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Preface

This volume of Lecture Notes in Mechanical Engineering contains selected papers
presented at the 4th International Conference on Design, Simulation,
Manufacturing: The Innovation Exchange (DSMIE-2021), held in Lviv, Ukraine,
on June 8–11, 2021. The conference was organized by the Sumy State University,
Lviv Polytechnic National University, and International Association for
Technological Development and Innovations, in partnership with Technical
University of Kosice (Slovak Republic), Kielce University of Technology (Poland),
University of West Bohemia (Czech Republic), Poznan University of Technology
(Poland), Association for Promoting Innovative Technologies—Innovative FET
(Croatia), and Society for Robotics of Bosnia and Herzegovina (Bosnia and
Herzegovina).

DSMIE-2021 is the international forum for fundamental and applied research
and industrial applications in engineering. The conference focuses on a broad range
of research challenges in the fields of manufacturing, materials, mechanical, and
chemical engineering, addressing current and future trends in design approaches,
simulation techniques, computer-aided systems, innovative production approaches,
Industry 4.0 strategy implementation for engineering tasks solving, and engineering
education. DSMIE-2021 brings together researchers from academic institutions,
leading industrial companies, and government laboratories worldwide to promote
and popularize the scientific fundamentals of manufacturing.

DSMIE-2021 received 175 contributions from 27 countries around the world.
After a thorough peer-review process, the program committee accepted 100 papers
written by authors from 20 countries. Thank you very much to the authors for their
contribution. These papers are published in the present book, achieving an accep-
tance rate of about 57%. Extended versions of selected best papers will be pub-
lished in scientific journals: Management and Production Engineering Review
(Poland), Archives of Mechanical Technology and Materials (Poland), Journal of
Engineering Sciences (Ukraine), Advances in Thermal Process and Energy
Transformation (Slovak Republic), and Assembly Techniques and Technologies
(Poland).
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We would like to thank members of the program committee and invited external
reviewers for their efforts and expertise in contributing to reviewing, without which
it would be impossible to maintain the high standards of peer-reviewed papers.
Program committee members and invited external reviewers devoted their time and
energy to peer-reviewing manuscripts. Our reviewers come from all over the world
and represent 18 countries and are affiliated with more than 70 institutions.

Thank you very much to keynote speakers: Vitalii Pasichnyk (Ukraine),
Katarzyna Antosz (Poland), and Alper Uysal (Turkey) for sharing their knowledge
and experience.

The book “Advances in Design, Simulation and Manufacturing IV” was orga-
nized into two volumes according to the main conference topics: Volume 1—
Manufacturing and Materials Engineering and Volume 2—Mechanical and
Chemical Engineering. Each volume is devoted to research in design, simulation,
and manufacturing in the main conference areas.

The first volume consists of five parts. The first part includes recent develop-
ments in product design and manufacturing processes. Notably, it presents ways for
ensuring the technological parameters of automobile engines, studying the contact
pressure in parts, the development of approaches for recognition cutting parts of
cutters during machining, and fractal analysis of metal structures. This part also
includes the research of spindle units for multi-operational lathes, technological
inheritability and damageability of materials, studies of wear characteristics for
hardened steels using laser–ultrasonic surface treatment, and rational design mod-
eling of an interference fit. Recent developments in designing implants via additive
technologies, dynamic modeling of automatic clamping mechanisms, optimal
designing of automobile pipe adapters, and grinding hard alloys using solid
lubricants are also presented in this part. Finally, the first part includes studies in
ensuring technological parameters of surface shaping, design calculation of elec-
trohydraulic drives and technological equipment, optimizing the interelectrode gap
during electrical discharge grinding, and designing thread joints for thin-walled
shells.

The second part includes studies in the implementation of intelligent solutions
within the Industry 4.0 strategy. Notably, ways to implement blockchain infor-
mation management systems and agile project management for IMS and IT projects
are analyzed. This part also consists of optimization work with a digital human
model, the implementation of Industry 4.0 supported by service robots in produc-
tion processes, intelligent numerical control of profile grinding, and carrier behavior
strategy. Autonomous data-driven integration systems, 3D technology radar models
to evaluate emerging technologies, and ensuring the reliability of transport systems
are also included. Finally, the second part presents an intelligent scheduling system
architecture for manufacturing systems and a new approach for providing internal
logistics according to Industry 4.0 concept and corresponding requirements.

The third part is devoted to contributing to ICT in engineering education.
Mainly, it presents studies aimed at developing a mobile application for test control,
integrated quality assurance at HEI, and Android application for explaining form
deviations based on 3D models. This part also includes recent developments in
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in-campus transfer technology and information and communication technologies
for enhancing engineering creativity.

The fourth part is based on numerical simulation and experimental studies of
milling, honing, burnishing, turning, abrasive finishing, hobbing, fine boring, gear
shaping, and abrasive processing. Ways for modeling crack formation during
thermomechanical processing of materials and the study of the impact of heat flows
on the machine tool’s wheelhead are also presented in this part. Finally, the fourth
part includes numerical, experimental, and statistical results for surface layer
operational characteristics and machining parts under dry, MQL, and nanofluid
MQL conditions.

The fifth part aims at presenting recent developments in advanced materials and
their applications. Remarkably, ways for strengthening centrifugal pumps’ shafts by
chemical–thermocycling treatment are proposed. The influence of synthesis modes
on ceramic coatings’ properties is analyzed. Optimal composite shelled sandwich
structures with a honeycomb filler are designed. Ways for preparation and char-
acterization of biocomposites, advanced manufacturing technologies for obtaining
high-quality castings, the ion bombardment modeling of nano-periodic composite
structures, and the rational choice of material for orthopedic purposes are proposed.
Finally, the fifth part presents investigations in surface bandage

We appreciate the partnership with Springer, StrikePlagiarism, EasyChair, and
our sponsors for their essential support during the preparation of DSMIE-2021.

Thank you very much for DSMIE Team. Their involvement and hard work were
crucial to the success of the conference.

DSMIE’s motto is“Together we can do more for science, technology, engi-
neering, and education”.

Vitalii IvanovJune 2021
Justyna Trojanowska

Ivan Pavlenko
Jozef Zajac

Dragan Perakovic
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Abstract. The relevance of computer-integrated technologies for manufacturing
parts is significant in theworld . The purpose of thiswork is to analyze the quality of
cast block crankcase using a universal technology of complex computer-integrated
design of cast parts of internal combustion engines using engineering modeling
of thermal and hydrodynamic parameters of casting . The results of computer-
engineering modeling of thermal and hydrodynamic processes of block crankcase
casting have shown that gas-shrinkage defects can be stress concentrators in the
part’s structural elements. Therefore, they can affect the strength characteristics
during operation. The developed 3D model of block crankcase casting with a
technological gating-feeding system allowed creating a finite-difference model of
casting and tooling and performing engineering modeling of casting processes in
the ICS NovaFlow. The analysis of physical features of the processes of filling
and cooling the castings in the mold was performed for the cast block crankcase
of 4DTNA1 automobile diesel, the locations and sizes of gas-shrinkable defects
were determined according to the Niyama criterion. The research results allowed
us to form boundary and initial conditions for modeling the stress-strain state
of the block crankcase in the places of gas-shrink porosity formation. Further
development of the above studies will be carried out for castings of new types,
configurations, other casting technologies, newly synthesized alloys.

Keywords: Solidworks · Novaflow · Block crankcase · Engines · 3D model ·
Casting defects

1 Introduction

Modern computer-aided design of cast engine parts is a powerful tool for developing new
parts and upgrading existing ones. Current systems for computer-engineering modeling
of production processes and analysis of the thermal and stress-strain state of cast parts of
internal combustion engines are the most effective in design and technological design.

Processes computer-aided design, technological preparation, and production of cast
engine parts are an integral part of a systematic approach inherent in the CALS-
technologies, i.e., a set of the corresponding time sequence of state changes of the part.
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In current conditions, the main requirements for manufactured products are high qual-
ity, low cost, and minimum development time for new products, which can be achieved
using computer modeling [1] and parameter identification [2] in technological design.

Most of the cast parts for transport and particular purpose types of diesel are made
by casting method, which should be based on manufacturing’s technological aspects,
namely various casting defects [3]. These defects occur due to the lack of methods and
tools to influence the technological modes of production. The design documentation and
technical specifications usually specify the size and number of various casting defects
that are not allowed in part, whichmeans that such defects affect its quality and reliability.

The diesel’s central part under consideration is a block-case, the quality of which
will depend on the required characteristics laid down at the design stage. According
to the technical conditions, requirements for the quality and reliability of cast parts of
internal combustion engines are laid and fulfilled at the production stage using methods
for determining technological defects [4].

Obtaining a high-quality block crankcase at the casting stage consists of two main
processes: pouringmoltenmetal into the mold and forming the cast part during the phase
transition during cooling and crystallization.

2 Literature Review

The relevance of computer-integrated technologies for manufacturing parts occupies an
essential place in the world. For many years, computer systems (CAE, CAD, and CAM)
have been used to increase production productivity [5].

The most crucial advantage of computer-integrated technologies is that they empha-
size the advanced capabilities of engineering analysis. For example, based on the finite
element method [6]. The most striking feature of CAD/CAM systems is the so-called
solid-state creation (modeling) of the product exclusively on the computer screen, view-
ing on the screen (visualization) of the process of processing parts and transmitting the
generated data over computer networks to the CNC equipment [7].

Computer modeling becomes an integral part of designing new parts and designing
technological processes for their manufacture. It acquires the status of an essential and
often decisive competitive advantage. Increasingly, customers for foundry products in
the list of requirements for the manufacturer of these products put forward a need for
the mandatory use of computer modeling.

In a market economy, improving product quality and reducing metal and energy
consumption is an urgent task. Consequently, the latest technologies are introduced
in the production using computer modeling programs, which improves the quality of
products without special costs for energy, metal, etc.

The advantages of automated modeling systems for foundry processes are described
inmanyworks [8, 9]. Themain advantage is the ability towork out the nuances of casting
technology on a virtual prototype of the cast, which reduces or eliminates the need for
the production of test castings, reduces the process of designing the technology, and
reduces the cost of casting [10]. The research work [11] shows that the visualization of
physical processes foundry technology, such as the filling melt the mold cavity, cooling
and solidification of metal warping under the action of thermal stress allows a better
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understanding of these processes, and therefore better manage them for reducing scrap
in molding and increase yield.

Full-scale CAD/CAM/CAE systems are complex multifunctional systems that
include a large set of modules (from 40 to 50) for various functional purposes [12].

In practice, various specialized and universal CAD/CAE/CAM systems of various
versions and configurations are in operation in most enterprises. Very often, different
strategies are used in divisions of the same organization. Sometimes this is even the case
at the level of individual developers.

In the application of design of cast parts of modern systems (CAD/CAM/CAE/PDM
and CIM), it is possible to provide [13]:

• Reduce production time and increase competitive products and output. Due to pro-
grams that provide speed for creating 3D models, regardless of the time spent on
producing drawings on paper [14, 15];

• They can also provide significant cost savings. By using a software package that
reduces the number of ongoing changes that accompany any design process, as well
as errors [16];

• Improving the vibration reliability [17] and quality of manufacture. With the help of
effective analysis of the created products, it can be tracked related defects in some
software packages [18];

• It will allow you to design and produce better models [19] continuously;
• Maximum error elimination. Due to the visualization of the designed product, which
allow us to eliminate typical errors in production promptly [20];

• Introduction of newer and more modern methods that allow us to develop productive
strategies of 3D model design, as well as their visualization, consideration of fill
processes, as well as possible defects [21];

• Avoiding large-scale layout products will reduce the time to create a specific part [22].

Modern design in foundry production includes developing a 3D model of a part,
casting system, and equipment. Theprocesses that occurmust be consistentwith practical
methods that allow getting high-quality parts with higher performance characteristics
[23].

The purpose of this work is to analyze the quality of cast block crankcase using a
universal technology of complex computer- integrated design of cast parts of internal
combustion engines using engineering modeling of thermal and hydrodynamic param-
eters of casting. Computer modeling of casting processes occurring in the manufacture
of a cast part of the block crankcase is performed to identify the places of formation of
defects, determine their location and estimated size, as well as for subsequent analysis
of the phase transition process when cooling the casting of the block crankcase in the
form.

