” can be almost completely eliminated through

magnetron evaporation. Examples of “drop stochastic defects” of ion-plasma coatings are shown in Fig. 1. On the

surface, they have a characteristic shape with a flaky configuration, which is marked in Fig. 1 a with dark arrows.

Getting on the surface of the coating during its application, the droplet phase violates the laminar dynamics of the

normal growth of the coating, which manifests itself in the form of irregular pores in the cross section of the coating

(Fig. 1 b). In multilayer coatings, pores and structural inhomogeneity formed in the droplet phase zones can have an 

elongated shape at the boundaries of the coating layers during the transition from a layer with refractory components to

a layer with a fusible element (Fig. 1 c).

Kudryakov O. V., et al. Morphology and genealogy of structural defects in vacuum ion-plasma coatings

a)

b)

c)

Fig. 1. Examples of droplet defects in TiAlN coatings, SEM: (a) on the coating surface (marked with dark arrows); (b) in the cross 
section of a monolayer coating; (c) in the cross section of a multilayer coating (marked with light arrows)
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In general, all of the coating defects discussed above are of technological origin. Their appearance can be 

excluded or limited through optimization of the process variables of the ion-plasma method and equipment. With regard 

to defects of substructural origin, the regulation or exclusion of their appearance in the coating seems unlikely since 

they are due to the very nature of the actual coating material. The results of studying such defects are the subject matter

of this work.

Examples of the studied defects of substructural origin are shown in Fig. 1 a (marked with light arrows) and in 

Fig. 2. They have a characteristic geometric shape. In the body of the coating, there is a cylindrical part of the defect, 

and a conical part protrudes above the surface of the coating. Under certain conditions, the formed defect is rejected

through undergoing extrusion, i.e., extrusion by the coating, leaving cylindrical depressions of the correct geometric 

configuration in place of its localization. If the coating process continues, the cavity is filled with the deposited ions of 

the coating material at a higher rate than the rest of the flat surface. This is probably due to the “edge effects” of the 

electromagnetic field formed by the bias voltage on the substrate. As a result, the cylindrical depressions are “healed”

during the application process, and the coating is sufficiently uniform in this area. If the considered defects are extruded 

from the coating immediately before the end of the process of its application, then the remaining cylindrical niches are 

clearly visible on the surface (Fig. 1 a, and 2 a – 2 d).

Fig. 2 shows a complete microscopic picture of various stages of the life cycle of substructural defects in the 

PVD coating of the Ti-Al-N system. Normal projection shows three defects of different sizes located at a distance of 

several micrometers from each other (marked with arrows). The conical shape of the protruding part of localized defects 

and the cylindrical niche of the extruded defect are clearly visible. In Fig. 2 b – 2 d, these stages of the existence of 

defects are presented in a three-dimensional picture. Conical “heads” protruding from the coating are designated by 

number 1, cylindrical niches ― by number 2; and number 3 in Fig. 2 d, shows the place of the niche at the stage of 

“healing”. The volumetric image was obtained through preparing the FIB cross-section, perpendicular to the coating 

surface, and then tilting the sample towards the detector by 15–28°. Fig. 2 b, 2 c, show only the cross section of the 

coating and its surface, and Fig. 2 d ― the entire cross-section in block. The preparation of cross-sections provided

obtaining a cross section of the investigated defects (Fig. 2 b, 2 c). It is clearly seen that their lower base is flat, being

located inside the coating at different depths, and morphologically not related to the coating structure or to the substrate 

relief. Almost all visible in Fig. 2 defects have different diameters and heights, while the angle at the apex of the conical 

“head”, i.e., the ratio of its diameter to height, changes insignificantly. This suggests that defects grow as the coating 

grows. Defects originate at a certain point on the surface of an already existing “growing” coating and subsequently 

increase their diameter and height further on with time. The growth of the coating and the defect occurs simultaneously 

and at the same rate, with the exception of the advanced growth of the “head” of the defect, since until the moment of 

extrusion, the “head” has to always be above the level of the coating surface.
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In general, all of the coating defects discussed above are of technological origin. Their appearance can be 

excluded or limited through optimization of the process variables of the ion-plasma method and equipment. With regard 

to defects of substructural origin, the regulation or exclusion of their appearance in the coating seems unlikely since 

they are due to the very nature of the actual coating material. The results of studying such defects are the subject matter

of this work.

Examples of the studied defects of substructural origin are shown in Fig. 1 a (marked with light arrows) and in 

Fig. 2. They have a characteristic geometric shape. In the body of the coating, there is a cylindrical part of the defect, 

and a conical part protrudes above the surface of the coating. Under certain conditions, the formed defect is rejected

through undergoing extrusion, i.e., extrusion by the coating, leaving cylindrical depressions of the correct geometric 

configuration in place of its localization. If the coating process continues, the cavity is filled with the deposited ions of 

the coating material at a higher rate than the rest of the flat surface. This is probably due to the “edge effects” of the 

electromagnetic field formed by the bias voltage on the substrate. As a result, the cylindrical depressions are “healed”

during the application process, and the coating is sufficiently uniform in this area. If the considered defects are extruded 

from the coating immediately before the end of the process of its application, then the remaining cylindrical niches are 

clearly visible on the surface (Fig. 1 a, and 2 a – 2 d).

Fig. 2 shows a complete microscopic picture of various stages of the life cycle of substructural defects in the 

PVD coating of the Ti-Al-N system. Normal projection shows three defects of different sizes located at a distance of 

several micrometers from each other (marked with arrows). The conical shape of the protruding part of localized defects 

and the cylindrical niche of the extruded defect are clearly visible. In Fig. 2 b – 2 d, these stages of the existence of 

defects are presented in a three-dimensional picture. Conical “heads” protruding from the coating are designated by 

number 1, cylindrical niches ― by number 2; and number 3 in Fig. 2 d, shows the place of the niche at the stage of 

“healing”. The volumetric image was obtained through preparing the FIB cross-section, perpendicular to the coating 

surface, and then tilting the sample towards the detector by 15–28°. Fig. 2 b, 2 c, show only the cross section of the 

coating and its surface, and Fig. 2 d ― the entire cross-section in block. The preparation of cross-sections provided

obtaining a cross section of the investigated defects (Fig. 2 b, 2 c). It is clearly seen that their lower base is flat, being

located inside the coating at different depths, and morphologically not related to the coating structure or to the substrate 

relief. Almost all visible in Fig. 2 defects have different diameters and heights, while the angle at the apex of the conical 

“head”, i.e., the ratio of its diameter to height, changes insignificantly. This suggests that defects grow as the coating 

grows. Defects originate at a certain point on the surface of an already existing “growing” coating and subsequently 

increase their diameter and height further on with time. The growth of the coating and the defect occurs simultaneously 

and at the same rate, with the exception of the advanced growth of the “head” of the defect, since until the moment of 

extrusion, the “head” has to always be above the level of the coating surface.

Kudryakov O. V., et al. Morphology and genealogy of structural defects in vacuum ion-plasma coatings
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d)

Fig. 2. Substructural defects of ion-plasma TiAlN coatings, SEM: (a) on the coating surface in normal projection (marked with
arrows); (b)–(d) on the surface of the coating and in cross-sections FIB

In the literature, both scientific and technological, concerning the formation of ion-plasma coatings, the 

substructural defects under discussion are often attributed to a droplet origin. It is assumed that the droplet phase formed 

in the chamber, when getting on the coating surface, burns it through and is fixed in the surface layer. When a drop 

crystallizes, its volume decreases, and it falls out leaving a cylindrical niche. This mechanism of formation of the 

defects under consideration contradicts the kinetics of their growth described above, based on the presented 

micrographs, and is also refuted by the experimental fact that defects of such geometry are observed not only during 

thermal evaporation, when the presence of a droplet phase cannot be avoided, but also during magnetron evaporation, 

whose regime eliminates the formation of drops in the chamber. Moreover, the morphology of the described defects 

under the arc and magnetron evaporators is identical. In addition, in the coatings obtained through the magnetron 

evaporation, these defects occur also in the case when all the components of the coating are infusible and temperature of 

their transition to the liquid state cannot be obtained under the applied coating modes [1, 2].

On the basis of the experimental data presented in [3], the authors put forward and validated a hypothesis on

the endogenous (internal with respect to the coating) origin of the defects considered. Its physical essence is as follows. 

As you know, there are no real defect-free materials including coatings. In the process of formation of the crystal 

structure of the coating, inherent defects of various geometries are also formed: point, linear, surface, volumetric. Even 

the densest PVD coatings with an ordered structure, for example, monolayer thin films, contain various defects in the 

crystal structure [4–8]. The formation of dislocations under the growth of coatings, as in any crystallization process, is 

natural. Taking into account the nature of the deposition of ion-plasma coatings, when the modes of shear stresses in the 

coating are practically absent, the formation of screw dislocations is most likely. If such a dislocation reaches the 

coating surface, it forms a helical step. During deposition, as a result of the attachment of ions to a non-growing step, 



M
ac

hi
ne

 b
ui

ld
in

g 
an

d 
m

ac
hi

ne
 sc

ie
nc

e

275

Advanced Engineering Research 2020. V. 20, no 3. P. 269−279. ISSN 2687-1653

d)

Fig. 2. Substructural defects of ion-plasma TiAlN coatings, SEM: (a) on the coating surface in normal projection (marked with
arrows); (b)–(d) on the surface of the coating and in cross-sections FIB

In the literature, both scientific and technological, concerning the formation of ion-plasma coatings, the 

substructural defects under discussion are often attributed to a droplet origin. It is assumed that the droplet phase formed

in the chamber, when getting on the coating surface, burns it through and is fixed in the surface layer. When a drop

crystallizes, its volume decreases, and it falls out leaving a cylindrical niche. This mechanism of formation of the

defects under consideration contradicts the kinetics of their growth described above, based on the presented

micrographs, and is also refuted by the experimental fact that defects of such geometry are observed not only during

thermal evaporation, when the presence of a droplet phase cannot be avoided, but also during magnetron evaporation,

whose regime eliminates the formation of drops in the chamber. Moreover, the morphology of the described defects

under the arc and magnetron evaporators is identical. In addition, in the coatings obtained through the magnetron

evaporation, these defects occur also in the case when all the components of the coating are infusible and temperature of

their transition to the liquid state cannot be obtained under the applied coating modes [1, 2].

On the basis of the experimental data presented in [3], the authors put forward and validated a hypothesis on

the endogenous (internal with respect to the coating) origin of the defects considered. Its physical essence is as follows.

As you know, there are no real defect-free materials including coatings. In the process of formation of the crystal

structure of the coating, inherent defects of various geometries are also formed: point, linear, surface, volumetric. Even

the densest PVD coatings with an ordered structure, for example, monolayer thin films, contain various defects in the

crystal structure [4–8]. The formation of dislocations under the growth of coatings, as in any crystallization process, is

natural. Taking into account the nature of the deposition of ion-plasma coatings, when the modes of shear stresses in the

coating are practically absent, the formation of screw dislocations is most likely. If such a dislocation reaches the

coating surface, it forms a helical step. During deposition, as a result of the attachment of ions to a non-growing step,

Kudryakov O. V., et al. Morphology and genealogy of structural defects in vacuum ion-plasma coatings

the latter will move along the surface rotating around a fixed axis. This is how the well-known mechanism of spiral 

(helical) crystal growth in the direction of the dislocation axis is implemented [9]. The dislocation growth mechanism is 

also used to explain the formation of “crystal whiskers”.

At a high density of screw dislocations on the surface, the distance between them is small, and the atomic 

layers formed on adjacent steps merge. In this case, the growth of the surface occurs in a cohesive way and gives a 

tolerably flat coating plane [10–12]. Dislocations distant wide apart form single cones. This is due to the fact that the 

portions of the step located closer to the dislocation axis rotate around it faster and require a smaller amount of 

deposited ions per unit time for growth than the distant portions. Thus, the twisting of the spiral under the screw growth 

occurs from the periphery to the dislocation axis, which determines the conical shape of the protruding part (“head”) of 

the growing crystal (Fig. 2). The shape of the helicoid spirals, that is, the size of the steps, is determined by the rate of 

their growth, which, in turn, depends on the concentration of the components in the growing crystallite. The shape of 

the areas of growing spirals at a fast growth rate and, accordingly, high over-saturations, is close to circular; at a lower 

growth rate and, accordingly, low over-saturations, it is polygonal. With an increase in the growth rate (with an increase 

in over-saturation), the angle of the growth cone becomes steeper, and the height of the steps in such spirals is large 

[13–16].

These features of helical growth suggest that the considered defects of ion-plasma coatings (Fig. 2) are 

formed at a high growth rate. This is indicated by the cylindrical shape of their “base” recessed into the coating, and a

sharp conical shape of the “head” protruding above the coating surface. These geometric features also assume

enrichment of conical crystallites in one of the coating components. Apparently, the higher growth rate of the spiral 

faces of the considered defect in comparison with the surrounding volume of the coating is the key reason for the 

isolation of the considered substructural defects in the coating and their subsequent extrusion.

Thus, from the terminological point of view, the defects of PVD coatings considered by us are substructural 

in origin, since:

― they originate at dislocations;

― for the place of localization, they are stochastic since the occurrence of dislocations in the coating is a 

random process;

― by morphology, they are helicoid since they are formed on screw dislocations and develop according to the 

mechanism of spiral growth.

Statistical data on the geometric characteristics of substructural defects in the Ti-Mo coating are shown in 

Fig. 3. Under the statistical analysis, the maximum diameter of the “head” measured over the coating surface was 

considered as the diameter of the defect d.
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Fig. 3. Diameter d distribution of substructural defects in Ti-Mo coatings

The scatter of d values is quite significant and amounts to 0.95 – 3.3 μm, the average value is dср. = 2.26 μm.
For coatings of the Ti-Al-N system, the values of similar statistical parameters are: d = 1.2 – 4.0 μm; dср = 1.91 μm.
The average statistical value of the parameter d/h0, where h0 is the height of the conical “head” of the defect protruding 
above the coating surface; for all studied coating compositions was 1.48, which corresponds to the angle at the apex of 
the “head” cone ― 73°.

A similar statistical analysis based on the results of electron microscopic studies of the diameters of extruded 
defects (niches) de, has shown that the spread in de values is too large to assert that the extrusion of a defect occurs 
when a certain fixed critical value d e is attained. Fig. 4 shows that in the coating of the Ti-Al-N system there are 
extrusions of various diameters, whose range of values is de = 1.3 – 4.6 μm. This interval overlaps with the interval of d
values, and average values of the compared parameters are also close: dср = 1.91 μm and deср = 2.17 μm.

Fig. 4. Surface of TiAlN coating with substructural defects, SEM: arrows indicate extrusion defects;

in the center there is rectangular FIB cross-section 
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The available experimental data do not explain at what geometrical parameters of a growing substructural 

defect it is extruded from the coating, but they establish the baseline for further theoretical study on this aspect, for 

example, based on the classical theories of dislocation and nucleation.

Conclusion. Within the framework of the objectives set by the authors, the study gives certain intermediate 

results both on the classification characteristics of defects in ion-plasma coatings and on the investigation of defects of 

substructural origin. The substructural defects considered by the authors are found in coatings of various compositions 

and structures. Therefore, they can, despite their stochastic nature, claim to be a “systemic error of technology”, which, 

however, does not have a fatal effect on the structure and properties of the coating due to the smallness of its size. Thus, 

they can, despite their stochastic nature, pretend to be a “systemic error of technology,” which, however, does not have 

a fatal effect on the structure and properties of the coating due to the smallness of its size. More or less fully, the authors 

have studied this type of defects only in coatings of the Ti-Al-N system; therefore, the logical development of this 

research area involves expanding the range of coating composition.
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tion and wear-resistant coatings on cutting tools or parts of friction pairs. Various techniques of physical film deposition 
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analyze, compare and determine the feasibility of techniques for the physical deposition of thin metal films when apply-
ing antifriction and wear-resistant coatings on cutting tools or parts of friction pairs.
Materials and Methods. Technologies of cathode (ionic), magnetron and ion-beam sputtering are considered. Schematic 
diagrams, conditions and parameters of the considered processes are presented.
Results. An advanced technology for the deposition of thin films, alloying and hardening of the surfaces of metal parts 
is magnetron sputtering. Continuous wave (cw) magnetrons are used to apply coatings of complex composition or mul-
tilayer coatings on flat substrates. Ion beam sputtering is considered as slow sputtering of the target surface by bom-
bardment with a high-energy ion beam and deposition on the substrate surface. Under the ion implantation, the surface 
of metals is doped with recoil atoms, which receive high energy from accelerated ions and move a few nanometers 
deeper. This enables to obtain ultra-thin doped layers. Low temperature of ion implantation, the possibility of sufficient-
ly accurate control of the depth and the impurity distribution profile create the prerequisites for the process automation. 
Wear tracks are more acidified under the same wear conditions on implanted steel compared to non-implanted steel. 
The nonequilibrium process under ion implantation causes the formation of such alloys in the surface layers that cannot 
be obtained under normal conditions due to diffusion of components or limited solubility. Ion implantation makes it 
possible to obtain alloys of a certain composition in the surface layer. Surface properties can be optimized without ref-
erence to the bulk properties of the material. Implantation is possible at low temperatures without a noticeable change in 
the size of the product.
Discussion and Conclusion. Cathode (ion), magnetron and ion-beam sputtering have common advantages: due to the 
relatively low temperature, the substrate does not overheat; it is possible to obtain uniform coatings; the chemical com-
position of the deposited coatings is accurately reproduced. The rest of the advantages and disadvantages of the consid-
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Introduction. Obtaining high-quality thin metal films is important for advances in the technologies of apply-

ing antifriction and wear-resistant coatings on cutting tools or components of friction pairs [1–6].

The thermal vacuum method, which was used earlier, did not provide the reproducibility of the properties of 

the films, especially during the deposition of materials of complex composition. The transition to continuous processing

contributed to the development of ion-plasma deposition of thin films.

Currently, various methods of physical film deposition are utilized using cathode (ion) sputtering, magnetron 

sputtering, and assisted ion-beam sputtering. This creates thin films that cannot be obtained by other techniques (for 

example, films of refractory or multicomponent materials). The work objective is to analyze and compare the feasibility 

of methods for the physical deposition of thin metal films when applying antifriction and wear-resistant coatings on 

cutting tools or parts of friction pairs.

The use of cathode (ion), magnetron and ion-beam sputtering provides fully automation of the production of 

film coatings in the continuous technological installations.

Materials and Methods. In cathode (ion) sputtering, ions of the discharged gas bombard and destroy the cath-

ode material [1]. Its atoms evaporate and condense on the substrate.

A schematic diagram of the thin films deposition through cathode sputtering is shown in Fig. 1.

Fig. 1. Schematic diagram of the process of applying thin films by cathode sputtering: 1 — chamber, 2 — cathode,
3 — ground shield, 4 — shutter, 5 — substrate, 6 — ground anode, 7 — substrate resistive heater

Under this spraying, air is pumped out from the chamber in which the anode and cathode are installed to a vac-

uum state with pressure of 10–4 Pa. Then, an inert gas (e.g., argon) with pressure of 1–10 Pa is fed into the chamber [1]. 

When constant high potential difference of 1–5 kV is applied to the cathode and anode, glow discharge arises between 

them, in which positively charged ions of the inert gas are formed. Ions are accelerated by an electric field and bombard 

the cathode causing evaporation and sputtering of material atoms, which are deposited on the substrate in the form of a 

thin film [1, 3]. 

The initial ideas on the cathode sputtering were based on the predominant role of chemical processes. It was 

believed that the transfer of the cathode material to the substrate to be coated consists of:

a) the formation of fragile compounds with the cathode material on the substrate surface,

b) the evaporation of compounds of the substrate and cathode materials,

c) the partial decay of these compounds.

Inert gases in an ionized state (as opposed to a normal state) can exhibit some chemical activity.

4

5

6

7
1

2

3

Inert gas 
Reaction gas
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However, it is not possible to explain all cases of such sputtering through chemical processes since there is 

cathode sputtering of weakly volatile compounds (for example, Аl 2 O 3 ), which practically cannot evaporate at cathode 

heating temperatures.

Therefore, not a chemical but a physical mechanism of cathode sputtering was proposed. According to this ap-

proach, material particles leave the cathode surface because the cathode material atoms receive energy directly from the 

bombarding atoms or molecules. There are two ideas on such energy transfer.

1. Impacts of bombarding atoms cause a strong local increase in the temperature of microscopic areas of the

cathode material surface resulting in its evaporation.

2. The bombarding atom transfers kinetic energy to the atom on the cathode surface. As a result, the bonds of

the cathode atom with neighboring atoms are destroyed, and it escapes from the cathode surface.

Such a mechanism better represents physical sputtering, especially in accordance with studies on ionic and 

neutral emission (i.e., emission of neutral atoms) of solids under ion bombardment.

Research Results. When considering cathodic sputtering in general, both physical and chemical mechanisms 

should be kept in mind. One of them may prevail depending on the actual process conditions.

The advantages of the cathode sputtering method are listed below.

1. The process runs at a relatively low temperature, the substrate does not overheat.

2. Uniform in thickness coatings can be obtained.

3. The chemical composition of the deposited coatings is accurately reproduced.

4. The areas of the coatings are quite large since the material is applied to the substrate not from a point source.

5. The resulting coatings have high adhesion to the substrate material due to high energy of the condensing at-

oms.

6. It is possible to achieve a high utilization rate of the coating material.

Let us list the disadvantages of the cathode sputtering method.

1. Films are characterized by a high level of mechanical stress.

2. The deposition rate is low (0.3–2 nm/s).

3. In some cases, working pressure in the chamber is 1–10 Pa; therefore, the films are contaminated by the

working gas.

Magnetron sputtering is an advanced technology for the deposition of thin films, alloying and hardening of the 

surfaces of metal parts. Its advantages:

— high speed of obtaining film coatings;

— low level of contamination by foreign inclusions counting gases;

— low heating temperature of the substrate material;

— availability of spraying conducting and dielectric materials;

— availability of ultrathin films (<20 nm) with small defects;

— laglessness of the process

Magnetron sputtering is used to deposit ultra-thin films of chromium, aluminum (and its alloys) and various re-

fractory metals.

The pattern of the sprayed particles motion in the magnetron sputtering system (MSD) is shown in Fig. 2.
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However, it is not possible to explain all cases of such sputtering through chemical processes since there is

cathode sputtering of weakly volatile compounds (for example, Аl 2 O 3 ), which practically cannot evaporate at cathode

heating temperatures.

Therefore, not a chemical but a physical mechanism of cathode sputtering was proposed. According to this ap-

proach, material particles leave the cathode surface because the cathode material atoms receive energy directly from the

bombarding atoms or molecules. There are two ideas on such energy transfer.

1. Impacts of bombarding atoms cause a strong local increase in the temperature of microscopic areas of the

cathode material surface resulting in its evaporation.