3 Research Methodology

For achieving this objective, the following sequence of stages was proposed, according
to the method of computer modeling of thermal and hydrodynamic casting processes:
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• determination of the initial conditions;
• development of a 3D casting model based on a 4DTNA1 diesel block crankcase with
a technological gating-feeding system;

• computer-integrated modeling of foundry processes for the production of cast block
crankcase;

• analysis of the results of computer simulation;
• study of the nature of filling the mold with metal and the location of casting defects.

A cast 4DTNA1 diesel crankcase was selected as the studied part for computer-
integrated modeling (Fig. 1).

Fig. 1. Cast block crankcase of 4DTNA1 diesel.

A 3D model of block crankcase casting with a technological gating-feeding system
was created in the ICS SolidWorks (Fig. 2). The gating-feeding system created is a
“tapering type” system that ensures by its design the correct and gradual filling of the
form with metal to avoid the ingress of slag inclusions into its cavity.

The boundary conditions and initial data for modeling according to the following
sequence were set:

• 3D import (converting a file to *.stl format) and creating a finite-difference model;
• the purpose of the material for casting and tooling, as well as the separation coating,
applied to the surface of the tooling;

• setting the initial temperature of the melt and process equipment, and cooling with
various heat carriers;

• setting the total production cycle time for a single casting.

Using the 3D import module built into the ICSNovaFlow, the block crankcase model
with a gating-feeding system and the equal model were converted into a finite-volume
model.

The optimal cell parameters are set based on the calculation time-adequacy of the
results (Fig. 2). The cell size is 3.7 mm.
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Fig. 2. Final-volume model of the casting in the chill with the displayed cells.

The assignment of boundary conditions for the material of casting elements and
technological equipment is made by dividing into separate parts, each of which is given
its color:

• block crankcase casting material is AlSi5Cu1Mg;
• materials of technological equipment are Steel 20, Grey Cast Iron 20;
• The chill forms are coated with chill paint with a thickness of 0.2 mm, which has a
thermal conductivity of λ = 0.3 W/m*K.

To prevention moisture from entering the forming surface and a high-temperature
difference when pouring, the process equipment was preheated to T = 523 ÷ 553 K.

The melt temperature before pouring into the mold was 983 K.

4 Results

The obtained results of computer-engineering modeling are presented graphically in
filling the mold with a melt, the direction of crystallization during cooling (transition
from the liquid to the solid phase), and displaying the location of gas-shrinkable defects.

The filling in the form plays an essential role in creating favorable conditions for
directed crystallization. The velocity of the melt movement when filling the mold in
separate parts did not exceed the critical values of Vkr > 0.8 m/s, with a smooth filling
of the mold, without splashes, and with small vortices according to the requirements
[17] (Fig. 3).

The results of computer simulation analysis showed that the movement of the melt
in the mold could be considered as satisfying the following requirements:

• passing through the elements of the gating system, themelt does not acquire a turbulent
character of movement;
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Fig. 3. General view of filling the form with melt.

• the mold is filled in without exceeding critical speeds.

The analysis of the results of computer-integrated simulation of the cooling process
of the part in the technological mold (chill) was carried out under the parameters:

• the transition from the liquid to the solid phase during cooling of the part in the form
(Fig. 4);

• gas-shrinkage defects expressed by the Niyama criterion [24] (Fig. 5).

Analysis of the dynamics of cooling of the casting, the phase transition, the connec-
tivity of the zones that crystallize last allowed to determine the places of the possible
occurrence of gas-shrinkable defects.

The conclusion is based on the analysis of the location of defects expressed in the
ICS NovaFlow by the Niyama criterion.

The criterion for determining the location of gas-shrinkable defects and their mag-
nitude is Niyama, which we use to predict microporosity and gas-shrink porosity large
enough to be detected by radiographic testing. This criterion is a reliable predictor of
porosity for simple castings. Still, in the case of castings with complex geometries, its
use requires a more thorough analysis of the simulation results since many factors affect
the formation of gas-shrink porosity.

Analysis of the locations of defects showed that the most prone to shrinkage places
are:

• edge cavities of the cylinders;
• the upper plane in the front part of the block, in the places of attachment under the
head;

• arrays of bosses on the sides of the block.
• Modeled defects allow us to forecast that the cast product may be defective by 5–6%.
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Fig. 4. The transition from the liquid to the solid phase during the cooling of the part in the chill.

Fig. 5. Locations of gas shrinkage defects according to the Niyama criterion.

From the results of computer-engineering modeling of thermal and hydrodynamic
processes of block crankcase casting, it follows that gas-shrinkage defects can be stress
concentrators in the part’s structural elements. Therefore, it can affect the strength
characteristics during operation.

5 Conclusions

The developed 3Dmodel of block crankcase casting with a technological gating-feeding
system allowed creating a finite-difference model of casting and tooling and performing
engineeringmodeling of casting processes in the ICSNovaFlow. The analysis of physical
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features of the processes of filling and cooling the castings in the form was performed
for the cast block crankcase of 4DTNA1 automobile diesel, the locations and sizes of
gas-shrinkable defects were determined according to the Niyama criterion.

The research results allowed us to form boundary and initial conditions for modeling
the stress-strain state of the block crankcase in the places where gas-shrink porosity is
formed.

Further development of the above studies will be carried out for castings of new
types, configurations, other casting technologies, newly synthesized alloys.
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The Contact Pressure in Drawing Parts Without
Clamping the Workpiece Flange

Roman Arhat1(B) , Ruslan Puzyr2 , Viktor Shchetynin1 , Viacheslav Puzyr1 ,
and Tetiana Haikova1

1 Kremenchuk Mykhailo Ostrohradskyi National University, 20, Pershotravneva Street,
Kremenchuk 39600, Ukraine

2 Kremenchuk Mykhailo Ostrohradskyi National University College, 7, Chumatskyi Shliakh
Street, Kremenchuk 39621, Ukraine

Abstract. In the paper, dependence has been obtained to calculate the contact
pressures when drawing down the axisymmetric workpiece without a blank flange
collet. The solution is based on the assumptions of the momentless theory of
shells. The adequacy of the mathematical model is confirmed by experimental
data for a narrow interval of forging blanks. The experiments have been carried
out on a specially designed tooling to measure load cell deformation using a
strain gauge. All the equipment used has passed metrological control. To calculate
the meridional and tangential stresses on the torus-shaped portion of the matrix,
dependencies were obtained that contain a term connecting the thickness of the
workpiece with the value of the stresses arising during drawing, which more
accurately describes their distribution on the drawing edge of the matrix. The
expression for calculating the surface contact pressure during the drawing of a
cylindrical part makes it possible to consider the friction stresses at the radius of
the matrix rounding and calculate the drawing force. The obtained dependence
differs from the conventional ones in its simplicity and clarity and can be used
at the preliminary stage of choosing equipment for stamping. It is shown that the
friction stresses between the contacting surfaces can be controlled over a wide
range while achieving a significant change in the stress state and the distribution
of deformations in the volume of the workpiece.

Keywords: Metal drawing · Plastic deformation · Die body radius · Drawing
punch · Contact pressure

1 Introduction

Drawing of axisymmetric parts is characterized not only by the loss of flange part stability
but also by the deformation localization in the zone of the transition of the wall to the
bottom and the destruction of the workpiece given location [1, 2]. The destruction and
localization of deformations can be eliminated by reducing the tensile stress value.When
drawing down with a collet, this problem is solved by reducing the collet force, using
highly effective lubricants, and also polishing the die body contact surfaces and the blank
holder [3–5].
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2 Literature Review

The drawing down without workpiece flange pressing is limited by the formation of
workpiece uncompressed part. The bottom separation can occur if the process of work-
piece retraction into the die body hole continues, ignoring the folds on the flange. As
shown in the papers [6, 7], it is possible to extend the interval of non-collet forging by
increasing the resistance of the flange, loss of stability, or increasing tensile stresses in
the initial stage of deformation. The blank flange practically does not contact the sur-
face of the die body, since when the punch is lowered, the flange portion rises above
the die body and forms a conical surface with an angle α at the apex [8–11]. There-
fore, the contact of the workpiece with the die body occurs along its toroidal surface
with a certain rounded radius. The stresses in the drawn metal, the force, the drawing
coefficient, and the corrugation and destruction of the blank depending on the radius of
curvature of the drawing edge of the matrix [6, 12]. Therefore, it is chosen very care-
fully in each specifically selected technological process [3, 13]. The existing analytical
dependences for calculating stresses at the radius of curvature do not fully consider all
the minute details and technological factors of the drawing process, and their accuracy
is not satisfactory [14, 15]. The presence of refined formal dependencies describing the
distribution of stresses on the drawing edge of the matrix, taking into account friction,
bending moments, contact pressure, blank thickness, and others, will make it possible
to expand the range of drawn products without pressing the flange and reduce rejects
to a minimum. Therefore, it is of great scientific interest to theoretically determine the
contact stresses on the torus-shaped section of the matrix and the factors that make
it possible to control the value of these stresses to find conditions for expanding the
possibilities of drawing without a folding holder. This will enable finding more accu-
rate theoretical dependences for calculating and analyzing the stress field when drawing
cylindrical parts.

3 Research Methodology

To determine the contact stresses, we start from the equilibrium equations for the torus
[6, 16], but taking into account the surface load
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+ ∂((R1 sin θ)T )
∂θ
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∂R2
∂φ

+ T ∂R1 sin θ
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= 0,
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∂θ
+ R2

∂T
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⎫
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(1)

where N1, N2, T – are internal meridional, tangential, and shear stresses;
q – is the contact pressure.
We take into account the fact that the deformation is axisymmetric, and therefore

the terms of the system (1) containing ∂φ, as well as the shearing force T , and that
R1 = R

sin θ
= a(1+k sin θ)

k sin θ
, R2 = a, k = a

R , then we will have [5, 17]:
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}

(2)



14 R. Arhat et al.

Next, we calculate according to the procedure [8, 18, 19] with the only difference that
the pressure on the workpiece when it slides along the edge of the die body is applied
from within half a torus.

where Rd – is the radius of the drawing part;
rm The radius of the die body input edge; R = Rd + a sin θ ; a = rm.
When the torus is affected by a surface load with loss of stability in the form of bulge

formation, the expression for q has been obtained by the authors of [8, 20, 21] as k → 0:

q = E

12
(
1 − μ2

)
( s

a

)3(
n2 − 1

)
, (3)

where μ – is Poisson’s ratio;
E – is Young’s modulus;
n – is the number of emerging half-waves with loss of stability.

Regarding our drawing conditions, it should be slightly modified. For further calcu-
lation, we use the cylindrical rigidity of the shell corresponding to the secant modulus

D ≈ D′ = Ecs3

9 , we sort out the value of n for which
(
n2 − 1

) = 1. Further, since
Ec = σi

εi
, we accept σi = σcp, and εi = 1

2εθ [22, 23]. The draw ratio is m = D
D0

, hence

εθ = 1 − m = 1 − D
D0

, where D and D0 are the diameter of the workpiece and the
diameter of the blank, respectively. Then expression (6) will have the form:
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We substitute this relation into the formulas for the internal forces and, passing to the
stresses, we get:
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σθ = −1 + k
2 sin θ

1 + k sin θ

2σs

9
(
1 − D

D0

)

(
s

rm

)2

. (6)

Formerly [6, 24], formulas were derived from calculating the magnitude of the stress
tensor components on the torus-like part of the die body without considering the surface
load. Using the principle of superposition [16, 25] and carrying out simple transforma-
tions, the final dependencies for calculation of meridional and tangential stresses on the
rounded radius of the die body at θ = 90º will look like:
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In contrast to correlations [6, 26], to calculate the meridional and tangential stresses
on the torus-like part of the die body, the dependences (7) and (8) contain a term that
relates the thickness of the blank to the value of the stresses arising while drawing, which
describes their distribution on the drawing edge of the die body more accurately.

Below there are stress graphic dependences (Fig. 1) – the blank thickness for R0 =
50 mm, Rd = 25 mm and matrix rounding radius rm = 10 mm, created according to
formulas (7), (8).

Fig. 1. Stress graphs (σ/σs) – the blank thickness (s), created according to dependences (7), (8).

Using the second system Eq. (2), as well as (10) and (8) and carrying out simple
transformations, we find the surface pressure, which causes the plastic deformation of
the blank during drawing without workpiece collet:
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We analyze the terms of the expression for given deformation parameters –R0 = 50mm,
s = 2 mm, Rd = 25 mm and rm = 10 mm. The first and second terms are of the same
order of smallness and can be neglected with an error up to the third decimal place. Then
the surface load is the following:

q = − s

rm
σs. (10)

To verify the obtained dependence by determining contact pressures, experiments have
been carried out to measure the load cell deformations caused by frictional forces.
Experimental and theoretical studies demonstrate [13, 18, 27, 28] that the frictional
stresses between the surfaces to be contacted can be controlled within wide limits while
achieving a significant change in the stress state and the distribution of deformations
in the volume of blank, which is of great importance for the production of high-quality
workpieces using drawing down.

Since the flange of the workpiece practically does not contact with the mirror of the
die body while drawing down without the blank holder, and friction occurs mainly along
the rounded radius of the latter, it is of great interest to determine the frictional stresses
and to study their effect on the occurrence of the loss of flange stability.
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The experiments were carried out on a tensile machine of UME-10TM type with a
force of 10 tf [14, 24, 29].

The experimental equipment appeared to be a special die body with an inlet of
50 mm and a set of punches with diameters of 49.3 mm; 46.4 mm; 49 mm, providing
the drawing of blanks without thinning the stiffening plate of 08kp steel with a thickness
of 0.15 mm, of aluminum A2 with a thickness of 1.4 mm and copper M4 of 0.25
mm correspondently. The dying body was installed on the lower traverse of the tensile
machine. The exchangeable punches were on the upper traverse. Both traverses were
equipped with clamping elements.

Special equipment appeared to be a dying body, with an insert for the drawing radius,
which can be displaced in the direction of movement of the punch during drawing and
the punch of a conventional design (Fig. 2) [15, 30, 31].

Fig. 2. Equipment for measuring frictional stresses at the rounded radius of the exhaust die body:
1 – punch; 2 – blank; 3 – movable insert; 4 – a fixing bolt; 5 – a connecting ring; 6 – load cell; 7
– strain gage.

The equipment for measuring the load cell deformations is a strain gauge operational
amplifierMCP606-I/P, ADCE14–440, power supply unit AX-1803D and personal com-
puter Pentium 4 CPU 2.40 GHz 1.0 GB RAM. Load cell deformations caused by fric-
tional forces during drawing determined strain gages deformation, which is included
in a quarter-bridge scheme without compensation of temperature stresses [32]. This, in
turn, caused the change in the resistance of the resistor and the current in the circuit.
The current oscillations were amplified by an operational amplifier and transmitted to
the ADC. On the computer monitor, these current readings were recorded for a prede-
termined time. It was KF 5P1–5-200-A-12 strain gage, with an operating resistance of
R = 199.7 ± 0.2 � and a base of 5 mm. The label of the resistors was produced with
the “cyacrine” glue according to the technology described in the paper [33, 34].

4 Results

Thus, the contact pressure between the hemispherical surface of the die body and the
workpiece was measured. Measurements were subjected to a minimum of 16 blanks for
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each metal and alloy with different coefficients of drawing. The load cell rounded radius
rm = 4 mm and rm = 1.5 mm, without lubrication of the surfaces of the workpiece
and the tool. Simultaneously, the depth of the punch’s progress was recorded, such as
force increase; a sharp force increase meant the occurrence of corrugations that made
it difficult to draw a flat workpiece into the hole in the die. Based on the measurement
results, typical ADC voltage-time charts are shown (Fig. 3). Also, the experimental data
are used to verify the adequacy of the mathematical model of the distribution of contact
pressures on the die body rounded radius when drawing without collet.

Fig. 3. A typical schedule of measurement of load cell deformations: k1 – the first load cell
(breakage); k2 – the second load cell; k3 – the third load cell; k4 – the fourth load cell.

For greater accuracy of contact pressure measurements, the first lot of blanks was
chosen in such a size that their diameter was equal D0 = D + 2rm, where D is the
diameter of the drawing workpiece. This was to minimize the effect of blank flange
deformation and reduce the impact of the bending moment on the torus-like section. The
remaining two lots of blanks were selected with dimensions D0 = D + 4rm and D0 =
D + 6rm correspondently. The results of the experimental data have been subjected to
statistical processing [12, 35, 36], then averaged and summarized in Table 1. Processing
experimental data on themeasurement of contact pressures showed that their distribution
is subjected to normal law at a significance level q = 0.05. The confidence error in
the results of the experiment was assumed to be symmetric and amounted to 	 =
±0.26 MPa.

In Table 1, in the numerator of the values of the diameter, the draw ratio, the stroke
of the punch, the value of the contact pressure, which relate to the drawing option with
the rounding radius of the die body rm = 4.0 mm; in the denominator it is the same for
rm = 1.5 mm; 	, % is deviations of the experimental data from the theoretical ones,
calculated from the dependence (3).
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Table 1. Results of experimental studies on the contact pressures measurement.

Material Deformation parameters Contact
pressure

Estimated
contact
pressure

	, %

s, [mm] D0,
[mm]

k rm,
[mm]

h,
[mm]

q,
[MPa]

q, [MPa]

Steel 08kp 0.15 58/52
66/54
74/56

1.16/1.04
1.32/1.08
1.48/1.12

4/1.5
4/1.5
4/1.5

8.0/6.0
8.0/6.0
8.1/6.0

58/38
94/55
133/57

17.25/46.0 71.3/17.2
81.7/16.9
87.1/19.4

Aluminum
A2

1.4 58/52
66/54
74/56

1.16/1.04
1.32/1.08
1.48/1.12

4/1.5
4/1.5
4/1.5

8.2/6.1
8.3/6.0
8.0/6.0

27/46
37/48
46/51

42/56 35.1/17.4
10.6/12.6
8.7/7.5

Copper
M4

0.25 58/52
66/54
74/56

1.16/1.04
1.32/1.08
1.48/1.12

4/1.5
4/1.5
4/1.5

8.0/6.0
7.9/6.0
7.9/6.0

21/17
34/21
43/24

10/26.6 52.3/34.3
70.5/20.3
76.7/6.7

5 Conclusions

The results of experimental studies showed that the greatest coincidence with theory is
6.7% for drawingwith k = 1.12 and rm = 1.5 mm for copper and the greatest discrepancy
in calculations is up to 87% for steel with rm = 4.0 mm a rounded radius of the die
body. The discrepancy between the results of experimental studies and calculated data
in general can be explained by the imperfection of the mathematical model, where all
factors of constructive and technological nature are not taken into account, as well as
hardening of themetal during plastic deformation [37, 38]. The best coincidence between
the results of theoretical and experimental studies, which does not exceed 20% (except
copper drawing, k = 1.04, rm = 1.5 mm), showed data for all metals with rm = 1.5
mm. However, as can be seen from Table 1, an increase in the flange width results in
an increase in the contact pressure, and the best coincidence of the results is observed
precisely with the drawing of blanks with an enlarged flange. Therefore, the completion
of the dependence is obvious. A further direction of research on this issue will concern
its refinement in terms of considering the bending moments acting on the radius of the
matrix rounding, which should result in greater adequacy of solutions.
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Abstract. In the conditions of finishing and precision turning, the traditional app-
roach to laboratory assessment of the condition of cutters by periodically recording
the parameters of thewear zone along the flank surface and subsequent recognition
is, in the authors’ opinion, insufficiently effective. It does not consider significant
changes (due to wear) in the geometry of the cutting edges and, in particular, in
the forming of their sections, the state of which directly affects the quality of the
processed surface. Therefore, there is a need for complex control and complex
recognition of cutting part states. The article aims to develop an approach to com-
plex recognition of cutters cutting part in finishing turning. The scientific novelty
consists of creating classifiers for complex recognizing the states of cutters for fin-
ishing turning, using the most informative features of the shape of all wear zones,
and analyzing their effectiveness. The research was carried out under conditions
of processing hardened steel 115CrV3 on a lathe model TPC - 125 BH1P. On a
special laboratory stand, equipped with a vision system, comprehensive periodi-
cal monitoring of the condition of the cutting part of the cutters for finishing was
carried out. Practical usefulness consists of developing amethod for predicting the
residual life of cutters for finishing turning, using a set of features characterizing
the shape and size of defects and microdefects of all wear surfaces of the cutting
part. Timely replacement of a failed tool with a new one provides a significant
economic effect.

Keywords: Tools failures · States of cutters · Complex of classifiers

1 Introduction

In the conditions of finishing and precision turning, the traditional approach to laboratory
assessment of the condition of cutters by periodically recording the parameters of the
wear zone along the flank face and subsequent recognition is, in the authors’ opinion,
insufficiently effective.

Nowadays, in cutting tools (CT) technical diagnostics, a trend is being developed
based on smart diagnostic systems. These systems can create, compare, and transform
CT models of a given subject area to make decisions based on accumulated knowledge
and without the operator’s participation in this process. The cutting part (CP) of any CT
is characterized by a certain structure and geometry determined by the tasks required
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by the processing results. We can say that the working part of the cutting edge (CE) is a
variable structure system. It does not take into account significant changes (due to wear)
in the geometry of the cutting edges and, in particular, in the forming section of the CE,
the state of which directly affects the quality of the processed surface. Therefore, there
is a need for complex control and complex recognition of CP states.

The connection of the wear zones of the flank and rake face leads to significant
gradual changes in the shape and geometry of the working sections of the CP.

The development carried out was focused on recognizing the states of the worn
flank face of tools. However, in finishing and precision machining conditions, it is also
necessary to recognize the rake surface and CE conditions.

2 Literature Review

The 5G technology in the next future will have a major impact on the industry [1]. This
will enable manufacturers to complete end-to-end automation with the virtual deploy-
ment of new product lines or the entire factory. 5Gwill enable growth and transformation
in Industry 4.0. In production conditions of Industry 4.0 became an actual new technolog-
ical process. For example, in [2] is proposed progressive manufacturing process, based
on the concept of intensification of machining and application of multiaxis equipment. It
made the possibility to reduce the complexity of the manufacturing process (in drilling,
milling, and boring operations).

Onemajor challenge is designing the strategy for communication between the factory
modules and the identification of adequate communication technologies [3].

Now the tasks of intelligent forecastingof the operability ofmodern technical systems
are becoming relevant. For example, deep learning model creation is used for predicting
the remaining useful life of the machining tools [4].

An artificial neural networkmodel is developed to predict the main cutting force, and
its ability to predict cutting force was analyzed in [5]. An effort is made to optimize the
cutting parameters to accomplish minimum cutting force using a genetic algorithm. In
work [6] features, obtained by processing the cutting force, vibration signal, and surface
texture of the machined surface in turn, which are found by tool condition monitoring,
are used to estimate cutting tools states.

Cutting tool failure in the manufacturing industry causes damage to the cutting tools;
leads to serious accidents [7]. So, a wear monitoring system is required to mitigate these
negative effects in the metal cutting manufacturing process. More and more diverse
mathematical models are beginning to be used in the metalworking industry when cre-
ating mathematical and software for monitoring systems of machine tools and tools. In
particular, the application of discrete and continuous Markov chains is promising [8].

It is especially noteworthy is the development of new promising strategies in CAD /
CAM systems [9] and their use in diagnostic and monitoring systems for modern auto-
mated manufacturing [10].

An important role in data collections and modern computing technology are playing
cloud computing and cloud manufacturing (CM) [11–13]. CM as a new technological
paradigm has been attracted a large amount of research interest. When solving various
diagnostic problems, such intelligent technologies as pattern recognition [14–16], the
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formation of statistical classifiers [15], digital image processing [14, 17], and others
are increasingly used. They will begin to find application for building classifiers and
recognizing the states of cutting tools (CT) [11, 14]. In the publication [11], we show
the prospects for using cloud technologies and creating a central laboratory for the
development of classifiers of instrument states based on the use of direct and indirect
control methods. Therefore, the need to develop an approach to complex recognition of
the states of the cutting part (CP) of worn-out tools is obvious.

The article aims to develop an approach to complex recognition of cutting parts of
cutters in finishing turning.

3 Research Methodology

The experimental research was carried out under conditions of processing hardened steel
115CrV3 on a lathe model TPC - 125 BH1P. On a special laboratory stand, equipped
with a vision system (Fig. 1), comprehensive periodical monitoring of the condition of
the cutting part of the cutters for finishing was carried out. Digital images of CP wear
zones were recorded. The formation of signs and recognition of the states of the flank
faces is discussed in detail in our work [11]. Therefore, the main attention is paid to
determining the signs of the states of the CP rake face and cutting edges. For cutting part
states recognizing and of the CT residual life predicting – is shown on Fig. 1.

Fig. 1. Fragment of a smart system for cutting part (CP) states recognizing and of the CT residual
life predicting.