2. The bombarding atom transfers kinetic energy to the atom on the cathode surface. As a result, the bonds of

the cathode atom with neighboring atoms are destroyed, and it escapes from the cathode surface.

Such a mechanism better represents physical sputtering, especially in accordance with studies on ionic and

neutral emission (i.e., emission of neutral atoms) of solids under ion bombardment.

Research Results. When considering cathodic sputtering in general, both physical and chemical mechanisms

should be kept in mind. One of them may prevail depending on the actual process conditions.

The advantages of the cathode sputtering method are listed below.

1. The process runs at a relatively low temperature, the substrate does not overheat.

2. Uniform in thickness coatings can be obtained.

3. The chemical composition of the deposited coatings is accurately reproduced.

4. The areas of the coatings are quite large since the material is applied to the substrate not from a point source.

5. The resulting coatings have high adhesion to the substrate material due to high energy of the condensing at-

oms.

6. It is possible to achieve a high utilization rate of the coating material.

Let us list the disadvantages of the cathode sputtering method.

1. Films are characterized by a high level of mechanical stress.

2. The deposition rate is low (0.3–2 nm/s).

3. In some cases, working pressure in the chamber is 1–10 Pa; therefore, the films are contaminated by the

working gas.

Magnetron sputtering is an advanced technology for the deposition of thin films, alloying and hardening of the

surfaces of metal parts. Its advantages:

— high speed of obtaining film coatings;

— low level of contamination by foreign inclusions counting gases;

— low heating temperature of the substrate material;

— availability of spraying conducting and dielectric materials;

— availability of ultrathin films (<20 nm) with small defects;

— laglessness of the process

Magnetron sputtering is used to deposit ultra-thin films of chromium, aluminum (and its alloys) and various re-

fractory metals.

The pattern of the sprayed particles motion in the magnetron sputtering system (MSD) is shown in Fig. 2.

Glushko S.P. Selection of technologies for metal film application using physical deposition techniques

Fig. 2. Motion pattern of sputtered particles in MSD:
1 — target cathode, 2 — permanent magnet, 3 — anode, 4 — flux 

of sputtered particles, 5 — substrate, 6 — substrate holder

The MSD is mounted in a vacuum spray chamber from which air is evacuated. Argon or a mixture of inert gas-

es is used as a working gas. The total pressure is kept constant with an accuracy of ± 5%. Through selecting the partial 

pressure of the gas mixture components, it is possible to change the coating characteristics in a wide range, including 

electrical.

The working environment in the chamber changes through varying the amount of oxygen, nitrogen, carbon di-

oxide, sulfurous gas compounds. This provides the creation of thin films of oxides, nitrides, carbides, sulfites of various 

materials, which cannot, for example, be obtained by thermal evaporation.

The composition of compounds in film coatings containing oxides, carbides, nitrides directly depends on the

purity of materials and gases. Therefore, chemically pure materials should be used for spraying. To control the partial 

pressure, the vacuum units should be equipped with pumps that provide a constant pumping speed in the required 

pressure range.

MSDs use direct current sources. A constant electric field above the cathode target forms a glow discharge, 

creates plasma, and causes ion bombardment of the target (cathode). The MSD closed magnetic field concentrates 

plasma at the surface of the target cathode.

Under the action of ion bombardment, electrons are emitted from the target cathode. They are collected and 

held by the magnetic field. The electrons perform a complex cyclic motion over the surface of the target cathode. Be-

fore reaching the anode, the electrons collide with the atoms of the working gas (argon) and spend a significant part of 

their energy under the collision on ionizing the working gas (argon). This increases the number of ions at the surface of 

the target cathode, enhances bombardment, and increases the rate of material sputtering, deposition and film formation.

In the MSD, electric and magnetic fields intersect, which creates a magnetic trap at the sputtered target surface 

and increases the sputtering rate. The magnetic trap captures high-energy secondary electrons. They do not participate 

in the bombardment of the substrate, and this explains its insignificant heating.

The deposition rate of the coating material under magnetron sputtering depends on the pressure of the working 

gas in the installation chamber, the current strength, and the discharge power, which sets strict requirements for energy 

sources. To provide the process stability, it is required to maintain the discharge current with an accuracy of ± 2%. If 

the process is stabilized by the discharge power, it should be maintained with an accuracy of ± 20 W in the control 

range of 0–10 kW.

The average deposition rate of molybdenum is 12–37 nm/s under the following setup parameters:

— cobalt target in the form of a flat disk 150 mm in diameter,
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— 4 kW power supply,

—molybdenum substrate is located at a distance of 60 mm from the power source [7].

In this case, the temperature of heating the substrate is approximately equal to the temperature of thermal 

evaporation in vacuum of low-melting metals, but much lower than the temperature of evaporation of refractory metals. 

This provides applying thin films to materials with low heat resistance (e.g., plastics).

Stability of film deposition on a substrate is provided by correctly selected parameters of the MSD:

— supply voltage of electrodes,

— discharge current,

— current density on the target,

— specific power,

— magnetic field induction,

— working gas pressure in the chamber.

The cathode — anode potential difference does not exceed 1000 V. The current of the electric discharge is es-

tablished empirically. The current density on the target is about 200 mA/cm², but it can be higher in the central spray 

zone. The specific power of the electric discharge is from 40 to 100 W/cm². It is specified by the thermal conductivity 

of the deposited material and the cooling conditions.

The current-voltage characteristic of the electric discharge between the anode and cathode depends on the 

working gas pressure and the magnetic induction. With a decrease in the pressure and the magnetic field induction in 

the chamber, the current-voltage characteristics of the discharge shift to the region of high operating voltages.

The deposition rate of the film material is almost linearly dependent on the discharge power. With an increase 

in the discharge power, the deposition rate increases.

The discharge power reaches its maximum with an increase in the magnetic field induction to 0.08–0.1 T and a 

low working gas pressure (from 1 to 10 Pa). If the working gas pressure is high, the maximum discharge power is 

reached at a magnetic field induction of 0.04–0.06 T.

It should be noted that despite these advantages, as well as direct deposition of dielectrics with a high-

frequency magnetron, this method is characterized by a low rate of film deposition, i.e., low productivity. There are also 

difficulties in matching the power supply of the magnetron sputtering set with the load when operating at high frequen-

cies. In addition, the power source should have an arc discharge quenching system, as arc discharges cause instability of 

the parameters of the MSD.

In the batch-type MSDs, spraying means are located along the axis of the cylindrical chamber or along its 

generatrix. In the first case, cylindrical sputters are used, in the second, planar ones. Substrates move through the 

plasma region.

According to the operation principle, magnetron vacuum installations with ion-plasma sputtering sources are 

divided into two types — batch-type and continuous.

Batch-type magnetrons are used for coating dielectrics. In this case, to lower the substrate temperature, one 

should:

— improve the thermal contact of the substrate with the cooling system;

— make parts of the cooling system from materials with high thermal conductivity; or to increase the thermal 

conductivity of the gas layer between the cooling system and the film;

— cool the units of the cooling system to temperature of 243–253 ºK;

— expand the coverage area and increase the size of the cooling system.
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— 4 kW power supply,

—molybdenum substrate is located at a distance of 60 mm from the power source [7].

In this case, the temperature of heating the substrate is approximately equal to the temperature of thermal

evaporation in vacuum of low-melting metals, but much lower than the temperature of evaporation of refractory metals.

This provides applying thin films to materials with low heat resistance (e.g., plastics).

Stability of film deposition on a substrate is provided by correctly selected parameters of the MSD:

— supply voltage of electrodes,

— discharge current,

— current density on the target,

— specific power,

— magnetic field induction,

— working gas pressure in the chamber.

The cathode — anode potential difference does not exceed 1000 V. The current of the electric discharge is es-

tablished empirically. The current density on the target is about 200 mA/cm², but it can be higher in the central spray

zone. The specific power of the electric discharge is from 40 to 100 W/cm². It is specified by the thermal conductivity 

of the deposited material and the cooling conditions.

The current-voltage characteristic of the electric discharge between the anode and cathode depends on the

working gas pressure and the magnetic induction. With a decrease in the pressure and the magnetic field induction in

the chamber, the current-voltage characteristics of the discharge shift to the region of high operating voltages.

The deposition rate of the film material is almost linearly dependent on the discharge power. With an increase

in the discharge power, the deposition rate increases.

The discharge power reaches its maximum with an increase in the magnetic field induction to 0.08–0.1 T and a

low working gas pressure (from 1 to 10 Pa). If the working gas pressure is high, the maximum discharge power is

reached at a magnetic field induction of 0.04–0.06 T.

It should be noted that despite these advantages, as well as direct deposition of dielectrics with a high-

frequency magnetron, this method is characterized by a low rate of film deposition, i.e., low productivity. There are also

difficulties in matching the power supply of the magnetron sputtering set with the load when operating at high frequen-

cies. In addition, the power source should have an arc discharge quenching system, as arc discharges cause instability of

the parameters of the MSD.

In the batch-type MSDs, spraying means are located along the axis of the cylindrical chamber or along its

generatrix. In the first case, cylindrical sputters are used, in the second, planar ones. Substrates move through the

plasma region.

According to the operation principle, magnetron vacuum installations with ion-plasma sputtering sources are 

divided into two types — batch-type and continuous.

Batch-type magnetrons are used for coating dielectrics. In this case, to lower the substrate temperature, one

should:

— improve the thermal contact of the substrate with the cooling system;

— make parts of the cooling system from materials with high thermal conductivity; or to increase the thermal

conductivity of the gas layer between the cooling system and the film;

— cool the units of the cooling system to temperature of 243–253 ºK;

— expand the coverage area and increase the size of the cooling system.

Glushko S.P. Selection of technologies for metal film application using physical deposition techniques

High rate of release of substrate gases liberation, as well as the possible interaction of ionized gases with the 

deposited material, causes the use of condensation vacuum traps.

Continuous magnetrons are used to apply coatings of complex composition or multilayer coatings on flat 

substrates [8]. Typically, continuous installations consist of a chain of flat rectangular chambers separated by locks and 

gates. Continuous installations use either top-down spraying or vertical movement of substrates and lateral placement of 

sputters.

When operating a magnetron sputtering system, as a rule, one parameter is controlled. The rest ones are fixed 

at the optimal value through adjusting the thickness of the films, changing the deposition time, etc.

The advantages of magnetron sputtering are listed below.

1. The process runs at a relatively low temperature, the substrate does not overheat.

2. Uniform in thickness coatings can be obtained.

3. The chemical composition of the deposited coatings is accurately reproduced.

4. The process is fast. High sputtering speed of materials at low working voltages (600–800 V) and low

pressure of the working gas (5⋅10–1 – 10 Pa) are marked.

The disadvantages of magnetron sputtering are as follows:

1. High requirements for the purity and dryness of the protective gas (argon).

2. Requirement for locks in front of the discharge chamber for protection against oxidation. The chamber

should be supplied with shielding gas.

3. Probability of breakdowns between anode and cathode.

4. High requirements for the accuracy of positioning the substrates relative to the evaporators to provide

uniformity of the films in thickness and in composition.

Ion-beam sputtering is used for deposition of thin films in vacuum, as well as for modification and doping of 

surface layers of metals through implantation of ions from separated beams.

Fig. 3 shows a diagram of an ion-beam sputtering tool.

Fig. 3. Ion-beam sputtering tool diagram: 1 — target, 2 — ion source, 3 — substrate

Ion beam sputtering is considered a slow sputtering of a target surface under bombardment with a high energy
ion beam and deposition on a substrate surface. This process is physical, not chemical in nature. An impulse is transmit-
ted to the surface atoms from the incident ion:

— directed away from the surface,
— strong enough for the atoms to leave the surface.
Under ion implantation, the surface of metals is doped with recoil atoms, which receive high energy from ac-

celerated ions and move deeper by several nanometers. This provides obtaining ultra-thin doped layers. Low tempera-

1 2
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ture of ion implantation, the possibility of sufficiently accurate control of the depth and profile of impurity distribution 
create the prerequisites for the process automation.

Ion implantation is also used to modify the surface properties of metals: increase in hardness, increase in wear 
resistance, corrosion and radiation resistance, increase in resistance to fatigue failure, and reduction of the friction fac-
tor. Ion implantation is used to obtain anti-friction wear-resistant surfaces. For machine parts, the wear resistance of a 
material is, as a rule, a more important characteristic than its hardness or friction factor [4–8].

It has been noted that, e.g., a large dose of implanted nitrogen can significantly reduce the wear rate [9]. In ad-
dition, it was found that the implantation of ions of inert gases (e.g., neon, argon), which creates compressive stresses in 
the surface layer, does not cause a decrease in the wear rate. However, the implantation of interstitial atoms (boron, 

carbon, and nitrogen) at ion irradiation doses of 1710 cm 2− ions was very effective, and this effect exceeded considera-
bly the penetration depth of the implanted ions in thickness of the wear layer. 

The implanted interstitial atoms segregate even at normal temperatures under ion-beam sputtering (for exam-
ple, nitrogen, carbon or boron). This blocks their motion in the deposited material, hardens the surface layer, and in-
creases wear resistance.

During friction wear, two processes occur, whose action explains the effect of ion implantation on a layer 
deeper than the depth of ion penetration.

The first is the nucleation and development of new dislocations under the action of high local loads on the con-
tact spots of the surface microroughness. Impurity atoms diffuse deep into the solution under the action of a stress field 
arising around a pileup of dislocations.

The second is local heating of the surface at the contact points. For example, when testing materials for wear 
resistance, the temperature at microroughnesses reaches 600–700° C. The motion of impurities occurs under the influ-
ence of large temperature gradients. Diffusion along dislocation lines is the most probable transport mechanism.

The friction factor in steels is also reduced under ion implantation due to two effects.
1. Welding bridges at the contact of two surfaces become brittle due to hindered dislocation motion.
2. The oxide film is more stable under these conditions, and its presence reduces adhesion.
The analysis confirmed that the wear marks are more oxidized under the same wear conditions on the implant-

ed steel compared to the non-implanted steel.
When considering a composite material (for example, tungsten carbide on a cobalt bond), a more complex sit-

uation occurs. At high temperatures, wear is accompanied by diffusion, cobalt is carried to the surface, and substances 
such as iron (from the metal being processed) diffuse into the bulk, causing the carbide grain breakdown. At low tem-
peratures, adhesion and abrasion of cobalt are more likely, and the process is intensified if the shear forces reach values 
sufficient to squeeze out the cobalt soft bond between the carbide grains.

Implanted nitrogen or carbon ions can be displaced to dislocations in cobalt, as in iron alloys. Cobalt, unlike 
iron, does not form stable nitrides or carbides, so the implanted atoms remain in the hard alloy. Using an electron mi-
croscope, martensitic transformations were detected in the cobalt bond of the implanted hard alloy based on tungsten 
carbide, which indicates a distortion of the crystal lattice and possible hardening upon dissolution of nitrogen in the hard 
alloy.

In addition, nitrogen can segregate to the interfaces between carbide grains and cobalt binder enhancing chem-
ical bonds on these surfaces and hardening the composite.

Under ion implantation in tungsten hard alloys (tungsten carbide on a cobalt bond), the implanted nitrogen or 
carbon migrates along the insertion sites of the cobalt bond. It is accelerated by large thermal gradients under the sur-
face microroughnesses. For this reason, if the wear conditions are relatively mild and the cooling is intense, the im-
planted atoms are inactive, and the process should be less intense.

The advantages of ion implantation are listed below.
1. The process runs at a relatively low temperature, the substrate does not overheat.
2. Uniform in thickness coatings can be obtained.
3. The chemical composition of the deposited coatings is accurately reproduced.
4. The process runs fast.
5. The process is recommended for doping with impurities with low solubility in the solid phase or with low 

diffusion coefficients.
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ture of ion implantation, the possibility of sufficiently accurate control of the depth and profile of impurity distribution
create the prerequisites for the process automation.

Ion implantation is also used to modify the surface properties of metals: increase in hardness, increase in wear
resistance, corrosion and radiation resistance, increase in resistance to fatigue failure, and reduction of the friction fac-
tor. Ion implantation is used to obtain anti-friction wear-resistant surfaces. For machine parts, the wear resistance of a
material is, as a rule, a more important characteristic than its hardness or friction factor [4–8].

It has been noted that, e.g., a large dose of implanted nitrogen can significantly reduce the wear rate [9]. In ad-
dition, it was found that the implantation of ions of inert gases (e.g., neon, argon), which creates compressive stresses in
the surface layer, does not cause a decrease in the wear rate. However, the implantation of interstitial atoms (boron,

carbon, and nitrogen) at ion irradiation doses of 1710 cm 2− ions was very effective, and this effect exceeded considera-
bly the penetration depth of the implanted ions in thickness of the wear layer.

The implanted interstitial atoms segregate even at normal temperatures under ion-beam sputtering (for exam-
ple, nitrogen, carbon or boron). This blocks their motion in the deposited material, hardens the surface layer, and in-
creases wear resistance.

During friction wear, two processes occur, whose action explains the effect of ion implantation on a layer
deeper than the depth of ion penetration.

The first is the nucleation and development of new dislocations under the action of high local loads on the con-
tact spots of the surface microroughness. Impurity atoms diffuse deep into the solution under the action of a stress field
arising around a pileup of dislocations.

The second is local heating of the surface at the contact points. For example, when testing materials for wear
resistance, the temperature at microroughnesses reaches 600–700° C. The motion of impurities occurs under the influ-
ence of large temperature gradients. Diffusion along dislocation lines is the most probable transport mechanism.

The friction factor in steels is also reduced under ion implantation due to two effects.
1. Welding bridges at the contact of two surfaces become brittle due to hindered dislocation motion.
2. The oxide film is more stable under these conditions, and its presence reduces adhesion.
The analysis confirmed that the wear marks are more oxidized under the same wear conditions on the implant-

ed steel compared to the non-implanted steel.
When considering a composite material (for example, tungsten carbide on a cobalt bond), a more complex sit-

uation occurs. At high temperatures, wear is accompanied by diffusion, cobalt is carried to the surface, and substances
such as iron (from the metal being processed) diffuse into the bulk, causing the carbide grain breakdown. At low tem-
peratures, adhesion and abrasion of cobalt are more likely, and the process is intensified if the shear forces reach values
sufficient to squeeze out the cobalt soft bond between the carbide grains.

Implanted nitrogen or carbon ions can be displaced to dislocations in cobalt, as in iron alloys. Cobalt, unlike
iron, does not form stable nitrides or carbides, so the implanted atoms remain in the hard alloy. Using an electron mi-
croscope, martensitic transformations were detected in the cobalt bond of the implanted hard alloy based on tungsten 
carbide, which indicates a distortion of the crystal lattice and possible hardening upon dissolution of nitrogen in the hard
alloy.

In addition, nitrogen can segregate to the interfaces between carbide grains and cobalt binder enhancing chem-
ical bonds on these surfaces and hardening the composite.

Under ion implantation in tungsten hard alloys (tungsten carbide on a cobalt bond), the implanted nitrogen or
carbon migrates along the insertion sites of the cobalt bond. It is accelerated by large thermal gradients under the sur-
face microroughnesses. For this reason, if the wear conditions are relatively mild and the cooling is intense, the im-
planted atoms are inactive, and the process should be less intense.

The advantages of ion implantation are listed below.
1. The process runs at a relatively low temperature, the substrate does not overheat.
2. Uniform in thickness coatings can be obtained.
3. The chemical composition of the deposited coatings is accurately reproduced.
4. The process runs fast.
5. The process is recommended for doping with impurities with low solubility in the solid phase or with low

diffusion coefficients.

Glushko S.P. Selection of technologies for metal film application using physical deposition techniques

The nonequilibrium process during ion implantation causes the formation of such alloys in the surface layers 
that cannot be obtained under normal conditions due to diffusion of components or limited solubility.

Ion implantation provides obtaining alloys of a certain composition in the surface layer. Surface properties can 
be optimized without reference to the bulk properties of the material. Implantation is possible at low temperatures with-
out a noticeable change in the size of the product.

The disadvantages of ion implantation should be noted.
1. Implantation is a surface treatment process only in the area of direct action of the ion beam due to defocus-

ing of the beam at large deviations. Therefore, it cannot be used to process substrates with complex surface geometry.
2. The shallow depth of penetration of the ion beam does not allow the deposition of coatings of sufficient

thickness (> 1 μm) on the parts of friction pairs and the cutting tool.
3. Rather sophisticated equipment is used.
Discussion and Conclusions. A comparative analysis of the methods of physical deposition of films has

shown their pros and cons.
Cathode (ion), magnetron, and ion-beam sputtering have common advantages.
1. The processes run at a relatively low temperature, the substrate does not overheat.
2. It is possible to obtain coatings uniform in thickness.
3. The chemical composition of the deposited coatings is accurately reproduced.
The rest of the advantages and disadvantages of the considered methods are individual.
The process of cathode (ion) sputtering allows for the deposition of films on sufficiently large areas with high

utilization rate of the sprayed material, but it has the lowest deposition rate (0.3–2 nm/s). Films have high adhesion to 
the substrate, but are characterized by a high level of mechanical stress. In addition, films are contaminated by the 
working gas since the working pressure in the chamber can be 1–10 Pa. Nevertheless, cathode (ion) sputtering provides
using refractory materials as targets and synthesizing multicomponent compounds.

Versatility is the major advantage of magnetron sputtering systems. They can use DC sputtering, RF sputtering 
and reactive ion plasma film deposition.