The scheme contains 3 functional zones (A, B, C). In zone A, a fragment of the stand
is shown for sequential monitoring of the wearing tool. The standsmain elements: 1–CT;
2–a digital image of the wear zone of the rake face on the monitor screen; 3–control
system fundament; 4–table rotation mechanism; 5–turntable on which the controlled
tool is mounted; 6–digital camera. If necessary, it provides registration of many digital
panoramic CP images, which can form a 3D - CP model.
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In zone B, some of the samples of CT images in different projections are shown.
They are the source data for obtaining the primary signs of the shapes and textures of
the CP wear zones. Zone C represents a fragment of the of smart system intellectual
component. Zone C shows the sequential operations of complex processing and analysis
of images for each worn surface. Due to the limitations of the volume of the article, we
will consider only some of them.

4 Results

Consider fragments of the image processing of the front surface of a worn CNB cutter
after wearing CT monitoring. (Fig. 2). In the resulting image 1, a fragment of the wear
zone 2 (crater wear) is selectedwith subsequent scaling (3). After its conversion to binary
(4), wear zone contour (5) is selected, and feature sets are formed (6, 7).

Fig. 2. Fragments of the image processing of the rake face with the crater wear of a worn CNB
cutter.

In the structure of the process of complex recognition of the states of worn CT of
cutters for finishing, an important place belongs to recognizing the states of the cutting
edges. The representation of the classes of form changes of the CT in the process of
wear of the cutting part is shown in Fig. 3.

When registering digital images of the rake face of the CT in the initial state (R̂τ0
CE)

and the state of wear(R̂τ1
CE) - zone 1 - as a result of the processing μ

τ0
CE of the binary

image (2), there is a selection (3) of the CE contours of the new (R
τ0
CE) and worn (not

shown in Fig. 3) cutter. The combination of these contours gives the contours of the
displacement of the CE as a result of wear.

Several classes of these contour shapes are highlighted (in position 1 is shown the
class �1). At the bottom of Fig. 3 schematically shows the combined projections of the
CE on the main plane (Rτ0

CE , R
τ1
CE , R

τ2
CE , R

τ3
CE) for the moments of processing τ1, τ2, τ3

(the shaded outline corresponds to the class �1).
In the structure of Fig. 3 indicates the coordinate system Ŷ X̂ , in which the projections

are combined, and the coordinate system X (DS),Y , where is the vectorDS of movement
of the cutter feed. Complex contour shapes are caused by the formation of grooves on
the CT rear surface. Attention should be paid to the sequential change in the positions
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Fig. 3. Representation of the classes of form changes of the CE in the process of wear of the
cutting part (fragment).

of the points of the tops (Oτ0 -Oτ1 -Oτ2 -Oτ3 ), which is due to the radial wear of the CT.
Recognition of classes of contours (�1–�5) is a component of the complex recognition
of the state of theCT source. Let’smove on to someof theCPdefects andmicrodefects. In
Fig. 4 shows images of zones of concentrated wear of the flank face (1), the groove-notch
wear (2), and the lowering section of the cutting edge (3).

The following parameters are determined from such images: hCE the amount of low-
ering (CE displacement) due to the closure of wear zones, the groove’s height. Grooving
and concentrated wear zones are commonwhenmachining hardened steels. The grooves
weaken the cutting part of the CT and can cause its local destruction. Therefore, the
growth of the parameter hGRV is taken into account in the complex forecasting of the
residual resource of the CT. With the formation of traces of concentrated wear on the
forming section of the CE, the machined surface quality deteriorates sharply. Due to
the closure of the wear zones on the front and rear surfaces, the effect of lowering the
cutting edge section to a height hCE and the formation of a small threshold on the front
surface is formed.

When this parameter reaches the limit value, the chips stop coming off the rake face
because they rest against the threshold and moves vertically upward. This prevents the
chip breaking process; chips fill the treatment area, leading to an accident.

Fig. 4. Images of wear zones of the flank wear of the cutter with traces of defects.

This is especially true on flexible production modules. Therefore, the growth of the
parameter hCE is taken into account in the complex forecasting of the residual resource
of the CT. The main results of the formation of classifiers are shown in Figs. 5, 6, 7, 8
and 9. Let’s move on to a comparative analysis of the quality of classifiers for complex
recognition of CP states.
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Fig. 5. Some results of a comparative analysis of the quality of classifiers for complex recognition
of CP states.

Here 1 is a set of contours of the flankwear zones recorded under the same processing
conditions; 2 - reference contour (shape class), formed as a result of processing set 1;
3, 4 - respectively, graphs of changes in the accuracy of the neural network on the
training and examination samples; 5 - an example of the intersection of regions of 5
classes of states of the flank wear cp; positions 6–8 show an example of the work of
the classifier generated by the stochastic approximation method (6 - classifier; 7 – class
1; 8 - class 2). Figure 5 demonstrated the scheme of classifiers set, which can be used
in the experiments. Classifiers were built using the method of contours models of wear
zones (1, 2), stochastic approximation method, and neural networks. In cases where the
probability density functions of the diagnostic features in the training set are known, the
stochastic approximation method (SAM) is effectively used. However, in practice, and
especially in the production environment, such estimates are not accurate or completely
absent. In this case, a device of neural networks can give a good result. The results of
computational experiments show that even simple neural networks created using Python
(a programming language) and Keras (libraries for constructing and training neural
networks) demonstrate a high recognition quality of CT states. An example of using
the Python programming language and the Keras library to build a neural network-
based cutting tool state classifier is presented below (Fig. 6). The algorithm includes
the following steps: 1. Import of required modules and libraries; 2. Loading the training
data set; 3, dividing the training sample into training and examination; 4. Neural network
training with Keras; 5. Train the neural network with executing code; 6. I am checking
the accuracy of the training data; 7. They are obtaining the conclusion.

The process of neural network training (for recognizing classes of states of the worn
back face of the cutters CP) is presented in Fig. 7. After 100 training epochs (it will
take around a minute), the training accuracy is reached 94.5% (Fig. 7) - so the model is
trained.

In a wide range of external conditions, the use of genetic algorithms becomes justi-
fied. The results of computational experiments using the Python programming language
and the Deap library of genetic algorithms - demonstrate the fast and effective con-
struction of diagnostic features space of minimum dimension (Fig. 8). So, from a set of
8 primary signs, the algorithm selected 4 of the most informative ones. This base CT
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Fig. 6. An example of using the Python programming language and the Keras library to build a
neural network-based cutting tool state classifier.

model is constructed in the form of a neural network, which provides the recognition
quality of CT states of 98.5%, so the preference is given to the neuron set method. Let’s
move on to the analysis space of signs and predict CT residual life (Fig. 9).

After receiving the secondary signs ofwear zones, internal and externalmicro defects
(traces of concentrated wear, groves at the cut layer borders, the appearance of lowering
sections of the CE, etc.), process formation of the Y attribute space occurs.

In this conditionally multidimensional CP state space, the areas of the tool state
classes are displayed (�1,�2,�3). Class �1 - incisors are worn flank wear surfaces
without visible micro-defects. In this class, at the control moments τ1, τ2, two states
(cτ1 , cτ2 ) are identified, which correspond to feature vectors (yτ 1 , yτ 2 ).

Fig. 7. The neural network training (for recognizing classes of states of the worn back face of the
cutters CP).

The indicated states of the cutter differ in the size of the flank wear zone. The wear
process is conventionally depicted by W (τ1−τ2). Further CT wear (W (τ2−τ3), W (τ3−τ4))
leads to the appearance of new wear zones traces of concentrated wear; section of
lowering the cutting edge (due to the closure of the wear zones). They are significant
in finishing (class �2) - state cτ3 , cτ4 (a digital image corresponding to the state cτ4 , is
given conditionally here).
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Fig. 8. Features space selection using genetic algorithm.

Fig. 9. Schema of the cutter states changing (as it wears out) in the space of signs and complex
prediction of its residual life.

Pay attention to the fact that there is an intersection of class areas �1,�2,�3
(shaded areas). In this case, the use of the SAM becomes an alternative. The correspond-
ing classifiers (sets of decision rules - separating hypersurfaces ((U (X 1),U (X 2))) are
polynomials of the 2nd degree.

The right part of Fig. 9 shows the prediction schemes for the residual life of the
cutter (with the conditional use of a linear model) according to four parameters (VB[μm];
hGRV [μm]; hCE[μm]). Hire: hGRV [μm] - groove height; hCE[μm] - CE lowering value.
Green lines indicate the limit values of each parameter. From the obtained values of
the time period for the loss of CT workable state (τ̂1; τ̂2; τ̂3), the smallest is selected.
The prediction result is transmitted to the CNC system.

5 Conclusions

The smart system has been developed for complex recognizing states and predicting the
residual life of a cutting tool. A special laboratory stand was tested for direct monitoring
of CT states using vision systems; image processing of wear zones ensured the formation
of sets of CT states signs. A number of wear zones ststateigns were obtained, which
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were used to form the corresponding classifiers. We tested 3 types of CT state classifiers
constructed using SAM,method of contours models of wear zones, and neural networks.
The related software packages have been developed using the programming languages
Python and Keras library. The best results were shown by the neural network classifier,
which will be used in further studies.

The dimensionality of the CP states space reduced using genetic algorithms. From a
set of 8 primary signs, the algorithm selected 4 of the most informative ones. The cutting
state’s models were constructed in the form of a neural network, which provides the
probability of correctly recognizing CT states of 98.5%.

In future investigations, authors planning to create fuzzy – neuron classifier for CT
states complex recognition (to provide 100% quality of state recognition).
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Abstract. The research results of the ability to assess the boundaries of structural
components’ geometric complexity, which are visible in a metallographic analy-
sis of the metal samples of Welded Steam Pipe Joints, considering the operating
time, are presented. The estimation of the complexity of grain boundaries was
made based on a statistical analysis of fractal dimensions obtained by the cellular
method for measuring the grain boundary length. The fractal analysis of micro-
section images is carried out using a developed program. The computer system
was tested for several samples cut from sections of steam pipelines with different
operating times, operated under conditions of creep and low-cycle fatigue. A com-
parative analysis of fractal dimensions of structural components’ boundaries in
the microsections images of various metal sections with different operating times
is carried out. The research and comparative analysis are carried out for the heat-
affected zone, base metal, weld, and substrate areas. As a result, the possibility of
assessing the complexity of the boundaries of structural components in the steam
pipelines metal and their welded joints was confirmed based on the analysis of
statistical characteristics of the distribution of their fractal dimension.

Keywords: Metallographic analysis · Boundaries of structural components ·
Geometrical complexity · Fractal dimension

1 Introduction

Structural changes in the steam pipelines metal made of heat-resistant pearlitic steel
12Cr1MoV (analog of steel 14MoV6-3, 1.7715 EN 10216-2:2020), which are operated
under conditions of creep and low-cycle fatigue, lead to a deterioration in their prop-
erties. Identifying premature degradation processes in metal by forming defects based
on metallographic analysis of structural changes is essential to ensure a trouble-free
operation of steam pipelines [1].

The use of fractal analysis is one of the approaches for quantifying metallographic
images. It is known that the fractal dimension of metallographic image components
can be used as a characteristic of the fatigue of metal polycrystals [2]. The fractal
dimension of a metal’s structural components is an effective quantitative characteristic

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
V. Ivanov et al. (Eds.): DSMIE 2021, LNME, pp. 31–40, 2021.
https://doi.org/10.1007/978-3-030-77719-7_4

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77719-7_4&domain=pdf
http://orcid.org/0000-0003-2568-4763
http://orcid.org/0000-0002-6245-9971
http://orcid.org/0000-0002-2869-4337
http://orcid.org/0000-0002-9572-6095
https://doi.org/10.1007/978-3-030-77719-7_4


32 Y. Garashchenko et al.

of the process of self-organization of the material structure during fatigue. It depends on
the initial structure of the material and the duration of cyclic loads [2].

2 Literature Review

The development of methods for assessing the materials structure and modern computer
technologies has brought to a new level the ability to carry out their quantitative assess-
ment [3]. The metal structure is represented by space-filling irregular elements [4]. The
correlation between parameters of the metal structure and their physical and mechani-
cal properties has been studied by many authors [5, 6]. The presence of an element of
subjectivity in assessing the metal structure lies in the fact that many of its elements,
due to their complex configuration, are difficult to quantitatively describe [7]. This fact
leads to the loss of important information about the “structure-property” tandem. The
structure’s geometric description is usually presented at the following three levels [4]:
qualitative, quantitative, and topographic. The quantitative assessment of grain struc-
tures usually calculates the average grain size, grain boundary density, statistical grain
size distribution, and porosity [7].