Advantages of magnetron sputtering systems are as follows.
— high deposition rate of film coatings (several microns/min) and its adjustability in a fairly wide range;
— high chemical purity of film coatings;
— low thermal effect on the substrate and the deposited film coating;
— possibility of applying films uniform in thickness to fixed substrates.
Ion sputtering has the following advantages over magnetron:
— low working gas pressure (10–3 – 10–2 Pa);
— integrity of the chemical composition of the target material (cathode);
— energy-handling of the ions bombarding the target;
— increase in the rate of sputtering the target through ion bombardment at an angle to its surface (impossible 

under magnetron sputtering).
For the deposition of thin films of dielectric and composite materials under ion-beam sputtering, cold cathode 

ion sources are proposed, which create radially directed converging or radially diverging ion beams [3, 8].
Ion sources for ion-beam sputtering with a cold cathode have the following advantages:
— promote the formation of ion beams of both inert and chemically active gases (e.g., O2);
— have long life of the cold cathode;
— provide uniformity of the chemical composition of film coatings with large areas on stationary substrates;
— allow for automating the deposition of films of dielectric and composite materials with specified properties.
To obtain thin films, using the technique of alternating magnetron and then ion-beam sputtering processes is 

effective. This is how film coatings uniformly modified in depth are obtained [10]. This is important in the production 
of parts of friction pairs [5–7] and cutting tools to improve their quality [11
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Contact potential difference of alloy steel after heat treatment 

L. P. Aref`eva, A. G. Sukiyazov, Yu. V. Dolgachev, L. S. Shakhova
Don State Technical University (Rostov-on-Don, Russian Federation)

Introduction. The paper considers an actual issue of the development and application of a non-destructive method for 
controlling the quality of surfaces of steel products (Kelvin probe method). The work objective is to establish the 
magnitude of the contact potential difference (CPD) of 107WCR5 (KHVG) steel after heat treatment.
Materials and Methods. The object of study is 107WCR5 alloy tool steel. The chemical composition of the samples was 
refined through the optical emission analysis method. To carry out the statistical processing, there were three samples in 
three series. We chose different heat treatment modes for each series, i.e., quenching with low tempering, strengthening
and normalization. The end surfaces of the samples were polished and then one of them was treated with a solution of 
nitric acid. Further, the measurement of the contact potential difference and statistical data processing were carried out.
Results. The data obtained show that the CPD value of 107WCR5 steel samples changes after heat treatment. With an 
increase in tempering temperature, the contact potential difference of the polished surface and the hardness, decrease 
almost linearly. Exposure to acid causes a significant decrease and equalization of the contact potential difference for all 
structures. The contact potential difference of steels 107WCR5 and CT105 (U10) is compared. Alloying steel by the 
elements with the work function values of the electron higher than that of iron causes a decrease in the CPD between 
the standard and the sample. The CPD behavior under a change in the composition of the steel depends strongly on the 
presence of alloying elements. The dependence of CPD on the dispersion of the structure is seen in both cases; however, 
it is more pronounced for 107WCR5 steel. The electron work function of the martensite, troostite, and sorbitol 
structures obtained as a result of heat treatment of steels 107WCR5 and CT105 is calculated.
Discussion and Conclusions. The dependence of the contact potential difference on the structure, chemical and phase 
composition was experimentally established; the electron work function of 107WCR5 and CT105 steels was calculated. 
This technique is more sensitive to alloy steel samples than to carbon steel. It seems possible to conclude that the 
measurement of the contact potential difference can be used to control surfaces exposed to active media or elevated 
temperatures as a non-destructive express diagnostic method.

Keywords: contact potential difference, electron work function, alloy steel, heat treatment, Kelvin probe method,
nondestructive testing.
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Introduction. The review [1] describes in detail the change in the concept of the electron work function 
(EWF) and understanding of its nature from the discovery of the photoelectric effect in 1895 by G. Hertz to the 
consideration on theoretical methods for calculating the EWF. Initially, EWF was defined as the work required to 
remove an electron from a metal. Over the past hundred years, this fundamental surface property has been measured for 
virtually all chemical elements and many conductive alloys. Initially, the EWF was measured as the ionization energy, 
although this is a loose definition since the ionization energy depends on the impurities present on the surface; for a 
monocrystal, the EWF depends on the orientation of the faces. To date, reliable methods have been developed for 
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determining the EWF of poly- and monocrystals [2]. One of these methods is the Kelvin probe method, which provides
measuring the contact potential difference (CPD) between the surfaces of the reference and the sample under study at 
the macroscale and to map the CRD at the micro- and nanoscale [3]. Currently, the Kelvin probe method is widely used 
for nondestructive testing of the surface state and quality [3–7]. For example, in [7], a method was proposed for 
determining the surface energy of alloys by the magnitude of CPD and hardness, and the EWF values of 30KHGSA, 
R18, SHKH15 grade steels were obtained.

The contact potential difference is the difference between the electronic work functions of two metal surfaces. 

The electronic work function (EWF) is defined as the difference between the electrostatic potentials inside the metal iϕ
and outside the metal at a certain point 0ϕ and the Fermi energy of the metal FE :

( )0 4i F F S FE E P Eϕ = φ −φ − = ∆φ− = π − , (1)

where SP is double layer dipole moment per unit surface area. The dipole moment of the double layer depends on the 

chemical composition of the surface layers, surface microroughness, adsorbed atoms, presence and density of defects, 
and crystallographic orientation of the surface. Fermi energy is sensitive to the state of the metal volume, including its 
chemical composition.

CPD depends on the metal state of the volume and surface, and, therefore, is a structure-sensitive value. The 
structure and phase composition of steel can be changed through heat treatment.

The work objective was to establish the CPD value for 107WCR5 steel after heat treatment.
Materials and Methods. The study object was alloyed tool 107WCR5 steel. Using the optical emission 

analysis method, the chemical composition of the samples under study was specified, which has the following average 
values: 1% C, 1.1% Cr, 1.4% W, 0.95% Mn, 0.25% Si, 0.35% Ni, 0.3% Mo, 0.3% Cu and less than 0.03% sulfur and 
phosphorus.

For the reliability of experimental data and statistical processing, the number of samples in the series was 3 
units. To establish the effect of heat treatment modes on the CPD, three different modes were selected: quenching with 
low tempering, improvement, and normalization. The quenching temperature of the first and second series of samples 
was 820° C. Mineral oil was used as a cooling medium, which provided a cooling rate higher than the critical one in 
accordance with the diagram of the decomposition of austenite for 107WCR5 steel. Next, for the first group of samples, 
a low tempering was carried out at a temperature of 180° C, and additional self-cooling. For the second group of 
samples, tempering at temperatures of 600° C and 400° C was performed. For the third group, normalization by heating 
to 820° C and air cooling were carried out. The opposite ends of the samples corresponded to different preparation 
technologies: side A was ground after heat treatment, side B, in addition to grinding, was etched with 4% nitric acid 
solution in ethyl alcohol.

Hardness of the samples was measured by the Rockwell method to control the resulting structures after heat 
treatment.

The CPD was measured by the Kelvin probe method on a laboratory bench developed at the Research and 
Educational Center “Materials”, DSTU (Fig. 1)1. The reference electrode, taken as a standard, was made of stainless 
12X18H10T steel, it was not subjected to any external actions (radiation, effect of strong electric and magnetic fields, 
heating and cooling, interaction with chemical reagents, etc.) and was used in all measurements. The sample was fixed 
on a metal table using a clamp (Fig. 1). The surface was located strictly parallel to the reference electrode. Electrical 
contact was provided between the clamp, the sample and the metal table.

1 Sukiyazov AG, Zelentsov VB, Aizikovich SM, et al. Bench for measuring electronic work function from the surface of metal bodies. RF Patent 
177 659, 2018. (In Russ.)
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determining the EWF of poly- and monocrystals [2]. One of these methods is the Kelvin probe method, which provides
measuring the contact potential difference (CPD) between the surfaces of the reference and the sample under study at 
the macroscale and to map the CRD at the micro- and nanoscale [3]. Currently, the Kelvin probe method is widely used 
for nondestructive testing of the surface state and quality [3–7]. For example, in [7], a method was proposed for 
determining the surface energy of alloys by the magnitude of CPD and hardness, and the EWF values of 30KHGSA, 
R18, SHKH15 grade steels were obtained.

The contact potential difference is the difference between the electronic work functions of two metal surfaces. 

The electronic work function (EWF) is defined as the difference between the electrostatic potentials inside the metal iϕ
and outside the metal at a certain point 0ϕ and the Fermi energy of the metal FE :

( )0 4i F F S FE E P Eϕ = φ −φ − = ∆φ− = π − , (1)

where SP is double layer dipole moment per unit surface area. The dipole moment of the double layer depends on the 

chemical composition of the surface layers, surface microroughness, adsorbed atoms, presence and density of defects, 
and crystallographic orientation of the surface. Fermi energy is sensitive to the state of the metal volume, including its 
chemical composition.

CPD depends on the metal state of the volume and surface, and, therefore, is a structure-sensitive value. The 
structure and phase composition of steel can be changed through heat treatment.

The work objective was to establish the CPD value for 107WCR5 steel after heat treatment.
Materials and Methods. The study object was alloyed tool 107WCR5 steel. Using the optical emission 

analysis method, the chemical composition of the samples under study was specified, which has the following average 
values: 1% C, 1.1% Cr, 1.4% W, 0.95% Mn, 0.25% Si, 0.35% Ni, 0.3% Mo, 0.3% Cu and less than 0.03% sulfur and 
phosphorus.

For the reliability of experimental data and statistical processing, the number of samples in the series was 3 
units. To establish the effect of heat treatment modes on the CPD, three different modes were selected: quenching with 
low tempering, improvement, and normalization. The quenching temperature of the first and second series of samples 
was 820° C. Mineral oil was used as a cooling medium, which provided a cooling rate higher than the critical one in 
accordance with the diagram of the decomposition of austenite for 107WCR5 steel. Next, for the first group of samples, 
a low tempering was carried out at a temperature of 180° C, and additional self-cooling. For the second group of 
samples, tempering at temperatures of 600° C and 400° C was performed. For the third group, normalization by heating 
to 820° C and air cooling were carried out. The opposite ends of the samples corresponded to different preparation 
technologies: side A was ground after heat treatment, side B, in addition to grinding, was etched with 4% nitric acid 
solution in ethyl alcohol.

Hardness of the samples was measured by the Rockwell method to control the resulting structures after heat 
treatment.

The CPD was measured by the Kelvin probe method on a laboratory bench developed at the Research and 
Educational Center “Materials”, DSTU (Fig. 1)1. The reference electrode, taken as a standard, was made of stainless 
12X18H10T steel, it was not subjected to any external actions (radiation, effect of strong electric and magnetic fields, 
heating and cooling, interaction with chemical reagents, etc.) and was used in all measurements. The sample was fixed 
on a metal table using a clamp (Fig. 1). The surface was located strictly parallel to the reference electrode. Electrical 
contact was provided between the clamp, the sample and the metal table.

1 Sukiyazov AG, Zelentsov VB, Aizikovich SM, et al. Bench for measuring electronic work function from the surface of metal bodies. RF Patent 
177 659, 2018. (In Russ.)
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Fig. 1. Sample of 107WCR5 steel located on a metal table of measuring bench

Research Results. The CPD measurement results have good reproducibility. Statistical processing was carried 
out according to the Student's test method. The data obtained show that the CPD value of the samples from 12X18H10T 
steel changes after heat treatment (Fig. 2). As a result of normalization, a sorbitol structure (with an intermellar distance 
of ~ 0.4–0.2 µm) with hardness of 22 HRC, which had the minimum CPD values and hardness, was obtained. The 
highest CPD and hardness values are observed in the tempered martensite structure with carbides obtained as a result of 
quenching and low tempering at 180° C [8–10]. With an increase in the tempering temperature, the CPD value of the 
polished surface, as well as hardness, decreases almost linearly (Fig. 2). After processing the surface of 12X18H10T 
steel with a 4% solution of nitric acid, a film consisting of iron, chromium and tungsten nitrates is formed according to
the ion exchange reaction. The acid action causes a significant decrease in the average CPD value for all the structures 
obtained, that is, the CPD values become approximately the same (Fig. 2).
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Fig. 2. Effect of tempering temperature on the contact potential difference of 107WCR5 steel: 1 — hardness,
2 — CPD of the polished surface, 3— CPD of the surface after etching

As is known, alloying elements change not only the critical temperatures of phase transformations, but also 
most of the steel properties [11–13]. For example, the material hardness increases. In this regard, it is advisable to 
analyze the influence of alloying on the steel CPD, that is, on the value of the electronic work function. The CPD data 
of 12X18H10T steel were compared to the results of measuring the CPD of U10 carbon tool steel with the same carbon 
content and a similar structural condition. Alloying steel with elements having higher electronic work function than iron 
causes a decrease in the CPD between the standard and the sample (Fig. 3). An exception is the structure of tempered
martensite, in which there is an increase (by 0.06 V) in the CPD value, in comparison with CT105 steel tempered
martensite CPD. Furthermore, different structures of alloy steel have sharper differences in the CPD values than in the 
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case of carbon steel. The CPD behavior when changing the steel composition strongly depends on the presence of 
alloying elements. The CPD dependence on the fineness of the structure is visible in both cases, however, for 
12X18H10T steel, it is more pronounced.
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Fig. 3. Histograms of CPD values (a) and HRC hardness (b)

for 107WCR5 and CT105 steels

According to the reference data [14], the electronic work function in stainless 12Kh18N10T steel was taken to 
be 3.67 eV. Based on the definition of the physical CPD value as the difference between the work functions of two 
parallel surfaces of different metals that form a capacitor, it is possible to write an expression for the electronic work 
function of the test sample in the form:

эт КРПeUϕ = ϕ − . (2)
According to the expression (2), the EWF value of the structures of martensite, troostite and sorbite obtained 

under the heat treatment of 107WCR5 and CT105 steels was estimated (Fig. 4). Since the CPD values for all 
investigated structures are positive, the EWF of these structures is less than the EWF of the reference sample. The 
dependences of the EWF value of the samples under study on the structure differ significantly. For CT105 steel, the 
change in the EWF value does not exceed hundredths of eV, while for 107WCR5 steel, the difference in the EWF value 
of sorbite and troostite structures reaches 0.1 eV, i.e., it makes up 3% of the EWF value of troostite. The EWF of 
tempered martensite with carbides of 107WCR5 steel is 3.45 eV. Thus, we can conclude that the following factors 
influence the EWF value: phase composition (different structural condition obtained under different heat treatment 
modes), chemical condition (dissolution of elements or formation of chemical compounds on the sample surface) and 
structure dispersion. Dispersion is regarded as the difference in the sizes of the plates of the tempered products (perlite, 
sorbite, troostite). For alloy steel, the difference between tempered structures affects significantly the EWF value 
(Fig. 4). At the same time, for CT105 steel, this difference is almost invisible in Fig. 4.
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case of carbon steel. The CPD behavior when changing the steel composition strongly depends on the presence of
alloying elements. The CPD dependence on the fineness of the structure is visible in both cases, however, for
12X18H10T steel, it is more pronounced.

0,00

0,05

0,10

0,15

0,20

0,25

0,30

перлит+
цементит

сорбит
отпуска

троостит
отпуска

мартенсит
отпуска

К
РП

, В

ХВГ
 У10

а

0

10

20

30

40

50

60

70

перлит+
цементит

сорбит
отпуска

троостит
отпуска

мартенсит
отпуска

H
R

C

ХВГ
 У10

б

a) b)
Fig. 3. Histograms of CPD values (a) and HRC hardness (b)

for 107WCR5 and CT105 steels

According to the reference data [14], the electronic work function in stainless 12Kh18N10T steel was taken to 
be 3.67 eV. Based on the definition of the physical CPD value as the difference between the work functions of two
parallel surfaces of different metals that form a capacitor, it is possible to write an expression for the electronic work
function of the test sample in the form:

эт КРПeUϕ = ϕ − . (2)
According to the expression (2), the EWF value of the structures of martensite, troostite and sorbite obtained 

under the heat treatment of 107WCR5 and CT105 steels was estimated (Fig. 4). Since the CPD values for all
investigated structures are positive, the EWF of these structures is less than the EWF of the reference sample. The 
dependences of the EWF value of the samples under study on the structure differ significantly. For CT105 steel, the
change in the EWF value does not exceed hundredths of eV, while for 107WCR5 steel, the difference in the EWF value
of sorbite and troostite structures reaches 0.1 eV, i.e., it makes up 3% of the EWF value of troostite. The EWF of
tempered martensite with carbides of 107WCR5 steel is 3.45 eV. Thus, we can conclude that the following factors
influence the EWF value: phase composition (different structural condition obtained under different heat treatment
modes), chemical condition (dissolution of elements or formation of chemical compounds on the sample surface) and
structure dispersion. Dispersion is regarded as the difference in the sizes of the plates of the tempered products (perlite,
sorbite, troostite). For alloy steel, the difference between tempered structures affects significantly the EWF value
(Fig. 4). At the same time, for CT105 steel, this difference is almost invisible in Fig. 4.
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Discussion and Conclusions. The dependences obtained show the correlation between the change in hardness 
and the CPD value. Since the CPD of all samples is positive, their EWF is less than the EWF of the standard used. The 
structure of tempered martensite has the highest CPD value. It is found that the CPD decreases with an increase in the 
tempering temperature. The addition of alloying elements with higher EWF values causes a decrease in the CPD
between the studied samples with the structures of ferrite-cementite mixtures, secondary carbides, and the standard.
Alloying elements increase considerably the CPD value variation under changing the structural condition of the alloy in 
comparison with carbon steel. The dependence of the CPD value on the structure, chemical and phase composition of 
steels is experimentally established. The EWF value of CT105 and 107WCR5 steels was estimated. It can be seen from 
the results obtained that this method is more sensitive to alloy steel samples than to carbon steel. Thus, we can conclude 
that the measurement of the CPD can be used as a non-destructive diagnostic express-method under monitoring surfaces 
exposed to active media or elevated temperatures.
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MACHINE BUILDING AND MACHINE SCIENCE  
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Mathematical model of shaping toothed products using volumetric 
tool with one motion parameter

A. A. Silich, E. M. Yusupova
Tyumen Higher Military Engineering Command School (Tyumen, Russian Federation)

Introduction. The development of a mathematical model of one-parameter shaping of a toothed product is considered. 
As an example, shaping of the side surface of the teeth of the Novikov gearing is studied; the mode and magnitude of 
the change in the shaping error heightwise the wheel tooth are shown. The work objective was to develop a 
mathematical model of the surface of the product teeth as a generating surface envelope of the tool. A computational 
and experimental study is carried out. The mathematical models obtained can be used in devices with copiers when 
shaping the side surface of the teeth of the Novikov gear. As an example, we consider the deviation behavior of the 
teeth profile of the Novikov gear with the original profile of DLZ 0.7-0.15
Materials and Methods. When building the model and studying its characteristics, the mathematical tools of the gearing 
theory, calculation procedure for cylindrical gears (A.A. Silich’s author development) were used. The paper proposes 
new mathematical models of the equations of the lateral surface of the gear teeth formed with a tool whose axial profile 
coincides with the original one. In the model under consideration, the tool moves along the axis of the product while the 
latter rotates on its axis. In the course of the study, numerical modeling was carried out to determine the error value in 
shaping the product profile using the tool.
Results. New mathematical models and software have been developed for numerical simulation of the shaping of a 
toothed product using a tool with one independent motion parameter. An algorithm has also been developed to 
determine the deviation error of the real profile from the nominal one for the tooth of the Novikov gear. Solutions to 
accurately reproduce the tooth profile are provided.
Discussion and Conclusions. The parametric method of analytical description of the surface used in the work simplifies 
the calculation of the cutting tool displacements in the problems of numerical control. Solving the problem of 
synthesizing the technology of workpiece surface treatment on metal-cutting machines provides the development of a 
description of the entire shaping process and requires the representation of the workpiece surface in the form of a 
mathematical model. The results obtained can be used under creating finishing methods for processing teeth when 
improving the quality of gear wheels and gear drives, as well as the production efficiency.

Keywords: toothed products, mathematical model, one-parameter shaping, error of shaping.
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Introduction. The process of shaping the tooth flank of the Novikov gear wheel is considered using the 
following algorithm:

— generating surface of the tool is described in the coordinate system of this tool;
— real surface of the wheel teeth is formed as an envelope of the generating surface of the tool when the latter 
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moves relative to the wheel with independent parameters;
— numerical studies on the deviation of the real surface from the theoretical one and the analysis of the results 

obtained are carried out.
In accordance with GOST 13 755–81 for cutting tools, the standard establishes a normative number of modules 

and certain relationships between the dimensions of tooth components. These ratios are determined for gears by the 
parameters of the original rack through the parameters of its normal section — the original profile. A grinding wheel is 
considered as a tool in the work.

The relative motion of the gear links or the tool and the workpiece during machining can be described by one 
or two independent parameters. The surface of the teeth of the first link is an envelope of a one-parameter or two-
parameter family of surfaces of the second link. Very often under processing, the surface of product teeth is formed as 
an envelope of the generating surface of the tool when the latter moves relative to the product with one independent 
parameter. In most cases, the angle of rotation of the product is chosen as such a parameter.

The theoretical surface of the wheel teeth in the process of its finishing with an abrasive tool is formed as an 
envelope of the generating surface of the tool when the latter moves relative to the wheel with independent parameters. 
According to GOST 16 530–83, the theoretical surface is each of two surfaces (lateral surfaces of two teeth) providing a 
given gear ratio during their interaction.

Having regard to the above, the task was set to determine the equations of the side surface of the product teeth. 
The surfaces are created with a tool whose axial profile matches the original profile. In this case, the tool moves along 
the axis of the product, and the wheels perform conformal eigenrotation. Since the rotation of the product and the 
movement of the tool are interconnected through an analytical relationship, the angle of product rotation is chosen as an 
independent parameter for the shaping of a toothed product φк.

Materials and Methods. To obtain the equation of the nominal generating surface of the tool, a coordinate 
system rigidly connected with the rack was used. The normal rack section is taken as the reference profile. In Fig. 1, a
generalized reference profile taken from the research papers [1, 2] is exemplified. The profile is made up of circular 
segments that can smoothly mate with each other or intersect depending on the type of the reference profile.

In Fig. 1, the numbers in circles show the numbers of the sections (i=1,2,3,…7). The boundaries of the sections 
are marked with large dots. In addition, in Fig. 1 the following designations are accepted: Si (Xi;Yi;Zi) coordinate 
systems associated with the i-th section of the reference profile. The origin of such a system is aligned with the center of 
the section circle, and the direction of the axes coincides with the direction of the axes of the rack Sp (Xp;Yp;Zp).

The solution to the problem is divided into two stages. At the first stage, a mathematical model of a volumetric 
tool in the form of a body of revolution (e.g., a disk grinding wheel or a disk cutter) is built. At the second stage, a 
toothed product with one independent motion parameter is formed using the tool.

Tool mathematical model
We obtain a theoretical generating surface through binding the surface of the tool to the coordinate system 

Sи (Хи;Yи;Zи) directing the Zи axis along the tool axis of rotation. We position the Хи axis so that it passes through the 
calculated point, which we take as the point of contact between the tool and the workpiece at the initial moment of time. 
The Yи axis is directed so that all axes make up a right-hand Cartesian coordinate system. The reference profile is 
associated with its own coordinate system Sр(Хр;Yр), whose axes are located so that the Zp axis coincides with the pitch
line of the reference profile, and the Xp axis is perpendicular to it and directed towards the tool axis.

To shape the generating surface of the tool, devices are used that work with a copier, or devices that reproduce 
the trajectory of a dressing diamond or a sharpening tool using a NC system. For any of these cases, a mathematical 
description of the tool generating surface will be of the same type1, 2 [3].

1 Krivosheikin AV, Nurmukhamedov LKh, Perelygin SV. Mathematical modeling in instrumentation systems. St.Petersburg, 2019. 108 p. (In Russ.)
2 Zyuz'kov VM. Mathematical logic and theory of algorithms. Tomsk, 2015. 236 p. (In Russ.)
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moves relative to the wheel with independent parameters;
— numerical studies on the deviation of the real surface from the theoretical one and the analysis of the results 

obtained are carried out.
In accordance with GOST 13 755–81 for cutting tools, the standard establishes a normative number of modules 

and certain relationships between the dimensions of tooth components. These ratios are determined for gears by the 
parameters of the original rack through the parameters of its normal section — the original profile. A grinding wheel is 
considered as a tool in the work.