There is an approach that integrates 3D-modeling and visual analysis of metal struc-
ture [8]. Modeling produces valid polygonal 3D-representations of the structure by
adopting a physics-based particle packing procedure.

Known studies [9] have shown that the self-organizationmodel ofmetal structure can
be used for cyclic actions. The specific features of the formation of microstructure and
substructure [10] of metal under long-term cyclic influences in the form of dissipative
structures make it possible to use the theory of fractals to describe them [11]. Fractal
image analysis is used in many scientific fields [12, 13]. In materials science, fractal
analysis is used to study the metal’s microstructure since its structure can be interpreted
as a fractal image [13, 14]. Fractal dimension and lacunarity are determined by the
results of fractal analysis [11]. There are many methods for determining the fractal
dimension for an image proposed in [15, 16]. Using these methods produces differing
results. Comparative assessment of several methods is presented in [17].

The value of fractal dimension characterizes the quantitative parameters of structural
elements and the physical properties of these elements’ boundaries [10]. Determining
the correlation between specified properties and fractal dimension of grain boundaries
is a rather complicated but solvable problem [13].

This research shows a hypothesis about the statistical analysis of the fractal dimen-
sion distribution of the boundaries of selected structural components using the cellular
measurement method, which will make it possible to scientifically determine their geo-
metric complexity and consider this complexity when assessing the material structure
effect on the properties and the residual resource.

The purpose of the research is to substantiate the assessment of boundaries com-
plexity of the structural components of steam pipeline metal and its welded joints based
on cellular method, considering the operating life.
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3 Research Methodology

Analysis of metallographic images of metal samples of steam pipelines was carried
out using statistical fractal analysis of images developed at NTU “Kharkiv Polytechnic
Institute” (Ukraine). This system quantifies the metal structure based on the pixel array
analysis using RGB and HSV color models. A subsystem has been developed to solve
the problem and is shown in Fig. 1.

Fig. 1. Screen form of the fractal image analysis system.

This system (Fig. 1) gives a user the following basic capabilities:

– forming of pixels array with the definition of color components using RGB and HSV
models;

– image visualization;
– determination of main statistical characteristics of color components distribution;
– determination of fractal dimension for a given range of scales (scaling area) tomeasure
the length of the contour of selected pixels;

– statistical distribution analysis of the selected pixels over the width and length of the
image;

– visualization of analysis results in the form of density or cumulative probability
function.

The definition of RGB and HSV color model components for pixel array is performed
by defining their properties: Red, Green, Blue, Hue, Saturation, Brightness (Value).

The researchof possibilities of assessing the fractal dimensionof boundarypixelswas
carried out using metallographic images of four samples of welded joints microsections
cut from operating steam pipelines. One sample is taken as a baseline version, which
has no operating time. For the rest of the samples, the operating time was 120 and 150
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Table 1. Chemical composition of steel 12Cr1MoV (GOST 5520-79).

C, % Si, % Mn, % Ni, % P, S, % Cr, % Mo, % V, % Cu, %

0.08 ÷ 0.15 0.17 ÷ 0.37 0.4 ÷ 0.7 <0.3 <0.025 0.9 ÷ 1.2 0.25 ÷ 0.35 0.15 ÷ 0.30 <0.2

thousand hours. All samples’ base material is heat-resistant pearlitic steel 12Cr1MoV
(the chemical composition is presented in Table 1).

The scheme for determining the fractal dimension of selected image pixels in the
developed system (Fig. 1) is shown in Fig. 2.

Fig. 2. Scheme for calculating the fractal dimension of selected image pixels.
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The selection areas of metal structure elements in the microsection image (Fig. 1)
are formed by setting the value range of selected RGB or HSV color components.
Consequently, closed selection areas are formed consisting of an array of pixels related
to the studied structural element. Such areas are obtained due to the values of pixel color
components falling within a specific range. In most cases, selection regions are created
based on a need to consider the structure’smain component. For the contours of selection
areas, we take the boundary selected pixels, defining the condition for the location of
unselected pixels next to them (one or more that do not fall outside the specified cell). At
the same time, the typical problem of fractal geometry to determine the length of a curved
line using an array of cells with specified dimensions (which is called the “measurement
scale” [7]) is quite applicable to the contours. Solving this problem is the coefficient of
fractal dimension D of contour for a particular scaling area �M (range of cell sizes).

Given the theoretical background [18], fractal dimension D quantifies a contour’s
complexity (it contains border pixels) as a factor of change in detail with a change in
scale. Fractal dimension is determined by the following formula [7]:

D = ln(Ni−1) − ln(Ni)

ln(Mi) − ln(Mi−1)
, (1)

where Mi - measure (cell size) for the i-th measurement of the length of structural
element boundaries under study;Ni is the number of scales (cells with sizeMi) covering
the contour (boundary pixels).

Coefficient D obtained by formula (1) can take a non-integer value, characterizing
the degree of filling the image with the studied boundary pixels [19].

According to this scheme (Fig. 2), with a sequential change in the scale, the process
of measuring the length of boundaries of selected areas of metal structure elements is
repeated by several scales of Ni (cell size Mi) that cover entirely the boundary pixels
[7] (Fig. 3 shows an example of microsection image with selected pixels). The pearlite
zones’ selection in themicrosection imagewas carried out by replacing the original color
(Fig. 3a) with white (Fig. 3b). As a threshold value of color brightness, Vmax = 0.46 was
visually selected to highlight perlite in the image of a metal microsection. This value is
also seen in density function (brightness) component values V for the HSV color model.

a - original image; b - image with selected pixels; 
c - histogram of the V component (brightness) for the HSV color model

Fig. 3. Visual analysis of the microsection image of the weld metal without operating time.
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As applied to the cellular method, a scale is called a cell (square) of size M. The
scale should be significantly less than the measured contour length or a total number of
boundary pixels (M < < L). In formula (1) number N will increase with decreasing
value M (a more significant number of more minor scales are required to cover the
boundary pixels fully).

Concerning a contour consisting of boundary pixels, its complexity and, accordingly,
the fractal dimension will depend on the scaling area ΔM = Mi-1 –Mi. When measuring
a real contour using a measure M → 0, the length L = const. In this case, according
to formula (1), the fractal dimension will correspond to the Euclidean dimension of the
contour D = 1. If we consider increasing the image resolution (decreasing the pixel
size pimage → 0) applied to a perfectly etched sample, the contour length increases L
→ Lideal. Therefore, the fractal dimension of the contour obtained by the sequential
arrangement of boundary pixels will always be D ∈ (1, 2] (on condition that the cell
size M does not exceed the contour size).

There are always restrictions on the minimum and maximum value of measurement
scale M [20] in practice. In this study, the measurement scale’s limitations will be the
image size and the condition for determining the boundary pixel. Therefore, a cell with
dimensions of 2 × 2 pixels will be the minimum acceptable. Accordingly, the initial
measures Mi were chosen from the list Mi = {2, 4, 8, 16, 32, 64} pixels (at image
resolution - 1536 × 1152). The values of measures were set in a geometric progression
with a common ratio r= 2. The number of contour length measurements was performed
up to 5 times to obtain a wider scaling area of �M.

The studied images of microsections have the exact resolution. Accordingly, the use
of specified M values for all images made it possible to obtain the fractal dimension’s
relative values, which can be compared. This circumstance makes it possible to carry out
a comparative analysis of the studied grains’ contours (boundary pixels) for all samples.

A separate study was carried out to substantiate the visually determined value of the
brightness threshold Vmax for the selected area of the microsections structural element.
For this purpose, the fractal dimension of boundary pixels (the contour of the selected
area) was determined depending not only on the measurement scale but also on the
specified threshold Vmax. 3D plot for D = f (M, Vmax) is shown in Fig. 4 using the
example of a steam pipeline weld with an operating time of 150 thousand hours.

Fig. 4. Brightness threshold correlation for the selected area of themicrosection structural element
and the measurement scale with a fractal dimension of boundary pixels.
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In the microsection image shown in Fig. 3, the main structural element is pearlite,
which has the highest relative content in the metal. The main structural element’s real
boundary will be highlighted in the area of maximum fractal dimension and the largest
measurement scale on graph D = f (M, Vmax) (Fig. 4).

The largest fractal dimension is observed in the domain of the most significant
values of measurement scale Mi = 64 pixels and Vmax = 0.46 ± 0.04 (Fig. 4). In this
way, we confirm the correctness of value’s (Vmax) choice for the studied microsections
component’s contour (Fig. 3). This Vmax value is correct for samples obtained under
similar laboratory conditions.

4 Results

Results of calculations to determine the fractal dimension of selected components con-
tours for microsections of test samples are shown in Fig. 5. The graph of the typical
influence of measurement scale on the number of filled cells with boundary pixels is
shown in Fig. 5a. This graph confirms the fractal analysis application’s validity since
it has a nearly linear relation of log-transformed characteristics lg(N ) = lg(M ). This
relation is typical for fractal contours.

a - influence of the measurement scale on the number of filled cells with boundary pixels for a sample 
without operating time; b, c, d - the relationship between the measurement scale and the fractal dimension 

for samples with an operating time of 0, 120, and 150 thousand hours respectively.

Fig. 5. Results of fractal analysis of microsection images.
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Figure 5 b-d shows the different options for the relation between the measurement
scale and the microsection fractal dimension for steam pipeline samples. All depen-
dencies are characterized by an increase in the fractal dimension with growth in the
measurement scale. This case was separately studied by grouping the fractal analysis
results by measurement scale (statistical analysis using the “BoxWhiskers” swing chart
is shown in Fig. 6.) Such a diagram shows general trends and significant differences
in the ranges of fractal dimension values depending on the measurement scale. The
greatest overlap of the fractal dimension domain was noted for the measurement scales
Mi = {16, 8} pixels. The smallest is for Mi = {32, 16} pixels. In general, the results
obtained do not contradict the well-known studies of the fractal dimension of contours
or components of the metal structure [6, 12]. The most informative for assessing the
steam pipeline residual resource can be considered the measurement scaleMi = 8, since
the largest range of values of the fractal dimension Di is observed.

Fig. 6. Statistical analysis of the fractal dimensions of boundary pixels, grouped by measurement
scale, regardless of operating time.

The statistical analysis of fractal dimensions grouped by metal sections (weld, base
metal, heat-affected zone, and substrate) and the operating time is shown in Fig. 7.
Heat-affected zone has the most extensive range of values according to experimental
microsections Di. For the initial sample (without operating time), the base metal has the
smallest range of Di values, which is entirely explainable due to the lack of influence of
external factors on a metal structure.

There are identified trends. If for the initial sample arithmetic mean value Di for the
base metal is more significant compared with a weld and heat-affected zone, then with
an increase in operating time, the opposite situation is observed, that is, a significant
relative decrease in Di. There is also a growing trend of Di for all areas under the study
with an operating time. Therefore, with the operating time, the contours’ complexity for
the tested element of metal structure increases. This feature is the most pronounced for
the heat-affected zone. This feature’s study makes it possible to determine the residual
resource of a steam pipeline.
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Fig. 7. Statistical analysis of the fractal dimensions of boundary pixels, grouped bymetal sections
and the operating time.

5 Conclusions

Statistical analysis of the distribution of fractal dimension of microsections of steam
pipelines metal, obtained by the cellular method, makes it possible to scientifically
determine grain boundaries’ geometric complexity (areas of structural elements).

The original study of the effect of Vmax and measurement scale Mi on the fractal
dimension Di carried out for the first time and made it possible to obtain a universal
idea of the complexity of the contours of all structural components of the microsection
image under study. The dependence Di = (Vmax , Mi) made it possible to substantiate
the threshold value of color brightness for studying the boundaries of pearlite, which is
the structure’s main component.

The influence of steam pipeline time on structural changes, expressed by an increase
in fractal dimension and, accordingly, by the complexity of structural components
contours, has been confirmed.