The relative motion of the gear links or the tool and the workpiece during machining can be described by one 
or two independent parameters. The surface of the teeth of the first link is an envelope of a one-parameter or two-
parameter family of surfaces of the second link. Very often under processing, the surface of product teeth is formed as 
an envelope of the generating surface of the tool when the latter moves relative to the product with one independent 
parameter. In most cases, the angle of rotation of the product is chosen as such a parameter.

The theoretical surface of the wheel teeth in the process of its finishing with an abrasive tool is formed as an 
envelope of the generating surface of the tool when the latter moves relative to the wheel with independent parameters. 
According to GOST 16 530–83, the theoretical surface is each of two surfaces (lateral surfaces of two teeth) providing a 
given gear ratio during their interaction.

Having regard to the above, the task was set to determine the equations of the side surface of the product teeth. 
The surfaces are created with a tool whose axial profile matches the original profile. In this case, the tool moves along 
the axis of the product, and the wheels perform conformal eigenrotation. Since the rotation of the product and the 
movement of the tool are interconnected through an analytical relationship, the angle of product rotation is chosen as an 
independent parameter for the shaping of a toothed product φк.

Materials and Methods. To obtain the equation of the nominal generating surface of the tool, a coordinate 
system rigidly connected with the rack was used. The normal rack section is taken as the reference profile. In Fig. 1, a
generalized reference profile taken from the research papers [1, 2] is exemplified. The profile is made up of circular 
segments that can smoothly mate with each other or intersect depending on the type of the reference profile.

In Fig. 1, the numbers in circles show the numbers of the sections (i=1,2,3,…7). The boundaries of the sections 
are marked with large dots. In addition, in Fig. 1 the following designations are accepted: Si (Xi;Yi;Zi) coordinate 
systems associated with the i-th section of the reference profile. The origin of such a system is aligned with the center of 
the section circle, and the direction of the axes coincides with the direction of the axes of the rack Sp (Xp;Yp;Zp).

The solution to the problem is divided into two stages. At the first stage, a mathematical model of a volumetric 
tool in the form of a body of revolution (e.g., a disk grinding wheel or a disk cutter) is built. At the second stage, a 
toothed product with one independent motion parameter is formed using the tool.

Tool mathematical model
We obtain a theoretical generating surface through binding the surface of the tool to the coordinate system 

Sи (Хи;Yи;Zи) directing the Zи axis along the tool axis of rotation. We position the Хи axis so that it passes through the 
calculated point, which we take as the point of contact between the tool and the workpiece at the initial moment of time. 
The Yи axis is directed so that all axes make up a right-hand Cartesian coordinate system. The reference profile is 
associated with its own coordinate system Sр(Хр;Yр), whose axes are located so that the Zp axis coincides with the pitch
line of the reference profile, and the Xp axis is perpendicular to it and directed towards the tool axis.

To shape the generating surface of the tool, devices are used that work with a copier, or devices that reproduce 
the trajectory of a dressing diamond or a sharpening tool using a NC system. For any of these cases, a mathematical 
description of the tool generating surface will be of the same type1, 2 [3].

1 Krivosheikin AV, Nurmukhamedov LKh, Perelygin SV. Mathematical modeling in instrumentation systems. St.Petersburg, 2019. 108 p. (In Russ.)
2 Zyuz'kov VM. Mathematical logic and theory of algorithms. Tomsk, 2015. 236 p. (In Russ.)

Silich A. A., et al. Mathematical model of shaping toothed products using volumetric tool with one motion parameter

Fig. 1. Reference profile DLZ-0.7-0.15

Fig. 2 shows the relative position of the tool (1), the reference profile (2), the copier (3), the correct device 
diagram and the adopted coordinate systems associated with the copier and the tool.

The mathematical model of the tool generating surface will be considered as a trace of the copier contour 
motion when it rotates around the Zи axis with the angular parameter of movement φи.

In the Sp coordinate system, the copier profile equation including sections 1, 2 and 3 can be written as follows:

𝑋𝑋р = 𝜌𝜌𝑖𝑖 ∙ sin 𝜐𝜐𝑖𝑖 + 𝑏𝑏𝑖𝑖 ;
𝑍𝑍р = 𝜌𝜌𝑖𝑖 ∙ cos 𝜐𝜐𝑖𝑖 + 𝑐𝑐𝑖𝑖 ;

�, (1)

where the designation of the values are taken from [4–6]: ρ i is the radius of curvature of the i-th section of the normal 
profile of the rack tooth; υ i is the curvilinear coordinate of the rack generating surface, whose origin goes clockwise 
from the Zр axis; с i is the applicate of the position of the center of curvature of the corresponding section in the Sp

system; bi is the abscissa of the center of curvature of the corresponding section in the Sp coordinate system.

Fig. 2. Scheme of tool shaping with the adopted coordinate system

In addition, Fig. 2 indicates the calculated radius of the tool rи.
Using the selected coordinate systems, the introduced designations and the method of shaping surfaces3, we 

obtain the equation for the generating surface of the tool in projection on the coordinate axis:

𝑟𝑟и� = �
𝑋𝑋и𝑖𝑖 = 𝑐𝑐𝑐𝑐𝑐𝑐 𝜑𝜑и𝑖𝑖 ∙ (𝜌𝜌𝑖𝑖 ∙ 𝑐𝑐𝑠𝑠𝑠𝑠 𝜐𝜐𝑖𝑖 +𝑏𝑏𝑖𝑖 − 𝑟𝑟и);
𝑌𝑌и𝑖𝑖 = −𝑐𝑐𝑠𝑠𝑠𝑠 𝜑𝜑и𝑖𝑖 ∙ (𝜌𝜌𝑖𝑖 ∙ 𝑐𝑐𝑠𝑠𝑠𝑠 𝜐𝜐𝑖𝑖 +𝑏𝑏𝑖𝑖 − 𝑟𝑟и);

𝑍𝑍и𝑖𝑖 = −𝜌𝜌𝑖𝑖 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐 𝜐𝜐𝑖𝑖 − 𝑐𝑐𝑖𝑖 .
� (2)

To obtain a mathematical model of the product, the equation of the normal to the generating surface of the tool 

3 Rannev GG, Tarasenko AP. Intelligent measuring instruments. Moscow, 2016. 280 p. (In Russ.)

diamond tool

gauge
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is required. Therefore, using the well-known technique [3] and omitting the intermediate transformation, we write the 
equations of the unit normal vector to the generating surface in the following form:

𝑒𝑒𝑥𝑥и𝑖𝑖 = − cos𝜑𝜑и ∙ sin 𝜐𝜐𝑖𝑖;
𝑒𝑒𝑦𝑦и𝑖𝑖 = sin𝜑𝜑и ∙ sin 𝜐𝜐𝑖𝑖 ;

𝑒𝑒𝑧𝑧и𝑖𝑖 = cos 𝜐𝜐𝑖𝑖 .
� (3)

Product mathematical model
The geometrical-kinematic diagram of the shaping of the product tooth lateral surface using a tool with the 

appropriate coordinate systems is shown in Fig. 3. Sections of the tool generating surface are specified in the Sи (Xи; Yи;
Zи) coordinate system rigidly connected with the tool. The coordinate system Sк (Xк;Yк;Zк) is rigidly connected with the 
workpiece (e.g., a gear wheel). Fixed auxiliary coordinate systems of the wheel Soи (Xoи;Yoи;Zoи) and the tool Soк

(Xoк;Yoк;Zoк) associated with the rack.
As an independent parameter of the relative motion under the product processing, we take the value φк

numerically equal to the angle of rotation of the wheel around the Zк axis. The tool motion along the workpiece axis is 
denoted by So. The angle of inclination of the tooth line of the product is βк. The axle spacing is a=ru+rk+Xk.

Fig. 3. Geometrical-kinematic diagram of the product tooth profile shaping by the tool

The real product tooth surface as the envelope of the one-parameter family of the tool generating surface is 
determined from the following equations [3]:

�̃�𝑟к = �̃�𝐴ки𝑖𝑖 ∙ �̃�𝑟и  а)
�̅�𝑒и𝑖𝑖 ∙ 𝑉𝑉�и𝑖𝑖 = 0  б)

� , (4)

where �̃�𝑟и is the column matrix composed of the projections of the tool generating surface recorded in the Sи coordinate 
system; �̃�𝐴ки𝑖𝑖  is the transition matrix from the Sи coordinate system to the Sк coordinate system; 𝑉𝑉�и𝑖𝑖  is the prototype of 
the relative velocity vector by parameter φи; �̅�𝑒и𝑖𝑖  is the unit normal vector to the tool generating surface, whose 
projections in the Xи, Yи, Zи coordinate axes are represented by the equations (3).

We find the transition matrix �̃�𝐴ки𝑖𝑖 using the technique described in [3, 7]. Omitting intermediate 
transformations, we present this matrix in the following form:

�̃�𝐴ки𝑖𝑖 = �

cos𝜑𝜑к 
− sin𝜑𝜑к

0
0

 sin𝛽𝛽к   ∙ sin𝜑𝜑к 
 sin𝛽𝛽к   ∙  cos𝜑𝜑к 

cos𝛽𝛽к 
0

− cos𝛽𝛽к   ∙ sin𝜑𝜑к 
− cos𝛽𝛽к   ∙ cos𝜑𝜑к 

 1 
0

𝑎𝑎 ∙ cos𝜑𝜑и𝑖𝑖
−𝑎𝑎 ∙ sin𝜑𝜑и𝑖𝑖

−𝑆𝑆𝑜𝑜
1

� (5)

𝑆𝑆𝑜𝑜 =
𝜑𝜑к  ∙ 𝑟𝑟к 
tan𝛽𝛽к

=
𝜑𝜑к  ∙ 𝑚𝑚 ∙ 𝑧𝑧к
2 ∙ sin𝛽𝛽к

𝑎𝑎 = 𝑟𝑟к + 𝑋𝑋к + 𝑟𝑟𝑢𝑢 = 𝑚𝑚∙𝑧𝑧к
2∙cos𝛽𝛽к

+ 𝑋𝑋к + 𝑟𝑟𝑢𝑢.



M
ac

hi
ne

 b
ui

ld
in

g 
an

d 
m

ac
hi

ne
 sc

ie
nc

e

299

Advanced Engineering Research 2020. V. 20, no 3. P .295−301. ISSN 2687-1653

is required. Therefore, using the well-known technique [3] and omitting the intermediate transformation, we write the
equations of the unit normal vector to the generating surface in the following form:

𝑒𝑒𝑥𝑥и𝑖𝑖 = − cos𝜑𝜑и ∙ sin 𝜐𝜐𝑖𝑖;
𝑒𝑒𝑦𝑦и𝑖𝑖 = sin𝜑𝜑и ∙ sin 𝜐𝜐𝑖𝑖 ;

𝑒𝑒𝑧𝑧и𝑖𝑖 = cos 𝜐𝜐𝑖𝑖 .
� (3)

Product mathematical model
The geometrical-kinematic diagram of the shaping of the product tooth lateral surface using a tool with the

appropriate coordinate systems is shown in Fig. 3. Sections of the tool generating surface are specified in the Sи (Xи; Yи;
Zи) coordinate system rigidly connected with the tool. The coordinate system Sк (Xк;Yк;Zк) is rigidly connected with the 
workpiece (e.g., a gear wheel). Fixed auxiliary coordinate systems of the wheel Soи (Xoи;Yoи;Zoи) and the tool Soк

(Xoк;Yoк;Zoк) associated with the rack.
As an independent parameter of the relative motion under the product processing, we take the value φк

numerically equal to the angle of rotation of the wheel around the Zк axis. The tool motion along the workpiece axis is
denoted by So. The angle of inclination of the tooth line of the product is βк. The axle spacing is a=ru+rk+Xk.

Fig. 3. Geometrical-kinematic diagram of the product tooth profile shaping by the tool

The real product tooth surface as the envelope of the one-parameter family of the tool generating surface is 
determined from the following equations [3]:

�̃�𝑟к = �̃�𝐴ки𝑖𝑖 ∙ �̃�𝑟и а)
�̅�𝑒и𝑖𝑖 ∙ 𝑉𝑉�и𝑖𝑖 = 0 б)

� , (4)

where �̃�𝑟и is the column matrix composed of the projections of the tool generating surface recorded in the Sи coordinate
system; �̃�𝐴ки𝑖𝑖 is the transition matrix from the Sи coordinate system to the Sк coordinate system; 𝑉𝑉�и𝑖𝑖 is the prototype of
the relative velocity vector by parameter φи; �̅�𝑒и𝑖𝑖 is the unit normal vector to the tool generating surface, whose
projections in the Xи, Yи, Zи coordinate axes are represented by the equations (3).

We find the transition matrix �̃�𝐴ки𝑖𝑖 using the technique described in [3, 7]. Omitting intermediate
transformations, we present this matrix in the following form:

�̃�𝐴ки𝑖𝑖 = �

cos𝜑𝜑к
− sin𝜑𝜑к

0
0

sin𝛽𝛽к ∙ sin𝜑𝜑к
sin𝛽𝛽к ∙ cos𝜑𝜑к

cos𝛽𝛽к
0

− cos𝛽𝛽к ∙ sin𝜑𝜑к
− cos𝛽𝛽к ∙ cos𝜑𝜑к

1
0

𝑎𝑎 ∙ cos𝜑𝜑и𝑖𝑖
−𝑎𝑎 ∙ sin𝜑𝜑и𝑖𝑖

−𝑆𝑆𝑜𝑜
1

� (5)

𝑆𝑆𝑜𝑜 =
𝜑𝜑к ∙ 𝑟𝑟к
tan𝛽𝛽к

=
𝜑𝜑к ∙ 𝑚𝑚 ∙ 𝑧𝑧к
2 ∙ sin𝛽𝛽к

𝑎𝑎 = 𝑟𝑟к + 𝑋𝑋к + 𝑟𝑟𝑢𝑢 = 𝑚𝑚∙𝑧𝑧к
2∙cos𝛽𝛽к

+ 𝑋𝑋к + 𝑟𝑟𝑢𝑢.
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Using the technique of one-parameter shaping of surfaces [3], adopted coordinate systems and geometrical-
kinematic shaping scheme (Fig. 3), as well as omitting intermediate transformations, the equation of the real surfaces of 
the product teeth can be written as:

𝑥𝑥к𝑖𝑖 = cos𝜑𝜑к ∙ cos𝜑𝜑и ∙ sin𝛽𝛽к ∙ sin𝜑𝜑к ∙ sin𝜑𝜑и ∙ (𝜌𝜌𝑖𝑖 ∙ sin 𝜐𝜐𝑖𝑖 + 𝑏𝑏𝑖𝑖 − 𝑟𝑟и) +
+ cos𝛽𝛽к ∙ sin𝜑𝜑и ∙ (𝜌𝜌𝑖𝑖 ∙ cos 𝜐𝜐𝑖𝑖 + 𝑐𝑐𝑖𝑖)

𝑦𝑦к𝑖𝑖 = sin𝜑𝜑к ∙ cos𝜑𝜑и ∙ sin𝜑𝜑и ∙ sin𝛽𝛽к ∙ cos𝜑𝜑к ∙ (𝜌𝜌𝑖𝑖 ∙ sin 𝜐𝜐𝑖𝑖 + 𝑏𝑏𝑖𝑖 − 𝑟𝑟и) +
+ cos𝛽𝛽к ∙ cos𝜑𝜑к ∙ (𝜌𝜌𝑖𝑖 ∙ cos 𝜐𝜐𝑖𝑖 + с𝑖𝑖)

𝑧𝑧к𝑖𝑖 = − cos𝛽𝛽к ∙ sin𝜑𝜑и ∙ (𝜌𝜌𝑖𝑖 ∙ sin 𝜐𝜐𝑖𝑖 + 𝑏𝑏𝑖𝑖 − 𝑟𝑟и) −
− sin𝛽𝛽к ∙ (𝜌𝜌𝑖𝑖 ∙ cos 𝜐𝜐𝑖𝑖 + с𝑖𝑖) − 𝜑𝜑𝑘𝑘 ∙ 𝑟𝑟𝑘𝑘 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽к ⎭

⎪⎪
⎬

⎪⎪
⎫

(6)

Using the technique of obtaining the gearing equation (4 b)4, we finally write it in the following form:
cos𝛽𝛽к ∙ [sin𝜑𝜑и𝑖𝑖 ∙ sin 𝜐𝜐𝑖𝑖  ∙ (𝑐𝑐𝑖𝑖 − 𝑟𝑟𝑘𝑘 ∙ sin𝛽𝛽к + 𝑋𝑋𝑘𝑘 ∙ tan𝛽𝛽к + 𝑟𝑟и ∙ tan𝛽𝛽к) −

− cos 𝜐𝜐𝑖𝑖 ∙ (𝑟𝑟𝑘𝑘 + 𝑋𝑋𝑘𝑘)] = 0 , (7)

where Xк — reference profile displacements.
Research Results
To determine the error value in shaping the product profile using the tool, the following algorithm was used:
1. The real and nominal surfaces of the product teeth were recorded in the same coordinate system. The

equations of the lateral surface of the wheel teeth formed using the rack, were taken as the nominal surface of the 
product teeth5 [3].

2. The current value of the independent parameter υ j, was set, where j=1, 2, 3…n is the current point number
on the wheel tooth profile.

3. Taking Zкi=const, the value of the second independent parameter φкj of the nominal product profile was
determined.

4. A circle was drawn through the current point υ j of the product tooth profile, its intersection with the product
real tooth profile was determined.

5. The chord distance between the points of the nominal and real profile located on the same circle was taken
as the shaping error.

The developed algorithm for determining the shaping error was implemented as a program in the MathCAD 
software environment.

As an example, Fig. 4 shows the real profile behavior in comparison with the nominal one, and the direction of 
reading the error Δ ij of the shaping of the Novikov gear wheel tooth profile.

Fig. 4. Behavior of the Novikov gear wheel teeth profile:
— nominal profile; — real profile.

Real values of the errors Δ ij are shown in Fig. 5 for a Novikov gearwheel with the reference DLZ profile of 

0.7–0.15 and the following geometrical parameters: gearing modulus mn=5, number of the wheel teeth zк=50, angle of 

inclination of the tooth line βк=20º, displacements of the reference profile Xк=0.

4 Rannev GG, Tarasenko AP. Op. Cit. 280 p. (In Russ.) 
5 Zyuz'kov VM. Op. Cit. 236 p. (In Russ.)
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Fig. 5. Deviation of the real profile from the nominal one for the tooth of the Novikov gear wheel

As can be seen from the graph in Fig. 5, the minimum value of the deviation is in the area of the pitch radius of 

the wheel, and the maximum values are observed on the head and at the base of the wheel tooth. The maximum values 

of profile shaping depend on the type of the reference profile, the number of teeth, the angle of inclination of the tooth 

line, as well as on the diametrical dimensions of the tool.

Discussion and Conclusions. A mathematical model of the shaping of a toothed product using a tool with one 

independent motion parameter has been developed.

1. Numerical studies show that according to this processing scheme, it is impossible to theoretically

accurately reproduce the product tooth profile if the generating surface of the tool is formed by the reference profile of 

the workpiece.

2. The maximum distortions of the profile are observed on the head and foot of the wheel tooth (at the

diameter of the protrusions and depressions) and their value is the greater, the higher the reference profile, the greater 

the module, the smaller the number of teeth, and the greater the angle of tooth inclination.

3. For accurate reproduction of the tooth profile, it is required to correct the copier, which is used to dress and

sharpen the tool.
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Introduction. The creation of new types of bucket working bodies of excavators through synthesizing technical 
solutions to improve the transporting functions of the bottom is considered. These solutions are based on reducing the 
resistance and energy consumption under digging-in and scooping due to the transition from sliding friction to rolling 
friction during the movement of the rock mass along the bottom of the bucket.
Materials and Methods. Analysis of the bulk materials handling processes using existing loading appliances identified 
design flaws that affect the efficiency of their operation. Advanced design diagrams of loading bodies were searched on 
the basis of the accumulated experience and the study of the morphological features of the existing equipment. 
Combinatorial analysis of possible combinations of elements with their various qualitative compositions, mutual 
arrangement, imposed links, and synthesis of new technical solutions for loading and transportation modules are carried 
out.
Results. The results of the morphological synthesis implementation were the systematization and development of 
designs of bucket working bodies with a bottom in the form of a roller surface and a closed belt, as well as with a 
conveyor-type drive mechanism. The application of rollers as a supporting surface of a loaded rock mass causes a 
decrease in friction forces and in the power capacity of the work process. In addition, rotating rollers provide uniform 
abrasion of the working surface, which increases significantly the time to the equipment breakdown and increases the 
process efficiency. Working bodies with a drive mechanism make it possible to activate the interaction of the conveyor 
bottom in the form of a closed belt with the rock mass and, as a result, to accelerate the process of filling the bucket 
container.
Discussion and Conclusions. The bucket working bodies described in the paper compare favorably with existing 
analogues in that they provide a reduction in the time to digging-in, scooping and unloading, a decrease in specific 
energy consumption, an increase in bucket filling, which ultimately contributes to an increase in productivity. A slight 
increase in the structural complexity and cost of the working body causes additional capital costs, which are paid back 
within two to four months.

Keywords: bucket working bodies, loading process, working cycle operations, extraction-and-loading machines, 
conveyor bottom, roller surface, mechanical transmission, hydraulic cylinder, hydraulic cylinder rod, friction.

For citation: Yu. M. Lyashenko, E. A. Revyakina, А.Yu. Lyashenko. Bucket working bodies with conveyor bottom: 
systematics and design features. Advanced Engineering Research, 2020, vol. 20, no. 3, p. 302−310.
https://doi.org/10.23947/2687-1653-2020-20-3-302-310

© Lyashenko Yu. M., Revyakina E. A., Lyashenko А.Yu., 2020

Introduction. The technical level of mining and conveying equipment for surface mining operations is 
determined by the constructive perfection of both the machine as a whole and its bucket working body1, 2, 3. It is 
possible to increase the technical and performance figures of the equipment through using, first of all, the working 
bodies of rational designs and parameters.

1 Podehrni RYu. Mechanical equipment of quarries. 5th ed. Moscow, 2003. 606 p. (In Russ.) 
2 Drozdova LG, Kurbatova OA. Single-bucket excavators: design, installation and repair. Vladivostok, 2007. P. 48–56. (In Russ.)  
3 Khazanovich GSh, et al. Research directions and results of on creation of tunneling equipment of new technical level. In: Proc.Sci.-Pract. Conf. on 
Actual questions in scientific work and educational activities. Tambov, 2013. P. 148-152. (In Russ).
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Analysis of the mechanization means of loading rock using currently operating extraction and loading 
machines (excavators) identified factors affecting the efficiency of their operation4. Fig. 1 shows a bucket of a 
commonly used design with a smooth bottom.