Further research is an analysis of the correlation between obtained data and the
mechanical properties of the metal. This analysis will expand the possibilities for identi-
fying structure parameters based on metallographic and fractal analyses and predicting
a steam pipeline’s residual resource.
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WinMachine Environment
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Abstract. The problem of modeling the spindle unit’s design for multi-
operational lathes equipped with a set of modular tooling according to the rigidity
criterion is considered. Structural and calculation schemes of a two-support struc-
ture in the form of a constant cross-section beam on duplexed angular contact ball
bearings considering linear and angular stiffness are proposed. The procedure for
constructing an analytical static formula of a spindle as an analytical dependence
of its general compliance on the cantilever’s dimensions is used, which adequately
reflects the conditionally constant (spindle on two supports) and replaceable (mod-
ular tooling) parts of the object under consideration. With the help of this formula,
it is possible to express procedure probing the machine’s working space according
to the compliance indicator. Analytical dependencies for finding a rational ratio
of the spindle main design parameters from the standpoint of maximum rigidity
are proposed. This approach is most effective for typical double-support spindles
equippedwith a variety of tooling. The efficiency of the APMStructure3Dmodule
in solving problems of assessing the stress-strain state, considering the complex
mechanism of deformations in supports, is shown. The stress fields, which prede-
termine the picture of the researched object’s deformation state, are presented. For
a comprehensive study of the spindle unit, the capabilities of APM Structure3D
to determine the set of natural frequencies and the corresponding vibration modes
are used.

Keywords: Machine tools · Spindle-cantilever stiffness · Optimal size ratio ·
Static formular · Stress field

1 Introduction

In connection with the increase in machining processes’ productivity and efficiency, the
issue ofmodeling the forming units ofmetal-cuttingmachines inmodernCADsystems is
becoming increasingly important. The analysis of the balance of flexibility and vibration
modes of the primary units of lathes showed that the central forming units: spindle –
workpiece and support group – tool block, predetermine the quality of the machine as a
whole. The spindle’s rigidity and vibration resistance characteristics on elastic supports
depend on the size of the cantilever part of both the spindle itself and the length of the
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workpiece. Fixing a processing scheme with a particular overhang and building on these
basic design schemes and 3Dmodels of the main units of the machine [1, 2] do not make
it possible to effectively control the rigidity and vibration resistance within the working
space of the machine. In [2], a library of models of generalized multi-axis machine tool
configurations is presented.

The widespread introduction of the 3D modeling apparatus in designing machine
tools is also presented in [3]. Comprehensive research of the operability of machine
tools and technological equipment is carried out using CAD SOLIDWORKS and CAE
ANSYS software. Within three-dimensional libraries, 3D models of the spindle and
its research by the finite element method are presented. As the author notes, choosing
the best modeling method is key to creating an accurate model. The main apparatus
of the 3D modeling software is CAD SOLIDWORKS to create the spindle model. To
effectively use the finite element method, the CAE ANSYS interface is used for import
from SOLIDWORKS, followed by an analysis of the spindle’s stress-strain state using
ANSYS.Often, spindle researchers usemulti-node barmodelswith three degrees of free-
dom at each node. For these models, the dynamic characteristics at natural frequencies
and modes of vibration of the spindle are carried out, taking into account the chang-
ing load. Authors often follow the path of simplifying the original 3D model (removing
chamfers and small holes, and other structural elements) when converting 3Dfile formats
between SOLIDWORKS and ANSYS.

An integrated approach to assessing the indicators of rigidity and vibration resistance
is presented in [4]. The idea of a modular modeling system based on information about
the forming units: spindle-tool and table-workpiece are proposed. The universality of
such a structure for presenting information is provided by analytical models and arrays
of experimental data, concentrated in the databases’ corresponding sections. This article
[4] identifies critical parameters and associated constraints based on the data embedded
in the database on the characteristics of machine elements’ dimensions and rigidity,
coordinate matrices, and node vectors. Simultaneously, the issues of the optimal ratio
of the spindle size and the tooling component to maximize rigidity and the relationship
with the finite element analysis procedure are not addressed in this work.

A promising approach is an approach to constructing the static formula for sf of the
spindle, presented in [5]. This approach is effective when using unified spindle units
equipped with a wide range of modular tooling. Simultaneously, the authors considered
one variant of loading with a single cantilever force without considering various loading
schemes, particularly the forces in the gearing “gearbox output shaft – spindle”.

2 Literature Review

The research of the spindle units’ structures of metal-cutting machines according to the
criterion of rigidity and the influence of technological tooling on design decision-making
is widely presented in the machine-tool literature.

In [6], determining the accuracy of the technological operation of boring holes when
changing the dimensional parameters of the spindle unit (SpU) and its rigidity is consid-
ered. When obtaining an analytical expression for the SpU compliance, considering the
spindle’s deflection and its supports, the value of the restraint force in the front support
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was taken into account. The advantage of this work is to consider the variety of boring
machine tool designs. Simultaneously, as is known, the parameters of their matching
(joint) also affect the level of deformations of the “boring bar – boring cutter” assembly,
which in turn affects the rigidity of the forming spindle unit. It is an aspect of the influ-
ence of tooling that is not considered in this work. Information about the features of the
influence of duplexed angular contact ball bearings and, in particular, the consideration
of their angular compliance on the stiffness of the SpU as a whole is also not given.

The work [7] considers the nature of the relationship between the stiffness character-
istics of the forming units of multi-operational machines of the drilling-milling-boring
type for processing accuracy. Of interest is a new approach associated with the study
of the space of change in static stiffness by introducing the concept of “generalized
stiffness”, covering the machine tool’s entire working area. The authors implement the
procedure for forming 3D and parametric models on the scale of multi-axis process-
ing space. This achieves an effective procedure for assessing and predicting possible
processing errors. Nevertheless, at the same time, the procedure for changing the tech-
nological tool is not presented in work. The task of finding the ratio of the dimensions
for the inter-support part of the spindle and the cantilever part, reflecting the dimensions
of the technological tooling, providing minimal deformations of the forming unit, is
not posed either. The same approach to assessing stiffness is used in [8] but without
advanced 3D modeling and parameterization tools.

The great opportunities in terms of automation of the main procedures for evaluating
structures by the stiffness criterion are provided by the integrated CAD APM WinMa-
chine [9, 10], which includes the APM Structure3D module – a module for calculating
the stress-strain state, stability, natural and forced vibrations of parts and structures
by the finite element method [11]. In this system, a more efficient procedure is pro-
posed for determining the stiffness of structural supports considering linear and angular
compliance.

Based on the analysis carried out, the task of this study can be formulated as follows:
To develop an analytical toolkit for assessing the stiffness of a double-bearing spindle
assembly and the choice of the optimal ratio of the sizes of its elements using various
types of technological equipment in the environment of the APM Structure-3D module.

3 Research Methodology

3.1 Determination of the Spindle-Tooling Structure Stiffness

Consider a variant of combined loading of a unified two-bearing spindle unit (Fig. 1)
for a multi-purpose lathe mounted on duplexed angular contact ball bearings 4-46209
and 4-46112, mounted according to the “tandem-O” scheme with a spring-type preload
(rear support) and a preload using two spacers for duplexed front support [12, 13].

Let us consider the problem of calculating the rigidity of the spindle unit’s structure
(spindle-modular tooling) of the main motion drive for a multi-operational lathe (for
example, model MS03), the structural diagram of which is shown in Fig. 1b.

This spindle unit design can be presented in the form of a constant cross-section
beam on two hinged supports, the design diagram of which is shown in Fig. 1c.
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At the same time, the rolling bearings on the rear (r) and front (f ) bearings have finite
stiffness, and their action in the design scheme can be conditionally replaced by springs
with stiffness jr and jf (the springs can perceive both compressive and tensile stresses).
This assumption is in good agreement with practice if the bearings are preloaded. The
rigidity of bearings 4-46112 GOST 831-75 (front support) and 4-46209L GOST 831-
75 (rear support) can be determined analytically or graphically. Using the graph [1],
we determine the rigidity of the above duplexed angular contact bearings: jr = 8.8·104

N/mm – for bearings 4-46209L; jf = 9.2·104 N/mm – for bearings 4-46112.
The radial complianceA of the rear and front supports will beAr = 0.113 10–4 mm/N

and Af = 0.109 10–4 mm/N, respectively. The radial compliance of support consisting of
several angular contact ball bearings is determined by the formula [1] and is 0.652·10–5

mm/N. The presence of a preload Ppl = 930 N in the front support, following the
recommendations [1], increases the rigidity by 15–20%; in this case, the front support
Af’s compliance 0.522·10–5 mm/N.

To determine the analytical model for assessing the spindle unit’s compliance with
the MS03 machine tool, we will use the method of initial parameters in the matrix
formulation [5, 14]. According to the proposed design scheme, the SpU is represented
as a statically indeterminate elastic system “spindle-cantilever” (S-C) on two supports
that have linear {Ar ;Af } and angular {ar ; af } by complianceswith 4 unknowns: reactions
in the rear and front support {RrRf } and corresponding reaction moments {mrmf } in
these supports.

To assess the characteristics of the spindle unit’s compliance considering the size of
the machine working area, the program was developed in the mathematical environment
“Maple”. Using the kernel of symbolic mathematics, a static form was obtained sf =
f (lk) for various cantilever lengths lk of the spindle unit (e.g., multi-operational machine
MS03).

We represent the mathematical model of the S-C system in the form of a matrix
Eq. (1):

⎡
⎢⎢⎢⎣

1 1 0 0
l + l1 l1 −1 −1

Ar − l3
6EI −Af arl + l2

2EI 0
−l2
2EI 0 ar + l

EI −af

⎤
⎥⎥⎥⎦ ×

⎡
⎢⎢⎣

Rr

Rf

mr

mf

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

R′
−R′lk
0
0

⎤
⎥⎥⎦, (1)

where l – inter-support distance, mm; l1 – length of the cantilever part of the spindle,
mm; lk – length of the cantilever (modular equipment and workpiece), mm; E – elastic
modulus of structural steel – Steel 20X, E = 2.1·105, MPa; I – a moment of inertia of
the spindle cross-section, mm4; R’ – the unit force applied at the cutting point, N.

With the help of the above-developed program in the Maple environment, a static
formula for sf of the SpU machine model MS03 was obtained, presented in the form
of an analytical dependence of the spindle compliance (taking into account the support
compliance) on the length of the cantilever:

sf = 0.29 · 10−4 + 0.332 · 10−6lk + 0.507 · 10−8l2k . (2)

The resulting analytical formula is an effective toolkit for determining and modeling the
characteristics of rigidity within the machine’s working space. A similar approach for
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Fig. 1. Spindle unit: a – spindle design; b – structural diagram of the spindle with tooling.

the problem of optimizing the design of a fixture for multi-axis processing of lever-type
parts with statistical and modal analysis is presented [15]. The resulting static formula
for sf becomes promising in the problem-oriented analysis of complex details [16, 17].

3.2 Finding the Optimal Ratio of Spindle and Cantilever Sizes

A specific reserve of the spindle structure’s rigidity can be formed depending on the ratio
of its main parameters: the inter-support (spindle span) distance l and the span diameter
d0 [18, 19].
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Let us consider the option of loading the spindle’s cantilever on two supports by the
force P. The displacement of the spindle end caused by the deformation of its supports
can be represented as [1, 20]:

y1 = δf

(
1 + l

l1

)
+ δr

(
l

l1

)
, (3)

where δf , δr – deformations, respectively, of the front and rear spindle bearings.
Having introduced designations λ = l

l1
, characterizing the relative span length, the

deformations of the supports can be written as:

δf = P(λ + 1)

λ · jf ; δr = P

λ · jr , (4)

where jf , jr – stiffness’s of the front and rear supports, respectively.

Then expression (3) takes the form: y1 = P
jf

· (λ+1)2

λ2
+ P

jr
· 1

λ2
.

The deflection of the spindle end as an elastic beam can be represented as:

y2 = Pl21 l

3E · jr + Pl31 l

3E · jf = p

j0

(
1 + λ

jf
jr

)
, (5)

where j0 = 3E·jf
l31

– conditional stiffness of the spindle cantilever.

Summing up the elastic displacements of the spindle end, we obtain the overall
compliance of the spindle unit:

δ = 1

j
= (λ + 1)2

jf λ2
+ 1

jr
· 1

λ2
+ 1

j0

(
1 + λ

jf
jr

)
. (6)

For spindles on rolling bearings, additional constraints are introduced on the smallest
distance between the supports (λmin ≥ 2.5) since the runout of the bearings with a further
decrease in the inter-support distance increases the runout of the spindle end [1, 21]. This
stiffness limitation allows the use of an approximate ratio between the diameter (average)
of the spindle span d0 and its inter-support distance l.

Let us consider the procedure for determining the optimal ratio of the cantilever’s
lengths and inter-support parts. This machine’s spindle is a hollow shaft with an average
outer diameter d0 = 60 mm and an inner diameter di loaded with a cantilever force P =
400 N.

The optimization problem involves considering the spindle as beams on two supports
with a preload, which are conditionally replaced by springs. The optimization problem in
this formulation is limitation two processingmethods: for turning and boring operations.