Fig. 1. Bucket working body with bottom in the form of smooth surface

It is established that the design improvement of the bucket working body is aimed mainly at reducing 
resistance to the bucket penetration into the pile [1]. The work objectives are to systematize new technical solutions of 
working bodies developed by the authors, in particular, with a conveyor bottom, to analyze their design features and 
improved working qualities, i.e., to consider the development trends of this class of equipment. Major tasks of the work 
are as follows:
— rationale for the fundamental approaches to changing the design of the bucket working body elements;
— determination of the functional and structural analysis feasibility to select directions for improving the design of the 
bucket;
— development of classification features characterizing excavator buckets with reduced resistance to penetration;
— preliminary qualitative assessment of new technical solutions.
Materials and Methods. According to the results of graphic-analytical and physical modeling of the “bucket — rock 
pile” system, it is found that the resistance to the penetration of the bucket working body into the pile depends 
significantly on the friction factor of the submerged material over the surfaces of the bucket [2, 3]. When synthesizing 
technical solutions of bucket working bodies with a constructive novelty, the problem of reducing the friction factor of 
rocks on the bottom of working bodies through transition from sliding friction to rolling friction was solved [4].

The creation of samples of new types of working bodies is a complex, multi-stage task. The first stage in 
determining promising design diagrams of bucket working bodies was the study of the accumulated experience and the 
establishment of morphological features of the existing equipment (Fig. 2).

Fig. 2. Functional model of an extraction-and-loading machine (ELM)

                                                           
4 Khazanovich GSh, Lyashenko YuM, Nikitin EV. Experimental technique in study of processes of loading and transportation of lumpy rocks. 
Novocherkassk, 2003. 150 p. (In Russ).
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The compiled functional ELM model includes the following set of actions: Fy — to remove the rock mass; Fn — to 

provide special motion; F3 — to scoop up the rock mass detached from ground; F3-3 — to form the bucket capacity; F3-

ф3 — to provide functioning of the tool for formation of the bucket capacity; F3-ф — to service the face line; F3-г — to 

service the face in depth; F3-п — to transfer the element of forming the bucket capacity to the place of release from the 

portion of material; F3-о — to provide releasing the element for forming the bucket capacity from the portion of the 

material; Fн — to accumulate and reload the scooped rock mass; Fн-т — to provide the transportation (displacement) of 

the rock mass; Fн-к — to provide maintenance of contact with the subsequent vehicle; Fн-н — to provide the 

accumulation of rock mass; FI — to keep the rock mass in the process of transportation (displacement); FII — to apply 

an acting force to the rock mass; FIII — to transfer the acting force from the drive to the final elements; FIV — to

transfer the bearing element with the rock mass detached from the ground; FV — to take up crowd forces and fix the 

position of the system functional elements; FVI — to convert the energy supplied to the drive into transition of the 

system kinematic condition; FVII — to combine functional elements of the system for the joint operation.

The proposed differentiation of functional features enables to enter an elemental level of the structure formation 

of individual mechanisms of extraction-and-loading machines. The impossibility of further fragmentation of the major 

functions (macrofunctions) into subordinated ones (microfunctions) without a transition from the function to the 

objective form of their execution was a signal to complete the functional analysis.

Taking into account the developed functional model of the extraction-and-loading machine, a morphological 

table was worked out, with the help of which the structural and morphological features of a technical solution with a 

constructive novelty were formed [4] (Fig. 3).

Research Results. The result of the practical implementation of morphological synthesis was the developed 

design of a bucket with a bottom in the form of a conveyor [5]. The use of a closed belt as a load-carrying body and a 

supporting surface of the submerged rock mass provides the exclusion of spillage and jamming of the submerged 

material. This design is characterized by a low friction factor of the rock mass against the bottom in the form of a closed 

belt resting on rollers. Therefore, a decrease in the energy intensity of the working process, which will provide an 

increase in the productivity and reliability of the bucket working body, is expected.

The concepts of the efficiency of equipping the working bodies with roller elements when loading rocks were 

further developed in the novel design of the working body of the loading and transportation module with a cyclic 

actuator. The proposed loading and transportation module, equipped with a closed belt, differs from the existing 

analogues in the increased displacement rate of the rock mass; it provides the continuity of loading the material during 

the cyclic operation of the working body. All this contributes to an increase in productivity and efficiency of the work 

process while eliminating the possibility of spilling and jamming of particles between the rollers. Equipment of the 

transport roller in the conveyor bottom with a drive also allows increasing the efficiency of the bucket working body. 

This solution provides a reduction in the time of penetration, scooping and unloading operations, an increase in the 

filling of the bucket and, therefore, contributes to an increase in productivity [6].
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The compiled functional ELM model includes the following set of actions: Fy — to remove the rock mass; Fn — to 

provide special motion; F3 — to scoop up the rock mass detached from ground; F3-3 — to form the bucket capacity; F3-

ф3 — to provide functioning of the tool for formation of the bucket capacity; F3-ф — to service the face line; F3-г — to 

service the face in depth; F3-п — to transfer the element of forming the bucket capacity to the place of release from the 

portion of material; F3-о — to provide releasing the element for forming the bucket capacity from the portion of the 

material; Fн — to accumulate and reload the scooped rock mass; Fн-т — to provide the transportation (displacement) of 

the rock mass; Fн-к — to provide maintenance of contact with the subsequent vehicle; Fн-н — to provide the 

accumulation of rock mass; FI — to keep the rock mass in the process of transportation (displacement); FII — to apply 

an acting force to the rock mass; FIII — to transfer the acting force from the drive to the final elements; FIV — to

transfer the bearing element with the rock mass detached from the ground; FV — to take up crowd forces and fix the 

position of the system functional elements; FVI — to convert the energy supplied to the drive into transition of the 

system kinematic condition; FVII — to combine functional elements of the system for the joint operation.

The proposed differentiation of functional features enables to enter an elemental level of the structure formation 

of individual mechanisms of extraction-and-loading machines. The impossibility of further fragmentation of the major 

functions (macrofunctions) into subordinated ones (microfunctions) without a transition from the function to the 

objective form of their execution was a signal to complete the functional analysis.

Taking into account the developed functional model of the extraction-and-loading machine, a morphological 

table was worked out, with the help of which the structural and morphological features of a technical solution with a 

constructive novelty were formed [4] (Fig. 3).

Research Results. The result of the practical implementation of morphological synthesis was the developed 

design of a bucket with a bottom in the form of a conveyor [5]. The use of a closed belt as a load-carrying body and a 

supporting surface of the submerged rock mass provides the exclusion of spillage and jamming of the submerged 

material. This design is characterized by a low friction factor of the rock mass against the bottom in the form of a closed 

belt resting on rollers. Therefore, a decrease in the energy intensity of the working process, which will provide an 

increase in the productivity and reliability of the bucket working body, is expected.

The concepts of the efficiency of equipping the working bodies with roller elements when loading rocks were 

further developed in the novel design of the working body of the loading and transportation module with a cyclic 

actuator. The proposed loading and transportation module, equipped with a closed belt, differs from the existing 

analogues in the increased displacement rate of the rock mass; it provides the continuity of loading the material during 

the cyclic operation of the working body. All this contributes to an increase in productivity and efficiency of the work 

process while eliminating the possibility of spilling and jamming of particles between the rollers. Equipment of the 

transport roller in the conveyor bottom with a drive also allows increasing the efficiency of the bucket working body. 

This solution provides a reduction in the time of penetration, scooping and unloading operations, an increase in the 

filling of the bucket and, therefore, contributes to an increase in productivity [6].
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Fig. 3. Formation of structural and morphological features of a structurally novel technical solution

The models of buckets with a conveyor bottom developed on the basis of the above principles form a new 

constructive and technological group of loading bodies that can be used on excavators, bucket loaders and other

handling equipment. Below, these technical solutions are presented through a combination of two groups of structures 

characterized by a bottom in the form of a roller surface and in the form of a closed belt (Fig. 4) [7]. In turn, 

structurally, models with a closed belt are divided into non-drive ones and with a belt drive mechanism, which can be 

implemented from an electric motor with a mechanical transmission and using various options for hydraulic power 

cylinders.

Bucket tool with a flat bottom

Synthesis type

Mono elemental 

Structural element (material carrier)

Cylinder 

Working travel direction

On the same level 

Kinematic state of elements

Translational 

Movement type

Continuous 

Reference plane

Side walls 

Bucket working body with a conveyor bottom in the form of a roller 
surface 



ht
tp

://
ve

st
ni

k-
do

ns
tu

.ru

306

Advanced Engineering Research 2020. V. 20, no. 3. P. 302−310. ISSN 2687-1653 

 

Fig. 4. Systematics of bucket working bodies with a conveyor bottom

Let us consider the design features of nondriven bucket working bodies with a conveyor bottom in the form of 

a roller surface, in the form of a closed belt, as well as bucket working bodies with a conveyor bottom belt drive 

mechanism.

Bucket working body with a conveyor bottom in the form of a roller surface 5. According to the proposed 

design of the bucket working body (Fig. 5), the bottom (3) is made in the form of a surface consisting of a set of rollers 

(4), which are installed to rotate around the axes (5), fixed on the side walls(2). Before starting, when the process of 

rock loosening in a quarry is completed, the bucket working body is in front of the pile of lumpy rock mass in the 

position shown in Fig. 5 b. The filling of the bucket (1) occurs when it is forced to move in the direction of the rockpile. 

In this case, the cutting edge and bottom teeth (3) cut off a part of the pile material located on the face area. The 

loosened rock mass slides along the rollers (4) and enters the bucket (1). The rollers (4) rotate under the pressure of the 

rock mass relative to the axes (5) reducing the resistance to its motion relative to the bottom (3) and contributing to a 

more efficient filling of the bucket (1).

                                                           
5 Lyashenko YuM, Revyakina EA, Lyashenko AYu. RF Patent 101056, 2011. (In Russ.) 
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Fig. 4. Systematics of bucket working bodies with a conveyor bottom

Let us consider the design features of nondriven bucket working bodies with a conveyor bottom in the form of

a roller surface, in the form of a closed belt, as well as bucket working bodies with a conveyor bottom belt drive

mechanism.

Bucket working body with a conveyor bottom in the form of a roller surface 5. According to the proposed 

design of the bucket working body (Fig. 5), the bottom (3) is made in the form of a surface consisting of a set of rollers

(4), which are installed to rotate around the axes (5), fixed on the side walls(2). Before starting, when the process of

rock loosening in a quarry is completed, the bucket working body is in front of the pile of lumpy rock mass in the

position shown in Fig. 5 b. The filling of the bucket (1) occurs when it is forced to move in the direction of the rockpile.

In this case, the cutting edge and bottom teeth (3) cut off a part of the pile material located on the face area. The

loosened rock mass slides along the rollers (4) and enters the bucket (1). The rollers (4) rotate under the pressure of the

rock mass relative to the axes (5) reducing the resistance to its motion relative to the bottom (3) and contributing to a

more efficient filling of the bucket (1).

5 Lyashenko YuM, Revyakina EA, Lyashenko AYu. RF Patent 101056, 2011. (In Russ.)
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Bucket working bodies with conveyor bottom
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Fig. 5. Design of bucket working body with conveyor bottom in the form of roller surface (a) and its position in front of 
lumpy rockpile (b): 1 — bucket capacity; 2 — side walls; 3 — bottom; 4 — a set of rollers; 5 — axis of rotation

The rock mass flow to the place of unloading is carried out in the bucket (1). The bucket is unloaded when it is 
tilted due to the rock mass flow under the action of gravity. In this case, the sliding of the rock mass in the opposite 
direction along the rollers (4) rotating in the same direction helps to reduce the unloading time. The use of rollers as a 
supporting surface of the submerged rock mass provides the workload reduction and a decrease in the energy 
requirement. In addition, rotating rollers provide uniform abrasion of the working surface, which significantly reduces 
the risk of equipment failure and increases the process efficiency.

Bucket working body with a bottom in the form of a closed belt (Fig. 6)6. The design feature is that the 
conveyor bottom (3) is made in the form of a closed belt (6) consisting of plates (7) journaled to each other by pins (8). 
The belt rests on rollers (4) and bends around them. The rollers act as a guiding track during the movement of the top 
belt of the plate (7). Under the pressure of the belt (6) interacting with the rock mass, the rollers (4) rotate relative to the 
axes (5) fixed on the side walls (2). The belt (6) moves along the rollers (4). The rock mass enters the bucket (1) along 
the belt. The use of a closed belt as a load-carrying body and a supporting surface of the rock mass excludes spillage 
and jamming of the submerged material.

a)        b)

Fig. 6. Bucket working body with conveyor bottom in the form of closed belt (a) and its position in front of lumpy rockpile (b): 
1 — bucket capacity; 2 — side walls; 3 — bottom; 4 — rollers; 5 — axis of rotation; 6 — belt; 7 — plates; 8 — pins

Bucket working body with a conveyor bottom in the form of a closed belt connected to the engine 
through mechanical transmission7. This design, compared to the previous ones, is able to further intensify the 
interaction of the conveyor bottom and the rock mass, and, as a consequence, accelerate the process of filling the bucket 

6Lyashenko YuM, et al. Bucket working body. RF Patent 144647, 2014. (In Russ.)
7 Revyakina EA, et al. Complex of quarry equipment. RF Patent 2640622, 2018. (In Russ.)
7 Revyakina EA, Lyashenko YuM, Sergeev VV. RF Patent 179748, 2018. (In Russ.)
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(Fig. 7). Possible drive options are described in the technical solutions discussed below.
Here, the conveyor bottom (2) is made in the form of a closed belt (3) enveloping the rollers (4), whose axes of 

rotation are fixed on the side walls (1). One of the rollers (5) is driven and equipped with the mechanical transmission 
(6) connected to the engine (7) to move the closed belt.

The rock mass flow on the belt (3) geared by the rotating drive roller (5) through the mechanical transmission 
(6) from the engine (8), contributes to a more efficient filling of the bucket and reduces the operation time. Thus, the
proposed working body compares favorably with existing analogues in that they provide a reduction in the time to
digging-in, scooping and unloading; and when penetrating into a rockpile and scooping, it increases the filling capacity
and, therefore, improves productivity.

Fig. 7. Bucket working body with conveyor bottom in the form of closed belt connected to the engine through mechanical 
transmission: 1 — side wall; 2 — bottom; 3 — closed belt; 4 — rollers; 5 — transport (drive) roller; 6 — mechanical transmission; 

7 — engine

Bucket working body with a conveyor bottom in the form of a closed belt connected with a drive from 
two hydraulic cylinders through transmission mechanisms 8. A diagram of such a working body is shown in Fig. 8. 
Its conveyor bottom (2) is made in the form of a closed belt (3) enveloping the rollers (4), whose axes of rotation are 
fixed on the side walls (1). The closed belt drive consists of two hydraulic cylinders (6) and (7) with transmission 
mechanisms in the form of slides (8) installed in the guides, connecting rods (9) and cranks (10). The , connecting rods
(9) are journaled to the slides (8), and the cranks (10) are rigidly attached to the axis of the drive roller (5) under
mutually perpendicular displacement.

Equipping the bucket working body with a drive consisting of two hydraulic cylinders with transmission 
mechanisms of the specified design provides the rotary motion of the drive roller. Mutual displacement of the crank 
attachment points provides the hydraulic cylinders falling out of the dead centers in a given direction of rotation.

Through supplying the working fluid to the rod cavity of the hydraulic cylinder (6), the motion of its rod and 
transmission mechanisms, consisting of slides (8), cranks (9) and , connecting rods (10) installed in the guides, is 
provided. Thus, the drive roller (5) is set in rotation, which provides the belt (3) displacement. In this case, the hydraulic
cylinder piston (7) is removed from the extreme position, after which liquid is supplied to its piston cavity, which
provides the simultaneous operation of the hydraulic cylinders (6) and (7).

The bucket is filled during the period of its forced displacement towards the rockpile. In this case, the cutting 
edge and pins of the bottom (2) cut off a part of the material located on the face area. Loosened rock mass enters into 
interaction with the belt (3) and is transferred by the latter to the bottom (2) filling the bucket working body. The cycle 
ends in the zero-point return operation of the working body and its preparation for a new working movement and filling.

Fig. 8. Bucket working body with  conveyor bottom in the form of  closed belt connected with a two-hydraulic cylinder drive by 
transmission mechanisms: 1 — side wall; 2 — conveyor bottom; 3 — belt; 4 — supporting rollers; 5 — drive roller; 6, 

7 — hydraulic cylinders; 8 — slides; 9 — connecting rods; 10 — cranks

5 3

7 7
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(Fig. 7). Possible drive options are described in the technical solutions discussed below.
Here, the conveyor bottom (2) is made in the form of a closed belt (3) enveloping the rollers (4), whose axes of

rotation are fixed on the side walls (1). One of the rollers (5) is driven and equipped with the mechanical transmission 
(6) connected to the engine (7) to move the closed belt.

The rock mass flow on the belt (3) geared by the rotating drive roller (5) through the mechanical transmission
(6) from the engine (8), contributes to a more efficient filling of the bucket and reduces the operation time. Thus, the
proposed working body compares favorably with existing analogues in that they provide a reduction in the time to
digging-in, scooping and unloading; and when penetrating into a rockpile and scooping, it increases the filling capacity
and, therefore, improves productivity.

Fig. 7. Bucket working body with conveyor bottom in the form of closed belt connected to the engine through mechanical
transmission: 1 — side wall; 2 — bottom; 3 — closed belt; 4 — rollers; 5 — transport (drive) roller; 6 — mechanical transmission;

7 — engine

Bucket working body with a conveyor bottom in the form of a closed belt connected with a drive from
two hydraulic cylinders through transmission mechanisms 8. A diagram of such a working body is shown in Fig. 8.
Its conveyor bottom (2) is made in the form of a closed belt (3) enveloping the rollers (4), whose axes of rotation are 
fixed on the side walls (1). The closed belt drive consists of two hydraulic cylinders (6) and (7) with transmission
mechanisms in the form of slides (8) installed in the guides, connecting rods (9) and cranks (10). The , connecting rods
(9) are journaled to the slides (8), and the cranks (10) are rigidly attached to the axis of the drive roller (5) under
mutually perpendicular displacement.

Equipping the bucket working body with a drive consisting of two hydraulic cylinders with transmission
mechanisms of the specified design provides the rotary motion of the drive roller. Mutual displacement of the crank
attachment points provides the hydraulic cylinders falling out of the dead centers in a given direction of rotation.

Through supplying the working fluid to the rod cavity of the hydraulic cylinder (6), the motion of its rod and
transmission mechanisms, consisting of slides (8), cranks (9) and , connecting rods (10) installed in the guides, is
provided. Thus, the drive roller (5) is set in rotation, which provides the belt (3) displacement. In this case, the hydraulic
cylinder piston (7) is removed from the extreme position, after which liquid is supplied to its piston cavity, which
provides the simultaneous operation of the hydraulic cylinders (6) and (7).

The bucket is filled during the period of its forced displacement towards the rockpile. In this case, the cutting 
edge and pins of the bottom (2) cut off a part of the material located on the face area. Loosened rock mass enters into
interaction with the belt (3) and is transferred by the latter to the bottom (2) filling the bucket working body. The cycle
ends in the zero-point return operation of the working body and its preparation for a new working movement and filling.

Fig. 8. Bucket working body with  conveyor bottom in the form of closed belt connected with a two-hydraulic cylinder drive by
transmission mechanisms: 1 — side wall; 2 — conveyor bottom; 3 — belt; 4 — supporting rollers; 5 — drive roller; 6,

7 — hydraulic cylinders; 8 — slides; 9 — connecting rods; 10 — cranks
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7 7
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The design of the belt drive mechanism in the form of a rotating roller driven by two hydraulic cylinders with 
transmission mechanisms enables to use the bucket working bodies with a conveyor bottom on hydraulic excavators 
that play a key role in the mechanization of extraction-and-loading operations in quarries. Such excavators account for 
more than 60% of the total number.

Bucket working body with conveyor bottom in the form of closed belt connected to the drive hydraulic 
cylinders through locking clamps9. The working body diagram is shown in Fig. 9. In this design, the closed belt drive 
(1) of the bucket working body with a conveyor bottom consists of two hydraulic cylinders (4) with spring-loaded
clamps (6) mounted on the rods (5), which engage with the belt (1) under the action of the spring (7) during the forward
stroke and freely move during the reverse.

In the process of loading, hydraulic fluid is supplied to the hydraulic cylinder (4). The rod (5) of the hydraulic 
cylinder extends, the retainer (6) under the action of the spring (7) engages with the belt (1) and sets it in motion. The 
belt, moving along the rollers (2), transfers the rock mass located on it. The continuity of the transportation of the rock 
mass is provided through the sequential operation of two hydraulic cylinders (4). Such a conveyor belt drive mechanism 
simplifies the design of the bucket working body, increases the reliability of the drive, while maintaining the positive 
effect of the belt drive discussed above in the form of a rotating roller, which is driven by two hydraulic cylinders with 
transmission mechanisms.

Fig. 9. Bucket working body with conveyor bottom in the form of closed belt connected to the drive hydraulic cylinders through locking 
clamps: 1 — closed belt; 2 — rollers; 3 — side walls; 4 — hydraulic cylinder; 5 — hydraulic cylinder rod; 6 — retainer; 7 — spring

Discussion and Conclusions. Bucket working bodies with a conveyor bottom can considerably improve the 
technical level of operated excavators and help to reduce the energy consumption of loading. A preliminary analysis 
shows that in comparison to the traditional excavator loading bodies with a bottom with a smooth surface, the proposed 
technical solutions have the following advantages:

— reduction of resistance to implementation;
— increasing the bucket filling ratio;
— decrease in the specific energy intensity of the process;
— increase in the resulting technical productivity.
These advantages will be more pronounced as the bucket capacity of the excavator increases. A certain 

structural complication of the loading unit cannot significantly affect the cost of the excavator, the estimated additional 
capital costs are paid off within two to four months.

The method of prioritization [8, 9] is the basis for a comprehensive expert assessment of the options of 
technical solutions obtained in the course of morphological synthesis. The calculation of the complex priority of bucket 
working bodies with a conveyor bottom and loading modules with a conveyor bottom made it possible to recognize 
them as promising with a representativeness of the expert panel of 0.81.
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Introduction. The structure of the transport logistics system for the transportation of container transformers in an 
urbanized environment to optimize production costs with elements of intelligent urban mobility, as well as the 
simulation software for modeling and testing the developed system, are described. The basic principles of the 
interaction between elements of the system are presented through the behavioral modeling of containers and carriers. 
Software is created to simulate the operation of the logistics infrastructure for transformer containers using wireless 
technology and the Internet of Things; and services for the rapid information exchange between participants (objects 
and subjects) of this process are implemented.
Materials and Methods. A general method of organizing a network with a web server and a mobile client, as well as the 
basic principle of interaction between the server and the client, is described. The basics of developing a simulator 
designed to simulate all possible states of a container transformer are specified.
Results. A common system architecture and a simulator are created for the software debugging and testing under the 
organization of a single space to monitor and optimize cargo transportation using “smart” container transformers while 
providing transport services to the population and legal entities in an urban environment.
Discussion and Conclusions. The developed simulator as part of the information system provides speeding up the 
creation, debugging and testing of the software for solving logistics problems in the transport sector.
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Introduction. There is a logistical problem associated with the transportation of cargo containers with empty 
crate resulting in added costs for fuel and labor, road congestion and, as a result, stress on the environment.