Using the core of symbolic mathematics in the MAPLE environment, we define the
displacement of the spindle’s end due to the deformation of its supports, which can be

represented as follows: y1 = 0.001668(λ+1)2

λ2
.

The deflection of the spindle’s end as an elastic beam can be represented as: y2 =
0.0008533+ 0.000547 ·λ. The total compliance of the spindle assembly, reduced to the
cantilever part, will be:

δ = 0.001668(λ + 1)2

λ2
+ 0.001668

λ2
+ 0.000853 + 0.000547 · λ. (7)
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The components of compliance and the general compliance of the designed spindle
unit are shown in Fig. 2.

Fig. 2. The optimal ratio of the spindle sizes.

Analysis of the results obtained shows the presence of a significant reserve of rigidity
(the maximum deflection on the spindle’s cantilever (Fig. 1) is ymax = 0.027 mm, and
the angle of rotation of the cantilever section is 0.0289 rad). In this case, the deflection
arrow on the inter-support part at [y]= 0.0003·l should not exceed [ymax]= 0.0873 mm.
The permissible rotation angle of the spindle’s end must not exceed [θ] = 0.0572°.

Similar numerical values of compliance are also obtained due to calculations using
the APM Shaft module [10].

The practical implementation of the results obtained was carried out for a multi-
functional lathe in analytical models for determining the rigidity of the elastic spindle-
workpiece system with a variable length of the overhang of modular equipment work-
piece. These results are most typical for turning parts such as bodies of rotation and
boring holes when using special boring bars.

4 Result

Simultaneously, the APMShaft module cannot take into account the angular compliance
of the spindle unit, which affects the deformation parameters of the designed structure
[22, 23].

For effective modeling, calculation of the stress-strain state, taking into account
the supports’ angular compliance, we use the module for complex analysis of three-
dimensional structures APM Structure3D [8]. In the process of modeling, a “skeleton”
model of the spindle structure is created (Fig. 3). In this model, the boundaries of the
bar elements are determined by the nodes at those points where the load or the bending
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stiffness of the section changes are applied. Each bar has specific dimensions and is
connected with nodes to the rest of the structure bars.

Fig. 3. Skeleton model of the spindle structure.

The spindle assembly is divided into various types of sections associated with var-
ious functional elements, including spline and keyway connections, different shapes of
grooves and chamfers, fillets. TheAPMStructure-3Dmodule used operates with various
shapes of arbitrary cross-sections, including multiply connected. This is an expandable
section library into which custom cross-sections can be added. For the spindle skeleton
model being created, a parametric model of a spline straight-sided section of the middle
series was built, which was entered into the library.

The picture of the spindle’s general loading is formed from several types of force
factors that differ inmagnitude andmode of action. For these purposes, a special auxiliary
toolkit – “Loading” has been introduced in the APMStructure-3Dmodule.With the help
of this toolkit, an abstract part of the load space is allocated in the spindle into which a
part of the force factors acting on the elements of the model is placed.

A feature of specifying supports is the ability to combine the rigid and elastic fasten-
ing, each of which is an entirely different object. They will work together when they act
in different directions of the coordinate system at the node. In the rigid restraint mode,
by turning on the checkboxes in the fields of displacement in the direction of the axis,
restrictions on displacement in the direction of the X and Y and rotations around the
same axes should assign.

Calculation in the APM Structure3D environment (Fig. 4) allows one to show the
stress field specific for a typical turning operation performed on a multipurpose machine
MS03 and stress distribution in the i-th section of the spindle.

Following the color scale (Fig. 4, a), the maximum values of the equivalent stress
SVM (according to the energy theory of strength) do not exceed the permissible yield
stresses ([τ] = 635 MPa for the spindle’s material of the steel DIN 20Cr4), even with a
yield factor kτ = 2.
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Fig. 4. The stress field of the machine spindle MS03.

In the APM Structure 3D module, estimates of the dynamic quality of functioning
are effectively calculated [24]. These estimates are associated with the determination of
natural frequencies and the corresponding natural vibration modes. The APM Structure
3D module performed by default the calculation for 16 natural frequencies and forms
with an accuracy of 0.01%. In Fig. 4b shows the 3rd and 4th natural forms, describing
the spindle model’s configuration, oscillating with the corresponding frequencies.

5 Conclusion

A procedure for determining the stress-strain state of structures of double-bearing spin-
dles of multi-operation lathes equipped with a set of modular equipment has been
developed. Constructive and design schemes of the spindle assembly have been formed.

An analytical procedure for constructing static formulas of spindle nodes in the
Maple environment, reflecting the flexibility of the spindle and cantilever parts (modular
equipment) has been implemented.A numerical solutionwas obtained using the example
of a machine model MC03: sf = 0.29 · 10−4 + 0.332 · 10−6lk + 0.507 · 10−8l2k . On
this basis, the level of deformations of the node under consideration was determined in
express mode at various lengths of the cantilever part.

The optimal ratio of the parameters: the lengths of the inter-support and cantilever
parts of the spindle, whichminimizes the overall flexibility of the assembly, is found. The
analysis of the results obtained showed that there is a significant reserve of rigidity for the
optimal ratio of these two parameters (the maximum deflection on the spindle console
is ymax = 0.027 mm, and the angle of rotation of the cantilever section is 0.0289 rad.

The modeling and calculation of the stress-strain state were performed considering
the linear and angular compliance of the supports in the module’s environment for com-
plex analysis of three-dimensional structures APM Structure-3D. An essential feature
of modeling in APM Structure-3D has been noted, combining rigid and elastic fastening
in one support.
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pp. 66–74. Springer, Cham (2020). https://doi.org/10.1007/978-3-030-46817-0_7

18. Vasilkov, D.V., Weitz, V.L., Shirtladze A.G.: Electromechanical drives of metalworking
machines. In: Calculation and Design: Textbook. Polytechnic, SPb (2011)

https://doi.org/10.1007/s00170-015-8336-z
https://doi.org/10.1007/978-3-030-16943-5_11
https://doi.org/10.1007/978-3-030-40724-7_36
https://doi.org/10.1007/978-3-319-04501-6_28
https://doi.org/10.1007/978-3-030-18789-7_28
https://doi.org/10.1007/978-3-030-22365-6_12
https://doi.org/10.1007/978-3-030-46817-0_7


Research of the Spindle Units for Multioperational Lathes 51

19. Khomyakov, S., Kochinev, N., Sabirov, F.: Simulation and experimental study of the dynamics
for spindle nodes characteristics. Izvestiya TSU 3, 251–258 (2011)

20. Chermensky, O., Fedotov, N.: Rolling bearings. Mechanical Engineering, Moscow (2003)
21. Gasanov, M., Kotliar, A., Basova, Y., Ivanova, M., Panamariova, O.: Increasing of lathe

equipment efficiency by application of gang-tool holder. In: Gapiński, B., Szostak,M., Ivanov,
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Abstract. Product Life Cycle Support (PLS) becomes a priority direction in
mechanical manufacturing. That realize by providing the rational operational
parameters and reliability indicators for manufactured machines and their prod-
ucts. The PLS - concepts are an effective tool for the development of functionally-
oriented technological processes. The prediction of the product behavior during
exploitation using technological inheritability of its properties is an important
problem for modern mechanical manufacturing. The technological damageability
is proposed to estimate the technological inheritability of material properties dur-
ing manufacturing products from castings. Analyzing of material degradation of
manufactured products using the LM-hardnessmethod is suggested. LM-hardness
method, used for control of the dissipation of thematerial’s mechanical properties,
received by means of special devices in fixed conditions. In general, the degree of
the material degradation of manufactured products is described using the Weibull
coefficient (m). For the first time, it was proposed technological damageability
D for analyzing of degradation of the products material structure for castings in
sand molds. The influence of the design parameters of the “Sandvik” tool during
end milling on the technological inheritability of material properties using the
distribution of Weibull coefficient (m) is analyzed.

Keywords: Technological inheritability · Homogeneity · Technological
damageability · Weibull coefficient

1 Introduction

Technological providing operational characteristics and prediction of reliability indica-
tors of products when designing the functionally-oriented technological processes is an
important and priority task of mechanical engineeringmanufacturing [1, 2]. The Product
Life Cycle Support is closely related to the functionally-oriented technologies for the
technological process design [3, 4].

Functionally-oriented technological process (FOTP) or functionally-oriented tech-
nology is a rational technological process that aims at providing the most important and
necessary operational characteristics of the mechanical engineering product in com-
pliance with the scheduled parameters of accuracy and the characteristics of surface
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engineering of product assigned by the designer. Solution of this important problem is
possible using the automated control of the technological process and careful analysis
of the whole technological chain from a blank to a final product from technological
heredity and inheritability, by the system-integrated CAD/SAE/CAPP/CAM software
products [3]. When designing the FOTP, the substages of the Life Cycle of a Product:
design and technological preparation of production are intensified. This is necessary to
obtain the desired positive result from the standpoint of cost/reliability during the design
of FOTP in the customer-manufacturer chain [4].

The technological process as an operational unit of the production process has an
important and decisive influence on the set of the quality parameters of mechanical
engineering products starting from the initial blank production to the final product with
regulated technical characteristics [5]. However, the relations between technological
parameters, modes of surface engineering, operational parameters, and reliability indi-
cators are complex and difficult to predict (Fig. 1) [6]. In many cases, the process of
formation and transformation of the necessary operational characteristics and reliable
indicators of the mechanical engineering product at the stage of its development and
production can lead to the most adverse conditions to the product fracture at the stage
of its operation [7, 8].

Fig. 1. Relations between technological parameters, modes of surface engineering, operational
parameters, and reliability indicators.

An initial blank produced by casting, forging, press forming, etc., is a reference link
of the technological process [9]. However, the importance of blanking production in
the manufacturing process structure is not sufficiently considered when the influence
of technological inheritability on the final product’s quality parameters and operational
characteristics is analyzed [10]. The performed investigations [11] showed that themate-
rial structure and initial properties of blanks were closely related to the inheritability of
liquid metal alloy. Previous studies explained that about 75% of workpiece quality prop-
erties are achieved during pouring and crystallization of the liquid alloy during cooling
in the mold. Only 25% of numbers of properties of initial raw materials are transferred
to the workpiece during machining or finishing treatment [10, 11].
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On the other hand, the rational modes of surfaces machining in the technological
process contribute to forming the necessary operational parameters and reliability char-
acteristics of the product [11, 12]. They also minimize the initiation and transformation
of technological defects at the stage of its development and production, transforming
into technological damages at the stage of its operation [13].

Technological providing of the necessary operational characteristics and predicted
reliability indicators of mechanical engineering products requires a complex systematic
approach, which consists not only in the investigations of real physical processes in
the product material at submicroscopic, microscopic, and macroscopic levels but also
in their step-by-step tracking at all substages and stages of the Life Cycle of a Product
from the position of the technological inheritability [9, 14].

Technological inheritability is a complex process of transferring the properties of
product material from previous technological operations to subsequent ones. Preser-
vation of these properties of the product material is called technological heredity. The
system principle of the Product Life Cycle Support from the position of the technological
inheritability requires a direct and rational connection of technological preparation of
productionwith the stage of operation with not step-by-step, but parallel and coordinated
work of technologist and designer. Therefore, the operations of technological processes
of manufacturing machine parts must be considered with the help of structural units of
the technological chain, from the production of initial blanks to finished products in the
formation of their final operating parameters [8, 10].

2 Literature Review

The irrational technological process causes inadmissible failures of the mechanical
engineering product. They are classified into three main groups (Fig. 2) [7].

Fig. 2. Classification of impermissible failures that were formed during product manufacturing.

The first group of unacceptable failures is closely connected, first of all, with short-
comings of the designer’s work. Such shortcomings are embedded in the mechanical
engineering products at the substage of technological preparation of production. They
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are implemented during their manufacturing at product development and production
(Fig. 2) [7].

The second group of unacceptable failures is closely related to the insufficient reli-
ability of the structural elements of the technological environment. The technological
environment is a set of necessary technological objects that interact with the studied
technological object at a certain stage of manufacturing of mechanical engineering parts
and/or assembly of the machine (Fig. 2) [7].

The third group of impermissible failures needs the most investigations. This group
[7] is closely related to technological process imperfections using the indicator of tech-
nological inheritability (Fig. 2). It is worth noting that all subgroups of group III are
interconnected. The processes of initiation and formation of defects at the stage of prod-
uct development and production due to the phenomenon of technological inheritability of
material properties can have two development options. According to the first option, the
initiation and formation of defects can progress and transform into damage during oper-
ation. According to the second option, their impact can beminimized or even completely
eliminated due to the technological process’s optimal blank and rational structure.