To solve the described logistics problem for the transportation of goods, containers-transformers SmartBoxCity 
are used, they are equipped with wireless technology and the Internet of Things1. The central element of the created 
product is a container equipped with IT system of remote administration and scripted control that can transform into 
operation condition. It is intended for large logistics companies. A container transformer provides stacking several 
empty containers in one vehicle, which saves logistics costs, since a specific volume of transportation is used more 
efficiently [1]. The proposed solution enables to reduce delivery costs, and it is a part of information system for 
optimizing the route of freight transport [2].

Due to the fact that the development and testing of the project components is a rather laborious and resource-
intensive process, software is proposed to simulate the processes of the complex as a whole.

                                                           
1 Petrov OA, Evstratov EM, Korotkii AA, et al. Collapsible shipping container. RF Patent 2672998, 2018. (In Russ.)



ht
tp

://
ve

st
ni

k-
do

ns
tu

.ru

312

Advanced Engineering Research 2020. V. 20, no. 3. P. 311−316.  ISSN 2687-1653

The work objectives were to create a software product that provides modeling of the logistics infrastructure for 
transformer containers using wireless technology and the Internet of Things; and to implement services for the rapid 
exchange of information between participants (objects and subjects) of this process [3].
Materials and Methods. To solve the task of developing a simulator application, first of all, it was necessary to select a 
web server. IIS (Internet Information Services) was chosen as a web server, a proprietary set of servers for several 
Internet services from Microsoft, as well as an ASP.NET Core web application, because applications built on this 
technology are portable and easy customizable2. The framework uses the C # programming language and the 
presentation engine Razor3.

The relational database management system Microsoft SQL Server [4] was selected as the database for storing 
the modeled data.

Among the components included in the software, there is a mobile application for simulating the behavior of a 
transformer container. With its help, the user can create a model of the container, track its possible states and sensor 
readings. The application consists of the following functional blocks (sections of the main menu): “Sensor readings”,
“GPS coordinates”, “Container condition” and Photofixation”.

In the “Sensor readings” section of the main menu, the user can track and change the following sensor 
readings: temperature, cargo weight, illumination, humidity, battery charge level, network signal level. All changes 
made by the user are subsequently saved, and then access to the camera, which records the state of the cargo in the 
transformer container at the time of changing the parameters, is given (Fig. 1).

Fig. 1. Sensor readings

In the “GPS coordinates” section of the main menu, the user is presented with the real-time GPS coordinates of 
the container. Additionally, the date and time of coordinate change are tracked [5]. All changes at regular intervals are 
sent to the server and recorded in the database (Fig. 2).

                                                           
2Internet Information Services. URL: https://ru.wikipedia.org/wiki/Internet_Information_Services (accessed: 15.04.2019) (In Russ.).
3Roth D, Anderson R, Luttin Sh. Introduction ASP. NET Core. URL: https://docs.microsoft.com/ru-ru/aspnet/core/introduction-to-aspnet-
core?view=aspnetcore-3.1 (accessed: 13.04.2020) (In Russ.)
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The work objectives were to create a software product that provides modeling of the logistics infrastructure for
transformer containers using wireless technology and the Internet of Things; and to implement services for the rapid
exchange of information between participants (objects and subjects) of this process [3].
Materials and Methods. To solve the task of developing a simulator application, first of all, it was necessary to select a
web server. IIS (Internet Information Services) was chosen as a web server, a proprietary set of servers for several
Internet services from Microsoft, as well as an ASP.NET Core web application, because applications built on this
technology are portable and easy customizable2. The framework uses the C # programming language and the
presentation engine Razor3.

The relational database management system Microsoft SQL Server [4] was selected as the database for storing
the modeled data.

Among the components included in the software, there is a mobile application for simulating the behavior of a
transformer container. With its help, the user can create a model of the container, track its possible states and sensor
readings. The application consists of the following functional blocks (sections of the main menu): “Sensor readings”,
“GPS coordinates”, “Container condition” and Photofixation”.

In the “Sensor readings” section of the main menu, the user can track and change the following sensor
readings: temperature, cargo weight, illumination, humidity, battery charge level, network signal level. All changes
made by the user are subsequently saved, and then access to the camera, which records the state of the cargo in the
transformer container at the time of changing the parameters, is given (Fig. 1).

Fig. 1. Sensor readings

In the “GPS coordinates” section of the main menu, the user is presented with the real-time GPS coordinates of
the container. Additionally, the date and time of coordinate change are tracked [5]. All changes at regular intervals are 
sent to the server and recorded in the database (Fig. 2).

2Internet Information Services. URL: https://ru.wikipedia.org/wiki/Internet_Information_Services (accessed: 15.04.2019) (In Russ.).
3Roth D, Anderson R, Luttin Sh. Introduction ASP. NET Core. URL: https://docs.microsoft.com/ru-ru/aspnet/core/introduction-to-aspnet-
core?view=aspnetcore-3.1 (accessed: 13.04.2020) (In Russ.)
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Fig. 2. GPS coordinates of the container

In the “Container condition” section of the main menu, the position of the doors (open/closed) and the 
container (unfolded/folded) is monitored, as well as its location: in the warehouse, by car and at the customer's [6]. As 
in the “Sensor readings” section of the main menu, after the user has modeled the object and clicked on the “Save 
changes” button, the application transfers him through the menu to the phone camera to take photographs (Fig. 3)

Fig. 3. Container condition
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The “Photofixation” section of the main menu displays the latest readings of the transformer container sensors, 
as well as GPS coordinates. As a result, all simulated data is displayed in tabular form. The implementation of 
photofixation is a rather important component of the application since the client gets the opportunity to visually monitor 
the state of the cargo in the transformer container (Fig. 4).

 

Fig. 4. Photofixation

“SmartBoxCity” mobile application that simulates transformer containers has been developed to test the 
functionality of software using wireless technology and the Internet of Things. Data on the parameters of the 
transformer containers is transmitted to the server and recorded in the database. To test the created model, it is possible 
to enter your personal account, and, based on a previously created account, view the condition of objects in real time, 
track their location using Google Maps technology [7]. It is possible to make settings that imitate the “behavior” of the 
transformer container through the mobile application. The data obtained by this simulator is used to solve logistics 
problems of the cargo transportation optimization.

Research Results. Thus, we can conclude that the user is able to exercise full control over the process of 
modeling the transformer container behavior through the simulator application.

The components developed as part of the simulator application are the basis for testing the future information 
system, which provides the implementation of the information component of the motor transportation infrastructure 
software to support and optimize logistics tasks.

Fig. 5 shows the developed architecture of the information system, which has been tested to support work with 
a variety of transformer container simulators and has shown resistance to loads and completeness of functionality for 
solving and optimizing logistics tasks.
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The “Photofixation” section of the main menu displays the latest readings of the transformer container sensors,
as well as GPS coordinates. As a result, all simulated data is displayed in tabular form. The implementation of
photofixation is a rather important component of the application since the client gets the opportunity to visually monitor
the state of the cargo in the transformer container (Fig. 4).

Fig. 4. Photofixation

“SmartBoxCity” mobile application that simulates transformer containers has been developed to test the
functionality of software using wireless technology and the Internet of Things. Data on the parameters of the 
transformer containers is transmitted to the server and recorded in the database. To test the created model, it is possible
to enter your personal account, and, based on a previously created account, view the condition of objects in real time,
track their location using Google Maps technology [7]. It is possible to make settings that imitate the “behavior” of the
transformer container through the mobile application. The data obtained by this simulator is used to solve logistics
problems of the cargo transportation optimization.

Research Results. Thus, we can conclude that the user is able to exercise full control over the process of
modeling the transformer container behavior through the simulator application.

The components developed as part of the simulator application are the basis for testing the future information
system, which provides the implementation of the information component of the motor transportation infrastructure
software to support and optimize logistics tasks.

Fig. 5 shows the developed architecture of the information system, which has been tested to support work with 
a variety of transformer container simulators and has shown resistance to loads and completeness of functionality for
solving and optimizing logistics tasks.
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Fig. 5. Architectural scheme of the system

In the process of the software implementation, a web server that provides processing of information received 
from the developed mobile application, a simulator of a container transformer, and also a subsystem for interaction with 
real sensors that are part of the object was organized were created [8].

Discussions and Conclusions. The created simulator will provide the user with simulation of the container 
behavior and tracking all kinds of readings of its sensors. It is an integral part of the software for its debugging and 
testing when organizing a single space for monitoring and optimizing cargo transportation using “smart” transformer 
containers under trucking for population and legal entities in an urbanized environment.
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Information system for assessing maturity level of an organization
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Introduction. The paper considers problems of creating information support for solving the task of assessing the 

maturity level of an organization. It is proposed to use intelligent information systems, i.e. expert systems. Substantive 

aspects of various stages of creating such systems are briefly described; the expert system architecture, which is based 

on using a fuzzy expert knowledge base, is given. The work objective was to create new software to solve the problem 

of assessing the maturity level of an organization.

Materials and Methods. Previously performed modeling of the subject domain under consideration allowed us to create 

a knowledge base in the form of production memory, which is the basis of the fuzzy inference mechanism. The software 

is written in PHP and is suitable for embedding in complex web applications. The software system is a web application 

written primarily in PHP and JavaScript. The software works in all modern web browsers, which accelerates 

significantly the implementation and deployment based on both the parent-enterprise and its subsidiaries.

Results. New software has been created to automate the processing of questionnaires during the organization’s self-

assessment based on key indicators, as well as considering 6 main groups of the quality management system indicators.

Application of the program will significantly speed up the process of input and processing of expert information 

required for self-assessment. The program provides organizations to get an adequate idea of the opportunities and 

prospects for improving the organization’s quality management system. Some fragments of the software system 

interface are given.

Discussion and Conclusions. The proposed software can be used to determine the level of maturity of an organization. 

The application of Web-technologies improves usability, reduces software support costs. The software can be deployed 

in the existing network infrastructure of the customer; and the customer can use all the functionality through connecting 

to a remote server. The software is optimized for various screen resolutions, which allows you to use it not only at the 

central office, but also when analyzing the quality management system of corporate customers. The traffic generated by 

the web application is optimized for working with mobile devices with a low-speed Internet connection. Application of 

the program will significantly reduce the time for users to enter and process expert information required for the problem 

solving and to eliminate duplication of information.

Keywords: information support, quality management system, level of maturity of an organization, self-assessment, 

expert systems. 
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Introduction. Achieving sustained success is an urgent task for every business entity (enterprise, organization, 

firm, etc.). The sustained success of the organization running presupposes providing its high operating rate and optimal 

balance. In this case, the interests and needs of all parties related to the enterprise should be taken into account. For 

example, product quality should meet customer requirements; terms, volumes of supplies and purchases — the 

contractual obligations with partners and suppliers; financial performance —the expectations of management and 

owners. The modern rapidly changing economy requires a prompt response to external influences; therefore this aspect 

of the analysis of activities is of particular importance. The qualitative and quantitative characteristics that affect the 

functioning of the organization should be balanced, which is the main criterion for providing success. Self-assessment is 

one of the primary tools for analyzing the functioning of an organization; it provides continuous monitoring of the state 

of an organization, which is a fundamental way to maintain competitiveness.

In our country, the problem of self-assessment of the organization's activities is studied in sufficient scale for 

certain areas of practical experience. These are the works by Eh. A. Belokorovin, V. I. Galeev, E. A. Gorbashko, 

T. Yu. Dvoruk, B. C. Dubinin, T. Kalita, A. I. Kochetov, D. V. Maslov, Yu. I. Mkhitaryan, I. G. Okrepilova, 

T. A. Salimova, M. Z. Svitkin and others1. Various methods and approaches to self-assessment and assessment of the 

organization's performance in certain industries, as well as its further improvement and increasing competitiveness were 

considered in foreign publications [1–5].

The urgency of the problem, covering various aspects of the organization self-assessment process based on an 

approach using a quality management system (QMS), is validated, first of all, by its applied significance, since the 

organization's maturity levels are closely related to the problem of quality assurance and control2. For an adequate 

assessment of the QMS operation, subject field professionals, experts, are used. However, a major problem 

accompanying the solution to the problem is the necessity of taking into account a variety of expert information,

including qualitative, the subjectivity of expert assessments, as well as an insufficient number of experts. In this regard, 

to solve these problems, it is advisable to use intelligent decision support systems.

The application of new technology (expert systems) will provide finding the optimal solution to the problem of 

self-assessment of the organization. Further general automation of the enterprise will be provided through the 

development of a system that includes a set of hybrid expert systems and, as a consequence, will bring about an increase 

in the efficiency of the enterprise.

The experts’ use of knowledge (heuristics) obtained during the entire period of professional activity in a 

specialized subject field is a specific feature of expert systems (ES).

When qualitative and quantitative assessments are ambiguous, ES are used for decision-making both in 

technical problems of decision-making [6] and in management, production, logistics processes [7–11], service quality 

assessment3, knowledge quality assessment4, and other humanitarian fields. To determine the level of maturity of the 

organization, the authors proposed a general scheme5. The scheme assumes using expert assessments and developing an 

ES [12], whose decision making is based on fuzzy inference [13–15].

The work objective is to create a computer system that automates the self-assessment process, which will 

significantly increase the efficiency of the decision-maker (DM) in the process of solving this problem and, in 

particular, in determining the level of maturity of the organization. The use of this computer system provides the 

1Maslov DV, Belokorovin EhA. Small business quality management. Moscow, 2011. 192 p. (In Russ).
2 GOST R ISO 9004-2010. Managing for the sustained success of an organization. A quality management approach. Federal Agency for Technical 
Regulation and Metrology. Moscow: Standartinform; 2011. 36 p. (In Russ.)
3 Borisova LV. Features of expert quality control in the service sector. In: Proc. 5th Youth Sci.-Pract. Conf. on Product quality: control, management, 
enhancement, planning. Kursk. 2014;2:110-113. (In Russ.)
4 Shumskaya NN. On approach to expert assessment of the knowledge quality. In: Proc. 8th Sci.-Pract. Conf. on State and prospects for the 
development of agricultural engineering. Rostov-on-Don, 2015. P. 321-324. (In Russ.)
5Dimitrova LA. General scheme for assessing the level of maturity of an organization based on fuzzy expert knowledge. In: Proc. Sci.-Method. Conf.
on Innovative technologies in science and education “ITNO-2016”. Rostov-on-Don, 2016. P. 357–360. (In Russ.)
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Introduction. Achieving sustained success is an urgent task for every business entity (enterprise, organization,

firm, etc.). The sustained success of the organization running presupposes providing its high operating rate and optimal

balance. In this case, the interests and needs of all parties related to the enterprise should be taken into account. For

example, product quality should meet customer requirements; terms, volumes of supplies and purchases — the

contractual obligations with partners and suppliers; financial performance —the expectations of management and

owners. The modern rapidly changing economy requires a prompt response to external influences; therefore this aspect

of the analysis of activities is of particular importance. The qualitative and quantitative characteristics that affect the

functioning of the organization should be balanced, which is the main criterion for providing success. Self-assessment is

one of the primary tools for analyzing the functioning of an organization; it provides continuous monitoring of the state

of an organization, which is a fundamental way to maintain competitiveness.

In our country, the problem of self-assessment of the organization's activities is studied in sufficient scale for

certain areas of practical experience. These are the works by Eh. A. Belokorovin, V. I. Galeev, E. A. Gorbashko,

T. Yu. Dvoruk, B. C. Dubinin, T. Kalita, A. I. Kochetov, D. V. Maslov, Yu. I. Mkhitaryan, I. G. Okrepilova, 

T. A. Salimova, M. Z. Svitkin and others1. Various methods and approaches to self-assessment and assessment of the

organization's performance in certain industries, as well as its further improvement and increasing competitiveness were 

considered in foreign publications [1–5].

The urgency of the problem, covering various aspects of the organization self-assessment process based on an

approach using a quality management system (QMS), is validated, first of all, by its applied significance, since the

organization's maturity levels are closely related to the problem of quality assurance and control2. For an adequate

assessment of the QMS operation, subject field professionals, experts, are used. However, a major problem

accompanying the solution to the problem is the necessity of taking into account a variety of expert information,

including qualitative, the subjectivity of expert assessments, as well as an insufficient number of experts. In this regard,

to solve these problems, it is advisable to use intelligent decision support systems.

The application of new technology (expert systems) will provide finding the optimal solution to the problem of

self-assessment of the organization. Further general automation of the enterprise will be provided through the

development of a system that includes a set of hybrid expert systems and, as a consequence, will bring about an increase

in the efficiency of the enterprise.

The experts’ use of knowledge (heuristics) obtained during the entire period of professional activity in a

specialized subject field is a specific feature of expert systems (ES).

When qualitative and quantitative assessments are ambiguous, ES are used for decision-making both in 

technical problems of decision-making [6] and in management, production, logistics processes [7–11], service quality

assessment3, knowledge quality assessment4, and other humanitarian fields. To determine the level of maturity of the

organization, the authors proposed a general scheme5. The scheme assumes using expert assessments and developing an

ES [12], whose decision making is based on fuzzy inference [13–15].

The work objective is to create a computer system that automates the self-assessment process, which will

significantly increase the efficiency of the decision-maker (DM) in the process of solving this problem and, in

particular, in determining the level of maturity of the organization. The use of this computer system provides the

1Maslov DV, Belokorovin EhA. Small business quality management. Moscow, 2011. 192 p. (In Russ).
2 GOST R ISO 9004-2010. Managing for the sustained success of an organization. A quality management approach. Federal Agency for Technical
Regulation and Metrology. Moscow: Standartinform; 2011. 36 p. (In Russ.)
3 Borisova LV. Features of expert quality control in the service sector. In: Proc. 5th Youth Sci.-Pract. Conf. on Product quality: control, management,
enhancement, planning. Kursk. 2014;2:110-113. (In Russ.)
4 Shumskaya NN. On approach to expert assessment of the knowledge quality. In: Proc. 8th Sci.-Pract. Conf. on State and prospects for the
development of agricultural engineering. Rostov-on-Don, 2015. P. 321-324. (In Russ.)
5Dimitrova LA. General scheme for assessing the level of maturity of an organization based on fuzzy expert knowledge. In: Proc. Sci.-Method. Conf.
on Innovative technologies in science and education “ITNO-2016”. Rostov-on-Don, 2016. P. 357–360. (In Russ.)
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application of the heuristics of experts, expansion of the boundaries of the solutions and recommendations being 

developed, and increasing their significance.

Materials and Methods. The practice of developing ES shows that the evolutionary creation method has 

become dominant in the field of ES. Consider the substantive aspects of the stages and features of the design of the 

software package (Fig. 1). The essential features of the identification stage include the determination the objectives and 

tasks of creating an ES; the selection of the type and breadth of the problem statement; defining the assignment of the

required resources (time and “computer capacity”) and participants in the development process.

Let us list the types of problems that can be solved using ES:

— systematization of the accumulated experience of self-assessment when analyzing the QMS operation;

— using the features of experience in solving problems of expert assessment;

— prompt solution to the problem of assessing the level of maturity of the organization;

— registration of specific moments in the audit of the organization and the dissemination of methods aimed at 

eliminating their negative impact.

Fig. 1. Stages and content of tasks of expert system development

At the conceptualization stage, there is a delineation of the terms, relationships and management tools required 
to describe the methodology for the task implementation.

The content of the conceptualization stage includes the selection of concepts, relations and control mechanisms 

required to describe the solution to the problems under consideration. For example, the terms used to describe the 

current state of the organization can be defined by the standards: management for the sustainable success of the 

organization, strategy and policy, resource management, process management, monitoring, measurement, analysis and 

research, improvement, innovation and training.

At the formalization stage, structures are created for expressing knowledge, basic terms and relationships. The 

formal expression method in most cases is determined by the ES construction language. To construct a domain model, 

an approach based on the methodology of fuzzy sets was used [12–14].

The ES implementation and testing include writing a computer program, describing the rules that include 

knowledge, evaluating the given rules, and, ultimately, obtaining an assessment of the expert system as a whole.

To automate the solution to the self-assessment problem, a software package was created. Fig. 2 shows a block 

diagram of the software package created on the basis of the knowledge gained about the subject field [12–14].

Start
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Fig. 2. Block diagram of an expert system

The ES implements the following functions:
— description of the sections of the QMS standards used in solving the problem of assessing the level of 

maturity of the organization;
— solving the problem of self-assessment based on 9 key criteria (according to GOST R ISO 9 004–2010);
— solution to the problem on the basis of 6 additional criteria [12-14];
— solving problems of determining the weight of the evaluation criteria6;
— solving problems of formalizing fuzzy expert information;
— explanation of the results obtained;
— assistance to DM in the ES operation.
The set of ES components depends on the characteristic properties of the subject field and the primary 

requirements put forward during its development.
The mode of the system operation with knowledge plays a special role in the ES. In this mode, the user is provided 

with the following resources: loading the knowledge selected by the expert into the system; exclusion of the selected 
knowledge; changing knowledge; reading the knowledge base; conservation of knowledge.

The knowledge correction mode supports the addition of knowledge of the following types: assessment of the weight 
of factors, number of terms of linguistic variables, parameters of membership functions, production rules.

The ES operates in two modes: knowledge acquisition and problem solving.
The knowledge base is formed through the joint work of a knowledge engineer and a QMS expert.
The interaction of the user (DM) with the ES occurs in the mode of the problem solution. The implementation of the 

natural language interface with the user is realized through the dialog block for entering information.
The core component of all software products is a user interface designed for an unlimited number of users. Users 

(experts) can work in the system simultaneously, and their number is unlimited.
For the described ES, three types of dialogs are used: a menu-type dialog; a dialogue of the question-answer type; a

dialogue based on screen forms.
Thus, the software package considered is a tool environment that enables the user to solve various problems of 

assessing the level of maturity of an organization in an interactive mode.
Research Results. The software product is designed as a cross-platform client-server application. All data are stored 

and processed on the web server; the user interacts with the web server using an Internet browser (all modern Internet 
browsers are supported: Mozilla Firefox, Google Chrome, Microsoft Edge, Opera, as well as their mobile versions). HTML 
and JS are used to implement the graphical user interface; the server logic is implemented in PHP. The user can work with the

6 Nurutdinova IN, Shumskaya NN, Dimitrova LA. On the use of weight coefficients in the formation of expert information. In: Proc. 10th 
Anniversary Sci.-Pract. Conf. on State and prospects for the development of agricultural engineering. Rostov-on-Don, 2017. P. 332-334. (In Russ.)
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The ES implements the following functions:
— description of the sections of the QMS standards used in solving the problem of assessing the level of

maturity of the organization;
— solving the problem of self-assessment based on 9 key criteria (according to GOST R ISO 9 004–2010);
— solution to the problem on the basis of 6 additional criteria [12-14];
— solving problems of determining the weight of the evaluation criteria6;
— solving problems of formalizing fuzzy expert information;
— explanation of the results obtained;
— assistance to DM in the ES operation.
The set of ES components depends on the characteristic properties of the subject field and the primary 

requirements put forward during its development.
The mode of the system operation with knowledge plays a special role in the ES. In this mode, the user is provided

with the following resources: loading the knowledge selected by the expert into the system; exclusion of the selected
knowledge; changing knowledge; reading the knowledge base; conservation of knowledge.

The knowledge correction mode supports the addition of knowledge of the following types: assessment of the weight
of factors, number of terms of linguistic variables, parameters of membership functions, production rules.

The ES operates in two modes: knowledge acquisition and problem solving.
The knowledge base is formed through the joint work of a knowledge engineer and a QMS expert.
The interaction of the user (DM) with the ES occurs in the mode of the problem solution. The implementation of the

natural language interface with the user is realized through the dialog block for entering information.
The core component of all software products is a user interface designed for an unlimited number of users. Users

(experts) can work in the system simultaneously, and their number is unlimited.
For the described ES, three types of dialogs are used: a menu-type dialog; a dialogue of the question-answer type; a

dialogue based on screen forms.
Thus, the software package considered is a tool environment that enables the user to solve various problems of

assessing the level of maturity of an organization in an interactive mode.
Research Results. The software product is designed as a cross-platform client-server application. All data are stored

and processed on the web server; the user interacts with the web server using an Internet browser (all modern Internet
browsers are supported: Mozilla Firefox, Google Chrome, Microsoft Edge, Opera, as well as their mobile versions). HTML 
and JS are used to implement the graphical user interface; the server logic is implemented in PHP. The user can work with the

6 Nurutdinova IN, Shumskaya NN, Dimitrova LA. On the use of weight coefficients in the formation of expert information. In: Proc. 10th
Anniversary Sci.-Pract. Conf. on State and prospects for the development of agricultural engineering. Rostov-on-Don, 2017. P. 332-334. (In Russ.)
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client part of the application through a wide range of platforms (PCs, laptops, tablets, smartphones) and operating systems 
(Windows, MacOS X, Android, iOS).

After authorization (entering a username and password), the user goes to the start page of the application and gains 
access to the main menu of the system. If a survey is conducted with a specific expert for the first time, it is required to enter 
his attributes into the database in advance. This can be done by clicking on the link “New user registration” in the main menu 
of the system. In the event that the expert's data has already been entered into the system, the user can start conducting a 
survey both on key elements and on an extended list of questions (subsystem “detailed self-assessment, p. A2 – A7”).

After the data entry completion, the user can immediately get the results of the assessment both on a simple scale and 
considering the previously entered weighting factors of the criteria through selecting the appropriate links in the main menu of 
the program. The result of solving the problem is presented in the text form, graphical, in the form of a RADAR diagram and 
an animated dashboard divided into sectors corresponding to each of the organizational maturity levels.

The application of this system, based on the knowledge of experienced specialists, will reduce time costs, expand the 
range of decisions made and improve their validity, and preserve the empirical knowledge gained under solving the self-
assessment problem.

Fig. 3 shows the main menu of the system for the automated solution to the problem of assessing the level of 
maturity of the organization, and Fig. 4 – the user poll screen.

Fig. 3. Main menu of the software package

Fig. 4. User poll screen
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The analysis of the survey results (based on the knowledge of the subject field entered by an expert) provides

the DM with a solution to the problem (Fig. 5 and 6).

Fig. 5. General view of the user survey chart

Fig. 6. Chart presentation of assessment results

The solution to the problem of assessing the level of maturity of an organization can be obtained taking into 

account the weight of both key indicators and the main groups of assessment criteria.

Discussion and Conclusions. The proposed software can be used to determine the level of maturity of an

organization. The application of web technologies increases the usability and reduces the cost of software support. The 

software can be deployed in the existing network infrastructure of the customer; and the customer can use all the 

functionality through connecting to a remote server. The software is optimized for various screen resolutions, which 

allows it to be used not only in the central office, but also when analyzing the QMS of corporate customers. The traffic 

generated by the web application is optimized to work with mobile devices with slow Internet connections. The 

application of the program will significantly reduce the time for users to enter and process the expert information 

necessary to solve the problem, eliminate duplication of information.

An ES, which is a tool software environment, has been developed. Within the framework of ES operation, it is 

permissible to form the desired configurations of ES (knowledge input subsystems), which include various 

combinations of linguistic variables and all kinds of ways to construct membership functions. This ES is universal, 

Maturity level of the organization -1

Points

Survey result

Points for each group
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The analysis of the survey results (based on the knowledge of the subject field entered by an expert) provides

the DM with a solution to the problem (Fig. 5 and 6).

Fig. 5. General view of the user survey chart

Fig. 6. Chart presentation of assessment results

The solution to the problem of assessing the level of maturity of an organization can be obtained taking into

account the weight of both key indicators and the main groups of assessment criteria.

Discussion and Conclusions. The proposed software can be used to determine the level of maturity of an

organization. The application of web technologies increases the usability and reduces the cost of software support. The

software can be deployed in the existing network infrastructure of the customer; and the customer can use all the

functionality through connecting to a remote server. The software is optimized for various screen resolutions, which

allows it to be used not only in the central office, but also when analyzing the QMS of corporate customers. The traffic

generated by the web application is optimized to work with mobile devices with slow Internet connections. The 

application of the program will significantly reduce the time for users to enter and process the expert information

necessary to solve the problem, eliminate duplication of information.

An ES, which is a tool software environment, has been developed. Within the framework of ES operation, it is

permissible to form the desired configurations of ES (knowledge input subsystems), which include various

combinations of linguistic variables and all kinds of ways to construct membership functions. This ES is universal,
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suitable for use in any business entity; it enables to classify the system by the level of maturity and to determine the 

potential for improvement.

The practical implementation of the developed algorithms is the creation of software for which certificates of 

intellectual property have been obtained (No. 2017660792 and No. 2017660791).
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Overview of fuzzy vehicle routing problems
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Introduction. Various algorithms for solving fuzzy vehicle routing problems are considered. The work objective was to 

study modern methods for the optimal solution to fuzzy, random and rough vehicle routing problems.

Materials and Methods. The paper reviews fuzzy vehicle routing problems, existing methods and approaches to their 

solution. The most effective features of some approaches to solving fuzzy vehicle routing problems considering their 

specificity, are highlighted.

Results. The Fuzzy Vehicle Routing Problem (FVRP) occurs whenever the routing data is vague, unclear, or 

ambiguous. In many cases, these fuzzy elements can better reflect reality. However, it is very difficult to use Vehicle 

Routing Problem (VRP) solving algorithms to solve FVRP since several fundamental properties of deterministic 

problems are no longer fulfilled in FVRP. Therefore, it is required to introduce new models and algorithms of fuzzy 

programming to solve such problems. Thus, the use of methods of the theory of fuzzy sets will provide successful simulation 

of the problems containing elements of uncertainty and subjectivity.

Discussion and conclusions. As a result of reviewing various methods and approaches to solving vehicle routing 

problems, it is concluded that the development and study of new solutions come into sharp focus of researchers 

nowadays, but the degree of elaboration of various options varies. Methods for the optimal solution of FVRP are 

limited, in general, to some single fuzzy variable. There is a very limited number of papers that consider a large number 

of fuzzy variables.
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Introduction. The objective of the Vehicle Routing Problem (VRP) is to determine the optimal routes for a 

vehicle fleet representing an ordered sequence of passing through the loading and unloading points, satisfying some 

constraints. The restrictions include the demand for goods, the carrying capacity of the vehicle, the maximum time and 

time windows. Optimality can be assessed in different ways. The most common minimization criteria include total 

distance, transportation cost, size of the involved vehicle fleet. Since it was first proposed by Dantzig and Ramser in 

1959 [1], VRP has attracted widespread attention of experts, academicians and managers in various fields and has 
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become a subject of study in the field of operations research and optimization of logistics systems. A significant number 

of successful studies have been conducted.

Initially, most traditional VRP research assumed that all information is deterministic, including customer 

demand, vehicle fleet characteristics, road conditions, and other data needed to build routes. That is, traditional research 

has focused on deterministic VRP. However, in a real logistics system, it is difficult to describe VRP information as 

deterministic due to such factors as weather effects, road conditions, vehicle speed, individual customer needs, as well 

as the cognitive characteristics of decision makers. Any uncertainty in such problems concentrates on demand, time, 

etc., and allows them to be classified as nondeterministic VRP. Compared to deterministic, nondeterministic VRPs 

reflect changes in time and demand, the impact of vehicle routing assignments in real time, which brings them closer to 

the actual production and logistics processes. The proposed algorithms and conclusions, which are valid for 

deterministic problems, were usually not applied to nondeterministic ones. Moreover, due to the features described 

above, the mathematical description of nondeterministic problems is more complicated, and the complexity of finding 

possible solutions also increases. Therefore, nondeterministic VRPs attract more and more attention and become one of 

the topical centers of modern VRP research [2].

Definition and classification of nondeterministic vehicle routing problems. Nondeterministic VRP are 

those in which the planner does not have complete information on the vehicle route until the start of the specified route. 

That is, some information may be vague, ambiguous, or even unknown. After the initial construction of the vehicle 

route, the destination of the vehicle route and the task can be changed [3]. Obviously, nondeterministic VRP in this 

regard is more general than deterministic.

In the related studies, uncertainty includes three main forms: randomness, fuzziness and inaccuracy

(roughness) [2]. In some systems, the above uncertainties can coexist. Currently, VRP ambiguity is mainly caused by 

randomness and fuzziness, and can use fuzzy randomness or random fuzziness to describe the coexistence of 

randomness and fuzziness in VRP.

With the emergence of numerous generalizations and extensions of VRP, scientists began to consider them 

under different aspects and classify them according to different standards [4]. Based on the classification of Erbao [5] 

and the distinguished forms of uncertainty of problems, it is possible to divide nondeterministic VRP into singlet and 

double ones [6].

Singlet nondeterministic VRP include:

— Stochastic VRP (SVRP) — random vehicle routing problem;

— Fuzzy VRP (FVRP) — fuzzy routing problem;

— Rough VRP — rough vehicle routing problem.

Double nondeterministic VRPs include various pairwise combinations of singlet ones:

— Fuzzyrandom VRP (FRVRP) — fuzzy random vehicle routing problem;

— Randomfuzzy VRP (RFVRP) — random fuzzy vehicle routing problem;

— Fuzzyrough VRP — fuzzy-rough vehicle routing problem;

— Roughfuzzу VRP — rough-fuzzy vehicle routing problem;

— Randomrough VRP — random-rough vehicle routing problem;

— Roughrandom VRP — rough-random vehicle routing problem;

— Dualfuzzy VRP — dual fuzzy vehicle routing problem;

— Dualrandom VRP — double random vehicle routing problem;

— Dualrough VRP — dual rough vehicle routing problem

Random SVRP problems differ from deterministic VRP in that some of the initial data of the problem are not 

fully defined before the vehicle starts to execute a given route. The planner can derive statistical patterns for this data 
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become a subject of study in the field of operations research and optimization of logistics systems. A significant number 

of successful studies have been conducted.

Initially, most traditional VRP research assumed that all information is deterministic, including customer 

demand, vehicle fleet characteristics, road conditions, and other data needed to build routes. That is, traditional research 

has focused on deterministic VRP. However, in a real logistics system, it is difficult to describe VRP information as 

deterministic due to such factors as weather effects, road conditions, vehicle speed, individual customer needs, as well 

as the cognitive characteristics of decision makers. Any uncertainty in such problems concentrates on demand, time, 

etc., and allows them to be classified as nondeterministic VRP. Compared to deterministic, nondeterministic VRPs 

reflect changes in time and demand, the impact of vehicle routing assignments in real time, which brings them closer to 

the actual production and logistics processes. The proposed algorithms and conclusions, which are valid for 

deterministic problems, were usually not applied to nondeterministic ones. Moreover, due to the features described 

above, the mathematical description of nondeterministic problems is more complicated, and the complexity of finding 

possible solutions also increases. Therefore, nondeterministic VRPs attract more and more attention and become one of 

the topical centers of modern VRP research [2].

Definition and classification of nondeterministic vehicle routing problems. Nondeterministic VRP are 

those in which the planner does not have complete information on the vehicle route until the start of the specified route. 

That is, some information may be vague, ambiguous, or even unknown. After the initial construction of the vehicle 

route, the destination of the vehicle route and the task can be changed [3]. Obviously, nondeterministic VRP in this 

regard is more general than deterministic.

In the related studies, uncertainty includes three main forms: randomness, fuzziness and inaccuracy

(roughness) [2]. In some systems, the above uncertainties can coexist. Currently, VRP ambiguity is mainly caused by 

randomness and fuzziness, and can use fuzzy randomness or random fuzziness to describe the coexistence of 

randomness and fuzziness in VRP.

With the emergence of numerous generalizations and extensions of VRP, scientists began to consider them 

under different aspects and classify them according to different standards [4]. Based on the classification of Erbao [5] 

and the distinguished forms of uncertainty of problems, it is possible to divide nondeterministic VRP into singlet and 

double ones [6].

Singlet nondeterministic VRP include:

— Stochastic VRP (SVRP) — random vehicle routing problem;

— Fuzzy VRP (FVRP) — fuzzy routing problem;

— Rough VRP — rough vehicle routing problem.

Double nondeterministic VRPs include various pairwise combinations of singlet ones:

— Fuzzyrandom VRP (FRVRP) — fuzzy random vehicle routing problem;

— Randomfuzzy VRP (RFVRP) — random fuzzy vehicle routing problem;

— Fuzzyrough VRP — fuzzy-rough vehicle routing problem;

— Roughfuzzу VRP — rough-fuzzy vehicle routing problem;

— Randomrough VRP — random-rough vehicle routing problem;

— Roughrandom VRP — rough-random vehicle routing problem;

— Dualfuzzy VRP — dual fuzzy vehicle routing problem;

— Dualrandom VRP — double random vehicle routing problem;

— Dualrough VRP — dual rough vehicle routing problem

Random SVRP problems differ from deterministic VRP in that some of the initial data of the problem are not 

fully defined before the vehicle starts to execute a given route. The planner can derive statistical patterns for this data 

Chernyshev Yu. O., et al. Overview of fuzzy vehicle routing problems

based on previous observations or market analysis. That is, some parameters in SVRP are random, mainly such as 

customer demand, customer service time (time windows), customer distribution, available vehicles, service time, 

travel time, etc.  Gendreau and Laporte [7] provided a good overview of the major variants of SVRP. Currently, 

research into major SVRP focuses on random demand, random travel time, random customers, and similar problems.

In fuzzy FVRP problems, as in random SVRP problems, there is uncertainty about some of the problem data. 

However, if randomness presupposes the existence of some well-known statistical regularities that can be used, then 

fuzziness excludes such regularities. This review is focused specifically on fuzzy vehicle routing problems that are 

currently of great interest for research.

Research results. Fuzzy vehicle routing problems. The fuzzy vehicle routing problem (FVRP) occurs 

whenever the routing data is vague, unclear, or ambiguous. For example, when, based on experience, the travel time of 

a vehicle can be described as “about half an hour”, “between 15 and 20 minutes” and so on. In many cases, such fuzzy 

elements can better reflect reality. In practice, it can be difficult to obtain accurate values for requests, travel time, 

number and location of customers, time window boundaries, and other quantities if they obey probabilistic laws. In 

some new systems, it is also difficult to describe parameters of the problem as random variables due to insufficient data 

for analyzing the distribution. However, it is very difficult to use deterministic VRP solution algorithms to solve FVRP 

because several fundamental properties of deterministic problems are no longer fulfilled in FVRP. Therefore, to solve 

such problems, it is required to introduce new models and algorithms of fuzzy programming. Thus, the use of methods 

of the theory of fuzzy sets will make it possible to successfully model problems containing elements of uncertainty and 

subjectivity.

The solution scheme is as follows: first, the information should be made fuzzy, then the idea of fuzzy 

reasoning to build certain fuzzy criteria and convert the fuzzy variables to their crisp equivalents using defuzzification, 

is used. Currently, FVRP research is mainly focused on fuzzy demand, fuzzy time windows, fuzzy travel time and fuzzy 

service time.

VRP with fuzzy demands (VRPFD) is the task of vehicle routing with fuzzy customer demand for goods. 

VRPFD assumes that the customers who need the service are identified, but their exact demand is uncertain and no 

statistical rule for their demand can be obtained. There is no doubt that VRPFD is the most investigated area of FVRP. 

Presumably, the earliest description of VRPFD was proposed by Teodorovich in 1996 [8]. Teodorovich studied VRPFD 

with one depot, developed fuzzy decision rules based on propensity assessment, proposed the first phase of the solution 

based on a heuristic sweep algorithm; then, based on the generated solution, he gradually improved it through

optimizing routes. Since then, several scientists have used various heuristics to solve YRPFD with some success. Based 

on fuzzy possibility [3, 9−13], binary approaches [14] and fuzzy confidence [15], they applied an improved heuristic 

algorithm or a hybrid heuristic algorithm to solve VRPFD. The most widely used algorithm is the modified hybrid 

genetic algorithm [9–11]. In addition, other algorithms were applied to solve this kind of problems [3, 12–14, 15], such 

as modified ant colony algorithm, hybrid differential evolutionary algorithm, and improved particle swarm 

optimization.

VRP with fuzzy time windows (VRPFTW) is a vehicle routing task with fuzzy time windows. VRPFTW is 

analogous to the |soft-window vehicle routing problem. In it, violation of time windows does not necessarily entail 

penalties, but there is some uncertainty about long-term consequences for the service quality. For this, either the arrival 

time or the upper and lower boundaries of time windows is usually considered fuzzy. Wang [16] first applied such a 

fuzzy theory to the example of a traveling salesman problem — road inspection (Chinese postman) with time windows. 

Tang and others [17] proposed a VRPFTW mathematical model and a method for its solution in two stages: reduction to 

traditional VRP with time windows and its solution, and then, solving the problem of improving service based on the 
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Gomory algorithm and the subgradient optimization method. For a complex VRPFTW with multiple depots and a 

heterogeneous fleet, a multi-stage heuristic was proposed [18]: customer clustering, routing, vehicle type determination, 

route planning and improvement using simulated annealing and customer service improvement. Good results were also 

shown by the particle swarm optimization method [19] and the modified wolf pack algorithm [20].

VRP with fuzzy duetime (VRPFDT) is vehicle routing problem with fuzzy visit time. VRPFDT differs in that 

time windows are replaced by fuzzy dates. This is due to the fact that time windows in deterministic VRP cannot reflect 

client preferences in real time. For example, customers may want to receive a service at certain points in time; their 

satisfaction may be reduced if the service is offered ahead or behind time. Hence, there is fuzzy time to visit. In 1995, 

Cheng and others [21] first proposed the concept of VRPFDT and built a VRP model under the conditions of single 

export or single delivery, proposed an improved hybrid genetic algorithm for solving such a VRP model using push-

bump-throw procedures. Thereafter, Teodorovich [22] investigated a fuzzy dynamic problem of constructing routes 

between the corresponding points of export and delivery (Dial-A-RideProblem) and additionally analyzed VRP with 

fuzzy visit time and fuzzy travel time. Besides, other methods, such as heuristic insertion algorithm, modified ant 

colony algorithm, genetic algorithm, etc., play an important role in solving VRPFDT [23, 24].

VRP withfuzzytraveltime (VRPFT) is a vehicle routing problem with fuzzy travel time. In VRPFT, the travel 

time of a vehicle when it is assigned a route is fuzzy, while other parameters are specified and deterministic. Research 

on VRPFT is currently scarce and includes only a few publications. Teodorovic first introduced fuzzy theory in VRPFT 

in 1991 [25] suggesting that travel times between locations are fuzzy variables. He built a VRPFT model and proposed 

Clarke-Wright algorithm to solve it. Based on fuzzy possibility and reliability, Chen [26] and Zheng [27] studied 

VRPFT with time windows and proposed an imperialist competitive algorithm and a hybrid genetic algorithm. Jia [28] 

used a genetic algorithm to solve VRPFT based on the 𝐼𝐼𝐿𝐿 . measurement method. Brito [29] and Zhang [30] developed a 

hybrid genetic algorithm for solving VRPFT based on fuzzy logic.

VRP withfuzzyservicetime (VRPFST) is a vehicle routing problem with fuzzy service time. VRPFST occurs in 

companies that do not have accurate information on the service time required for each incoming order. However, 

decisions made should take into account the estimated service time and available resources, including working hours 

and the number of vehicles available. For a dynamic version of this problem, Kuo and others [31] applied successfully a

fuzzy ant colony algorithm with a built-in cluster insert procedure.

In addition, some literature sources investigated VRP with fuzzy cost coefficients [32], VRP with fuzzy time 

windows [33], VRP with simultaneously fuzzy travel time and visit time [22, 34], and VRP with fuzzy travel time and

visit time [35], etc.

In recent years, due to the concern of the world community with environmental problems, the direction of 

green transportation logistics is gaining popularity [36], within which a green vehicle routing problem – G-VRP [37] 

arose. It is aimed at finding a balance between economic benefits and environmental impact. For a fuzzy version of this

problem, a hybrid genetic algorithm combined with fuzzy modeling was recently proposed [38].

Discussion and Conclusions. Based on the material presented in the review, it can be concluded that the study 

of fuzzy vehicle routing problems is attracting more and more attention, but the degree of development of its individual 

options varies. It should be noted that to date, FVRP research is mostly limited to one fuzzy variable, such as fuzzy 

demand or fuzzy customer visit times. There are comparatively few studies that comprehensively consider a larger 

number of fuzzy variables [22, 34, 35]. Another problem is that the role of the distributor experience in FVRP is rarely 

considered, which makes practical applicability negligible. To bridge the gap between theoretical research and practical 

application, it is required to enhance integrated research. It also leaves open issues on combining these studies with 
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Gomory algorithm and the subgradient optimization method. For a complex VRPFTW with multiple depots and a

heterogeneous fleet, a multi-stage heuristic was proposed [18]: customer clustering, routing, vehicle type determination,

route planning and improvement using simulated annealing and customer service improvement. Good results were also

shown by the particle swarm optimization method [19] and the modified wolf pack algorithm [20].

VRP with fuzzy duetime (VRPFDT) is vehicle routing problem with fuzzy visit time. VRPFDT differs in that

time windows are replaced by fuzzy dates. This is due to the fact that time windows in deterministic VRP cannot reflect

client preferences in real time. For example, customers may want to receive a service at certain points in time; their

satisfaction may be reduced if the service is offered ahead or behind time. Hence, there is fuzzy time to visit. In 1995,

Cheng and others [21] first proposed the concept of VRPFDT and built a VRP model under the conditions of single

export or single delivery, proposed an improved hybrid genetic algorithm for solving such a VRP model using push-

bump-throw procedures. Thereafter, Teodorovich [22] investigated a fuzzy dynamic problem of constructing routes

between the corresponding points of export and delivery (Dial-A-RideProblem) and additionally analyzed VRP with

fuzzy visit time and fuzzy travel time. Besides, other methods, such as heuristic insertion algorithm, modified ant 

colony algorithm, genetic algorithm, etc., play an important role in solving VRPFDT [23, 24].

VRP withfuzzytraveltime (VRPFT) is a vehicle routing problem with fuzzy travel time. In VRPFT, the travel 

time of a vehicle when it is assigned a route is fuzzy, while other parameters are specified and deterministic. Research

on VRPFT is currently scarce and includes only a few publications. Teodorovic first introduced fuzzy theory in VRPFT

in 1991 [25] suggesting that travel times between locations are fuzzy variables. He built a VRPFT model and proposed

Clarke-Wright algorithm to solve it. Based on fuzzy possibility and reliability, Chen [26] and Zheng [27] studied 

VRPFT with time windows and proposed an imperialist competitive algorithm and a hybrid genetic algorithm. Jia [28]

used a genetic algorithm to solve VRPFT based on the 𝐼𝐼𝐿𝐿 . measurement method. Brito [29] and Zhang [30] developed a

hybrid genetic algorithm for solving VRPFT based on fuzzy logic.

VRP withfuzzyservicetime (VRPFST) is a vehicle routing problem with fuzzy service time. VRPFST occurs in

companies that do not have accurate information on the service time required for each incoming order. However,

decisions made should take into account the estimated service time and available resources, including working hours

and the number of vehicles available. For a dynamic version of this problem, Kuo and others [31] applied successfully a

fuzzy ant colony algorithm with a built-in cluster insert procedure.

In addition, some literature sources investigated VRP with fuzzy cost coefficients [32], VRP with fuzzy time

windows [33], VRP with simultaneously fuzzy travel time and visit time [22, 34], and VRP with fuzzy travel time and

visit time [35], etc.

In recent years, due to the concern of the world community with environmental problems, the direction of

green transportation logistics is gaining popularity [36], within which a green vehicle routing problem – G-VRP [37]

arose. It is aimed at finding a balance between economic benefits and environmental impact. For a fuzzy version of this

problem, a hybrid genetic algorithm combined with fuzzy modeling was recently proposed [38].

Discussion and Conclusions. Based on the material presented in the review, it can be concluded that the study

of fuzzy vehicle routing problems is attracting more and more attention, but the degree of development of its individual

options varies. It should be noted that to date, FVRP research is mostly limited to one fuzzy variable, such as fuzzy

demand or fuzzy customer visit times. There are comparatively few studies that comprehensively consider a larger

number of fuzzy variables [22, 34, 35]. Another problem is that the role of the distributor experience in FVRP is rarely

considered, which makes practical applicability negligible. To bridge the gap between theoretical research and practical

application, it is required to enhance integrated research. It also leaves open issues on combining these studies with

Chernyshev Yu. O., et al. Overview of fuzzy vehicle routing problems

some new technologies such as e-commerce, the Internet of Things and big data. In addition, a system for evaluating the 

algorithms for solving FVRP has not yet been developed.
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Introduction. Modeling is used for theoretical and practical research of objects, processes, phenomena. It has 
a general scientific character, is an objective, universal method of cognition and is used to study animate and inanimate 
nature. Modeling serves as a methodological basis of modern science and a tool for cognitive activity. Development of 
computing and information technologies contributes to the success of information modeling. This approach involves the 
application of research procedures to formalized information on the object of study replacing or reproducing the object. 
An information model is becoming a modern tool for solving various problems using information technologies and a 
link connecting any subject area with informatics.

Modeling is characterized, on the one hand, by a variety of models used (Fig. 1), on the other, by a variety of 
means of constructing and studying them.

Fig. 1. Classification of models by presentation form

MODELS

Full-scale InformationMental

Figurative Figurative-symbolic Symbolic
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Introduction. Modeling is used for theoretical and practical research of objects, processes, phenomena. It has 
a general scientific character, is an objective, universal method of cognition and is used to study animate and inanimate 
nature. Modeling serves as a methodological basis of modern science and a tool for cognitive activity. Development of 
computing and information technologies contributes to the success of information modeling. This approach involves the 
application of research procedures to formalized information on the object of study replacing or reproducing the object. 
An information model is becoming a modern tool for solving various problems using information technologies and a 
link connecting any subject area with informatics.

Modeling is characterized, on the one hand, by a variety of models used (Fig. 1), on the other, by a variety of 
means of constructing and studying them.

Fig. 1. Classification of models by presentation form
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Summarizing many definitions, by the term “information model” [1], we mean information that describes the 
essential properties of an object and its links; it is formalized from the point of view of the research goal and recorded 
on storage medium. This definition provides clear identification of the close relationship between informatics and 
modeling and analyzing information technologies as modern simulation tools. Information can be presented in different 
forms; therefore, computer sciences [2] study various information models: verbal, graphic, mathematical, tabular, 
algorithmic, imitation, etc. In the cognitive theory, any model can be considered informational if it is included in the 
information process of cognition.

Let us consider the stages of information modeling.
The first stage is the analysis of the object and its links, which involves the execution of logical operations of 

cognition. These are comparison, classification, systematization, generalization, concretization, inference, idealization 
(construction of abstractions). Such modeling techniques as observation, analysis, synthesis, analogy, hypothesizing,
formalization, are used.

The second stage is practical actions. This is actually modeling (building a model) and operations with it 
(rebuilding, modifying, model implementation, experimenting, interpreting, verifying, replacing). Actions with model 
elements include subtraction, addition, and complementation [1].

The third stage is the construction of algorithms for the implementation of the model in a specific subject 
domain, the involvement of information technologies to work with the model.

“These three stages reflect, on the one hand, the major stages of cognition: sensory — rational — activity; on 
the other hand — the classical triad of information modeling: information — model — algorithm” [3].

A computer model is built on the basis of the information model. Computer simulation is a combination of 
hardware and software tools and technologies for working with these models. S.A. Beshenkov emphasizes that “it is 
quite possible to talk about computer modeling as a special type of information modeling” [4]. Information technologies 
used to work with information models determine the type of the latter (figurative, figurative-symbolic and symbolic). 
Their classification is shown in Fig. 2.

Fig. 2. Classification of information models depending on information technologies

Let us list some computer modeling tools:
— visual — hardware and software tools and technologies for working with computer graphics, video images, 

animation, sound, virtual reality;
— verbal — text editors and processors, optical character recognition systems, publishing systems, hypertext 

markup languages;
— mathematical — electronic calculators, software packages for mathematical calculations, programs for 

analytical transformations, calculation and information systems, virtual laboratories;
— modeling systems — visual modeling packages, simulation systems, programs for generating fractal 

images, spreadsheets, presentation packages, computer-aided design (CAD), geoinformation systems;
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— programming languages and systems [5].
Simulation-related tasks are solved in computer simulation environments [5]. This implies specialization, 

interconnection of modules and modeling language, and increases the speed of research. For example, CAD is the most 
important means of building interconnected models within the project of the object being created. The modeling 
environment consists of several modules that enable to create a figure, a drawing, a 3D model of the future object, and 
to perform computer experiments on the model determining the possible properties of the object and predicting 
probable events, in the modeling environment.

According to S.I. Arkhangel'skii, modeling as a form of study provides the most clearly expressed connection 
between experimental data and theoretical views. This allows us to consider the model as a certain sequenced
relationship of conceivable (theoretical) and experimental information based on the selection of the studied aspects and 
features of the object through simplification, or complication, or abstraction [6]. Here, theoretical information is 
information that represents the object of research, i.e., selected and formalized from the point of view of the study 
objective. This is the basis of mental and symbol-mediated operation. A researcher receives empirical information in the 
process of modeling, studying theoretical data, which are the approximate basis of his thinking activity. In other words, 
in the process of modeling, a chain of mental models is created. Some of them are fixed in symbolic form. Until new 
knowledge is obtained, logical and modeling operations based on the constructed symbolic representations are 
performed. When constructing a representation of the object of research, objects of operation for thinking are created;
the work of thinking aimed at studying the model is stimulated. At the same time, knowledge on the object is analyzed, 
refined, changed and deepened.

Materials and Methods. Simulation is a multistage, cyclical procedure. It is impossible to build, study a 
model of an object and gain knowledge at once. In the process of modeling, it is required to repeatedly apply logical 
operations of cognition and modeling techniques to information. The task of this study is to highlight the techniques and
methods for presenting information that support the execution of logical modeling procedures. It is also necessary to 
note the computer tools, the use of which activates and rationalizes the process of information modeling. To solve this 
problem, generalized scientific and pedagogical experience and practical knowledge of modeling are used.

For information models to effectively help to gain knowledge in the modeling process, it is required:
— to know and apply the patterns of handling ideas and knowledge;
— to use computer technologies to form representations.
At the same time, it is important to take into account scientific data on how knowledge is formed, stored and 

processed in a person's memory, how they interact with representations of information.
There are several hypotheses about the representation of information in memory.
According to the hypothesis of double coding, information can be encoded and stored in one of two or both 

systems — verbal and figurative. This position is supported by the neurological and behavioral data [7].
According to the conceptual propositional hypothesis, information is stored in an abstract propositional format 

that defines objects, events, and their relationships.
The radical theory of images assumes that some information is presented only in the form of images [7]. 

N. I. Kolodina believes that all information perceived by a person is encoded in consciousness simultaneously through 
sight, hearing, smell, touch, and experienced emotions, and is presented in the consciousness of an individual in the 
form of units of knowledge called mnemonic units of knowledge (MUK). These units are structured in consciousness 
according to the channels of perception and are constantly being re-formed, forming more and more new connections 
among themselves. N. I. Kolodina offers a model of consciousness as a structured set of units of knowledge. The 
formation of thought formations in this model occurs as a result of the interaction of knowledge units with the 
surrounding reality. Then MUK are integrated with each other according to the laws of a single logical-thinking base 
[7].

In the case of activating only one unit located in any zone of the structure, there is a chain activation of other 
units of knowledge that have stable connections with the activated unit [8]. This hypothesis has something in common 
with the connectionist description of the work of the speech mechanism. It is based on the research results of 
information processing by the brain. In this case, the forms of knowledge are represented as a network structure. The 
network consists of nodes and connections between them (connectionism — from the English “connect”: connection).
The effective functioning of the network system provides the distribution of activation [9, 10].

N. I. Zhinkin put forward the hypothesis for the existence of a universal subject code (USC) in the human 
mind. USC is the language of intelligence, the basic component of thinking. It is the language of schemes, images, 
imprints of reality (tactile, olfactory), kinetic (motor) impulses, etc. The USC is the language in which the primary 
recording of personal meaning takes place [9]. USC is a code by which information turns into “primary knowledge”,
sets of MUK, which can be compared to representations from cognitive linguistics: representations include 
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— programming languages and systems [5].
Simulation-related tasks are solved in computer simulation environments [5]. This implies specialization,

interconnection of modules and modeling language, and increases the speed of research. For example, CAD is the most
important means of building interconnected models within the project of the object being created. The modeling 
environment consists of several modules that enable to create a figure, a drawing, a 3D model of the future object, and
to perform computer experiments on the model determining the possible properties of the object and predicting
probable events, in the modeling environment.

According to S.I. Arkhangel'skii, modeling as a form of study provides the most clearly expressed connection 
between experimental data and theoretical views. This allows us to consider the model as a certain sequenced
relationship of conceivable (theoretical) and experimental information based on the selection of the studied aspects and
features of the object through simplification, or complication, or abstraction [6]. Here, theoretical information is
information that represents the object of research, i.e., selected and formalized from the point of view of the study 
objective. This is the basis of mental and symbol-mediated operation. A researcher receives empirical information in the
process of modeling, studying theoretical data, which are the approximate basis of his thinking activity. In other words,
in the process of modeling, a chain of mental models is created. Some of them are fixed in symbolic form. Until new
knowledge is obtained, logical and modeling operations based on the constructed symbolic representations are
performed. When constructing a representation of the object of research, objects of operation for thinking are created;
the work of thinking aimed at studying the model is stimulated. At the same time, knowledge on the object is analyzed,
refined, changed and deepened.

Materials and Methods. Simulation is a multistage, cyclical procedure. It is impossible to build, study a
model of an object and gain knowledge at once. In the process of modeling, it is required to repeatedly apply logical
operations of cognition and modeling techniques to information. The task of this study is to highlight the techniques and
methods for presenting information that support the execution of logical modeling procedures. It is also necessary to 
note the computer tools, the use of which activates and rationalizes the process of information modeling. To solve this
problem, generalized scientific and pedagogical experience and practical knowledge of modeling are used.

For information models to effectively help to gain knowledge in the modeling process, it is required:
— to know and apply the patterns of handling ideas and knowledge;
— to use computer technologies to form representations.
At the same time, it is important to take into account scientific data on how knowledge is formed, stored and

processed in a person's memory, how they interact with representations of information.
There are several hypotheses about the representation of information in memory.
According to the hypothesis of double coding, information can be encoded and stored in one of two or both 

systems — verbal and figurative. This position is supported by the neurological and behavioral data [7].
According to the conceptual propositional hypothesis, information is stored in an abstract propositional format

that defines objects, events, and their relationships.
The radical theory of images assumes that some information is presented only in the form of images [7].

N. I. Kolodina believes that all information perceived by a person is encoded in consciousness simultaneously through 
sight, hearing, smell, touch, and experienced emotions, and is presented in the consciousness of an individual in the
form of units of knowledge called mnemonic units of knowledge (MUK). These units are structured in consciousness
according to the channels of perception and are constantly being re-formed, forming more and more new connections
among themselves. N. I. Kolodina offers a model of consciousness as a structured set of units of knowledge. The 
formation of thought formations in this model occurs as a result of the interaction of knowledge units with the
surrounding reality. Then MUK are integrated with each other according to the laws of a single logical-thinking base
[7].

In the case of activating only one unit located in any zone of the structure, there is a chain activation of other
units of knowledge that have stable connections with the activated unit [8]. This hypothesis has something in common
with the connectionist description of the work of the speech mechanism. It is based on the research results of
information processing by the brain. In this case, the forms of knowledge are represented as a network structure. The 
network consists of nodes and connections between them (connectionism — from the English “connect”: connection).
The effective functioning of the network system provides the distribution of activation [9, 10].

N. I. Zhinkin put forward the hypothesis for the existence of a universal subject code (USC) in the human 
mind. USC is the language of intelligence, the basic component of thinking. It is the language of schemes, images,
imprints of reality (tactile, olfactory), kinetic (motor) impulses, etc. The USC is the language in which the primary
recording of personal meaning takes place [9]. USC is a code by which information turns into “primary knowledge”,
sets of MUK, which can be compared to representations from cognitive linguistics: representations include
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representations proper, images and concepts, as well as associated assessments and connotations. Therefore, on the one 
hand, representations are mental models; on the other, they are the subjective basis of objective knowledge. 
Representations are formed in the process of mental modeling of reality. According to G. Frege, as noted by 
V. V. Krasnykh, a representation is an internal image of an object that arose from memories of sensory impressions [9].

Research Results. Summarizing the above scientific judgments, it is possible to formulate provisions on the 
ways of representing theoretical information in models and denote the computer tools for such constructions.

Primary knowledge is actually ideas, images, concepts and evaluations. For the formation of ideas, all channels 
of information are important: visual, auditory, olfactory, gustatory, tactile, and kinesthetic. According to the 
experimental data, visual coding occurs earlier than acoustic and semantic coding [7]; therefore, under the formation of 
knowledge, the methods of visual modeling of information are basic and supplemented by others.

Pictures, color, representation of details are of great importance in the following ways of transmitting 
information: lens and the Fish Eye technique (Adobe Photoshop, Corel Draw, Inkscape, Blender), graphic 
simplification, maps, colored histograms (Paint, Word, Excel, Corel Draw, Inkscape, etc.), visual dictionary (Word, 
Excel, HTML, PHP).

a)

b)
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f)

Fig. 3. Examples of information presentation: lens (a), Fish Eye (b), graphic simplification (c, the concept of “evolution” is 
presented); map (d), histogram (e), visual dictionary (f)

The most important are the verbal and figurative coding systems; therefore, most ways of presenting 
information include at the same time pictures, signs, words, texts. It can be a cloud of tags, words (Wordle, Tagul, Many 
Eyes, Word it Out, Togxedo-Creator), mental maps (MindManager, Mindmeister, FreeMind, XMind), maps and cyclic 
schemes (Corel Draw, Inkscape, Excel, Word, Adobe Flash), etc.

a)

b)

Neurocybernetics

Pattern recognition

Robotics
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c)

d)

e)

Fig. 4. Examples of information presentation: 
clouds of words and tags (a, b); cyclic scheme (c); mental maps (d, e)

Knowledge storage involves fixing data about objects, events and their relationships. The following ways of 
presenting data correspond to this format: timelines (Dipity, ClassTools, Timerime), causal chains (Paint, Word, Corel 
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c)

d)

e)

Fig. 4. Examples of information presentation: 
clouds of words and tags (a, b); cyclic scheme (c); mental maps (d, e)

Knowledge storage involves fixing data about objects, events and their relationships. The following ways of
presenting data correspond to this format: timelines (Dipity, ClassTools, Timerime), causal chains (Paint, Word, Corel
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Draw, Inkscape), inductive towers (Bubbl.us, Cacoo.com services), Gantt affinity diagrams (SchedRoll, Gantt Designer, 
Mindjet JCV Gantt Pro, Microsoft Project, Excel), Ishikawa, Venn (Corel Draw, Inkscape, Excel, Word), etc.

a)
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d)

e)

f)

Fig. 5. Examples of information presentation: timeline (a), causal chain (b), 
inductive tower (c), affinity diagram (d), Ishikawa diagram (e), Venn diagram (e)

Units of knowledge in consciousness are structured in accordance with the channels of perception; they are 
constantly re-formed and form new relationships. Thought formations are created as a result of the interaction of units 
of knowledge and the surrounding reality. It is very important to rely on realistic and dynamic representations of 
research objects when solving complex problems. Under modeling, to present information about an object, you should 
use multimedia and virtual reality tools: photo, video, sound, animation (Gimp, Adobe Flash, HTML5, video players, 
etc.); three-dimensional representations (VRML. Blender, etc.).
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d)

e)

f)

Fig. 5. Examples of information presentation: timeline (a), causal chain (b),
inductive tower (c), affinity diagram (d), Ishikawa diagram (e), Venn diagram (e)

Units of knowledge in consciousness are structured in accordance with the channels of perception; they are
constantly re-formed and form new relationships. Thought formations are created as a result of the interaction of units
of knowledge and the surrounding reality. It is very important to rely on realistic and dynamic representations of
research objects when solving complex problems. Under modeling, to present information about an object, you should
use multimedia and virtual reality tools: photo, video, sound, animation (Gimp, Adobe Flash, HTML5, video players,
etc.); three-dimensional representations (VRML. Blender, etc.).
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All forms of knowledge appear in the form of a network structure that functions using a propagating activation 
mechanism: Petri nets, semantic nets, House of Quality, hyperbolic trees, pyramids (Corel Draw, Inkscape, Excel, 
Word), data flow diagrams (Excel, Word, MS Visio, BPwin), visual tutorial (HTML, PHP), etc.
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d)

e)

f)

Fig. 6. Examples of information presentation: Petri net (a), semantic net (b); 
House of Quality (c); hyperbolic tree (d), pyramid (e), data flow diagram (f)
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d)

e)

f)

Fig. 6. Examples of information presentation: Petri net (a), semantic net (b); 
House of Quality (c); hyperbolic tree (d), pyramid (e), data flow diagram (f)
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The language of intelligence is the language of schemes, images, imprints of reality (tactile, olfactory), kinetic 
(motor) impulses. In this vein, decision and problem trees, life cycle and reasoning diagrams, data funnels are built 
(Corel Draw, Inkscape, Excel, Word), etc.
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d)

e)

f)

Fig. 7. Examples of information presentation: decision tree (a), problem tree (b); lifecycle (c); funnel (d),
argument-slide (e), argumentation (f)

So, the methods of graphical visualization of information, widely used in various subject domains, are based on 
scientific theses on the formation of primary knowledge, its connection and storage in human memory. These methods 
mediate the process of mental modeling. They help to create and save images, structure, relations, links of the studied 
object for modeling procedures on information medium. At the same time, it becomes possible to perform modeling 
actions not only individually, but also in a team using the experience of team members, which rationalizes the modeling 
process. At this, it is important to use software and services to create visualizations that will help in modeling research.
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d)

e)

f)

Fig. 7. Examples of information presentation: decision tree (a), problem tree (b); lifecycle (c); funnel (d),
argument-slide (e), argumentation (f)

So, the methods of graphical visualization of information, widely used in various subject domains, are based on
scientific theses on the formation of primary knowledge, its connection and storage in human memory. These methods
mediate the process of mental modeling. They help to create and save images, structure, relations, links of the studied
object for modeling procedures on information medium. At the same time, it becomes possible to perform modeling 
actions not only individually, but also in a team using the experience of team members, which rationalizes the modeling
process. At this, it is important to use software and services to create visualizations that will help in modeling research.
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To increase the efficiency of modeling, graphic visualization methods adequate to the tasks, as well as IT-tools 
for data presentation are used: multimedia systems, computer visualization and decision support systems, expert 
systems, project management systems, cognitive modeling systems, simulation environments, computer games, agent-
based modeling, etc.

Conclusion. The informational and logical aspects of modeling combine three key categories of cognition —
information, representation, knowledge. Actions with models include search, selection, presentation and processing of 
available information on the object of research, on whose basis you can get new knowledge about it. For this, the means 
of information processes and technologies are used. Computer simulation plays a key role. Optimization is an essential
function of the mental component of modeling as the fundamental basis for the model way of cognition. In mental 
modeling, an image is built on the basis of sensory perception, to which the operations of analysis, synthesis,
comparison, abstraction, generalization, systematization, classification, and logical operations are applied. This provides
transforming a sensory image into a logical model of cognition. Through mental modeling, a person first forms an 
information model of the object of research, and then studies it by constructing a number of interrelated mental 
representations and the corresponding information models.

The application of computer tools for presenting information enables to optimize mental activity. At the same 
time, various parameters and links of the studied object are visualized. Modern computer simulation tools complement, 
extend, and modify traditional simulation tools.
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