Inheritability of product properties during its manufacturing is most often described
using the graph theory.

The quality parameter on the p-th technological operation is determined by
introducing the coefficients of technological inheritability [5]:

R1 = a1 · Rb1
0 , . . . ,Rp−1 = ap−1 · Rbp−1

p−2 ;Rp = aP · Rbp
p−1, (1)

where R0…. Rp is a set of quality parameters of mechanical engineering product; a1,
b1,.. ap-1, bp-1, ap, bp are coefficients of technological inheritability according to the
sequence of operations of the certain technological process.

According to (1), the current state of a certain link in the technological chain is
described by the coefficients of technological inheritance, which relate to the functional
relationships between technological modes and quality parameters of products. These
coefficients are obtained by transforming the regression dependencies found by the
methods of experiments planning [5]:

Rp = ap · abpp−1 · a(bp·bp−1)
p−2 · . . . . . . . . . · a(bp·bp−1·......·b1)

1 · R(bp·bp−1·......·b1)
0 . (2)

From formula (2), it follows that a set of final parameters of product quality are
closely related to the parameters of initial blank quality through a set of coefficients of
technological inheritability.

But the determination of all coefficients of technological inheritance greatly
complicates the work of the technologist.

Consider the complex relationships between the technological process parameters,
the parameters of processingquality, operational characteristics, and reliability indicators
from the position of technological inheritability of material properties (Fig. 3).

The Life Cycle of a Product (LCP) consists of two stages: the product’s development
and production stage and operation stage. The substages of design preparation, techno-
logical preparation of production, and the substages of product manufacturing are part
of the stage of development and production. The stage of operation provides the using,
technical service, and repair of the product (Fig. 3) [10].
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Fig. 3. Analysis of LCP using damageability of material properties.

At present, there isn’t any parameter that could characterize in detail the whole tech-
nological chain of productmanufacturing. Inmy opinion, the technological inheritability
of the properties of products at all substages and stages of their Life Cycle should be
analyzed using their technological damageability.

In the general case, single damage is a process of a pronounced and uneven change
in the geometric state of the friction surfaces of the product, the structure, and properties
of the surface layers of the material. Damage is the main result of damage, manifested
in negative changes in structure, macrogeometric characteristics, properties, and stress-
strain state of the product surface layers. On the other hand, the analysis of Product Life
Cycle Support shows that single damage results from its operation due to the “revival”
of defects formed at the stage of development and production [13].

The properties of the blanks and the forming technological environment determine
the product’s properties (machine). The technological environment is the carrier of the
mechanism of inheritability and transformation of the properties of products in the
process of their manufacture, which is shown in Fig. 3.

Technological damageability combines the technological providing of the tech-
nological process from one side and the evolution of defects/damage on the other
[11].

In product manufacturing, defects occur depending on the type of blank, processing
modes, control methods, the degree of automation, etc. There are typical types of defects
for each technological process, as a rule, associated with a violation of the technological
process or an unfavorable combination of factors. The initiation, formation, and devel-
opment of defects result from the technological process of manufacturing the product,
and damage is a consequence of its operation (Fig. 3) [13].
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According to traditional machine-building production, machining by cutting has a
significant impact on the performance of products.

However, the technological providing the product performance is a priority task to
prevent damage of the product during its Life Cycle [15, 16].

Analyzing the technological damageability of the mechanical engineering product
throughout the technological chain, it is possible to predict the probability of its failure
at a specific time and for specific operating conditions [13].

The processes of defects development and their transformation into damages from
the stage of development and production to the stage of operation of the Life Cycle of
a Product are multi-scale and multi-stage. They develop simultaneously at all levels:
submicroscopic, microscopic, and macroscopic. This means a combination of differ-
ent types of models. Multi-stage processes require new approaches and techniques to
provide operational characteristics and reliability indicators depending on the operating
conditions of the product [11].

Also, the use of rational criteria for the analysis of real physical processes during
the manufacture of the product can make technical problems more efficient [10].

We can investigate the change in technological damageability for the entire tech-
nological chain and obtain a step-by-step analysis of the technological inheritance of
the product material properties. But in some cases, we can investigate the change of
technological damageability for some operations of the technological route to obtain a
partial analysis of the technological inheritance of the material properties of a certain
part of the technological chain.

3 Research Methodology

3.1 Methods of Research

Determination of technological damageability has its characteristics for different types
of blanks. The formation of the structure of castings is a complex process. Therefore the
method of calculating the technological damageability for castings is suggested.

In modern mechanical manufacturing, in solving applied problems, LM-hardness,
developed under the guidance of Academician A.O. Lebedev, provides high efficiency,
is used. A critical feature of the LM-hardness method is scattering the parameters of
the product’s material instead of its raw parameters. The proposed method is easiest
for implementing in mechanical manufacturing, using hardness for control of material
degradation, the defined value used to assess product material properties [17] indirectly.

Time dependence of the “homogeneity” parameter integrally characterizes the mate-
rial structure during statistical processingof the obtained experimental results of hardness
measurements [18]. It is estimated through calculation of the Weibull coefficient called
m [17]:

m = d(n)

2, 30259 · S(�g(H ))
, (3)
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where d(n) is a dependent parameter, the number of measurements n increases d(n)
value.

S(�g(H )) =
√

1

n − 1
·
∑n

i=1

(
�g(Hi) − �g(H )

)2
, �g(H ) = 1

n
·
∑n

i=1
�g(Hi).

(4)

Technological damageability D, defined here, allows assessing the degradation of
the structure of the material of the product [11]:

D = 1 − mi/mmatr., (5)

where mi is the Weibull coefficient value for the i-th cross-section of the measurements;
mmatr. is the Weibull coefficient value for the main material.

Suppose we have a distribution of the homogeneity coefficient (m) along the entire
cross-section of the sample. In that case, we can analyze the technological inheritability
of material properties by the change of its technological damageability D using Eq. (5)
(direct method). But suppose the Weibull coefficient (m) distribution along the entire
cross-section of the sample is unknown. In that case, we must analyze the technological
inheritability of material properties by the change of Weibull coefficient (m), which is
indirectly related to technological damageability D (indirect method). In this case, we
use Eqs. (3), (4). The large value of the Weibull coefficient (m) corresponds to a low
level of scattering of hardness characteristics and a low degree of damageability; for the
lower value of the homogeneity coefficient (m), vice versa, the degree of damage ability
is higher.

3.2 Experimental Researches Planning

Experimental Samples
The blank size 165 × 155 × 20 mm was cast in a traditional sand mold and used for
experimental studies. The initial material was AK21M2.5H2.5 (GOST 1853-93).

Machine-Cutting Tools and Cutting Machine
End milling was used for machining the casting. End milling cutters were used with a
diameter of ∅ 6 mm, ∅ 8 mm, ∅ 10 mm, ∅ 12 mm for rough and semi-rough milling. The
experimental sample was machined on HAAS MINIMILL [10].

Technological Route and Cutting Conditions
It was planned 2 series of investigations for differentmachining of experimental samples.
At first, the surface of the experimental sample was milled by all four end milling cutters
for semi-rough milling. All four end milling cutters machined the sample surface for
rough milling during the next stage. Hardness was controlled after each stage. The
cutting parameters are selected according to the tool manufacturer’s recommendations
[3]. The cutting parameters consisted of cutting depth (t), feed per teeth (Sz), rotary
speed (n), cutting speed (V). The cutting parameters were for ∅ 6 mm: t = 3.0 mm, Sz
= 0.1 mm/teeth, n = 3100 min−1, V = 58.43 m/min; for ∅ 8 mm: t = 3.0 mm, Sz =
0.1 mm/teeth, n = 4000 min−1, V = 100.53 m/min; for ∅ 10 mm: t = 3.0 mm, Sz =
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0.1 mm/teeth, n = 5800 min−1, V = 182.21 m/min; for ∅ 12 mm: t = 3.0 mm, Sz =
0.1 mm/teeth, n = 5800 min−1, V = 218.65 m/min [10].

The Device for Hardness Control
The device TP-5006 was used for hardness control. Loading value 588.4 N was applied
with a ball ∅ 3.175 mm. 30 measurement samples were obtained in each experiment [10,
11].

The hardness of the surface layers was measured after each machining.

4 Results

We did not have aWeibull coefficient (m) distribution over the entire cross-section of the
sample. Therefore, we analyzed the technological inheritability of material properties
by changing the Weibull coefficient (m), which is indirectly related to the technological
damageability D.

Mathcad 15 was used to calculate the Weibull coefficient (m) through Eq. (3) for
obtained results of experimental research. The diagram m = f(dc) is presented in Fig. 4,
where dc is the diameter of the end milling cutter.

Fig. 4. Dependence of the homogeneity parameter (m) on the diameter of the end milling cutter:
after rough (1) and semi-rough (2) machining.

Figure 4 shows the change in the technological inheritability of the properties of
the product material by analyzing the technological damageability, starting with the first
processing for the technological route.

After rough machining, an increase in the diameter of the end milling cutter (with
increasing rotary speed n and cutting speed V ) at the same feed on the tooth and the
depth of cut leads to a decrease in the Weibull homogeneity coefficient (m). This is due
to the increase in load characteristics and the intensification of the cutting process. This
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indirectly indicates an increase in technological damageability after rough machining of
the casting (Fig. 4).

After semi-rough machining, the Weibull homogeneity coefficient (m) increases for
each end milling cutter. The removal explains the increase in the Weibull homogeneity
coefficient (m) by cutting the defective layer (about 3 mm) after the first treatment –
rough end milling. After semi-rough machining, the Weibull homogeneity coefficient
(m) is stabilized for the end milling cutters of a diameter ∅ 6 mm, ∅ 8 mm, ∅ 10 mm.
But the Weibull homogeneity coefficient (m) increases about twice for the end milling
cutter of a diameter of ∅12 mm (Fig. 4).

5 Conclusions

For the first time, it was introduced technological damageability D parameter to assess
the technological inheritability of material properties during the product manufacture
from castings. The actual technological damageabilityD can be calculated by the known
distribution of homogeneity coefficient (m) along the entire cross-section of the sample.
Changes in the technological inheritability by the Weibull coefficient value (m) should
be analyzed in other variants because the parameter of the damageability D is inversely
proportional to the m.

The tool’s design parameters influence the formation of technological damageability
D of the product material for the first treatment – rough machining for the technological
route of cutting. An increase in the diameter of the end milling cutters from ∅ 6 mm
to ∅ 12 mm leads to a decrease in the Weibull homogeneity coefficient (m) from 51.70
to 18.15 for aluminum alloy AK21M2.5H2.5. This determines the increase in the tech-
nological damageability D. After the second treatment – semi-rough machining for the
technological route, the Weibull homogeneity coefficient (m) increases for each end
milling cutter. In this case, the technological damageability D decreases.

The obtained research results for mechanical engineering products showed a good
correlation with the investigations of Academician A.O. Lebedev [10] for turbine
manufacturing, aircraft and space industries, etc.

Further research should be performed for another material usable for mechanical
engineering products and technological treatments, for example, milling and subsequent
grinding, to implement the developed research method into mechanical manufacturing.
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Abstract. To increase the wear resistance of the subsurface layers, AISI 1045
carbon steel andAISID2 tool steel sampleswere hardened by a laser heat treatment
(LHT) followed by ultrasonic impact treatment (UIT). This paper focuses on
studying the effects of the separately applied LHT,UIT, and combined LHT+UIT
processes on the wear behavior of the hardened surface of carbon and tool steel.
The comparison of the surface roughness and hardness after surface treatments
are also addressed. The hardened samples were examined after the short-term
(15 min), and long-term (45 min) wear tests under oil-lubricated conditions in the
quasi-static and dynamic loading conditions. An optical 3D profilometer evaluated
the wear tracks. The results demonstrated that the formed fine-grained martensitic
structure coupled with high surface hardness and low surface roughness after
combined treatment lead to a significant reduction of the wear loss regardless of
the steel type.

Keywords: Laser hardening · Ultrasonic peening · AISI 1045 steel · AISI D2
steel · Roughness · Hardness ·Wear

1 Introduction

One of the most promising directions for extending the life of metal components (e.g.,
shafts, gears, molds, dies, blades of gas turbine engines) is the improvement of tech-
nological processes for the surface modification by highly concentrated energy sources
(electron beam, plasma arc, and laser beam). The application of the surface heat treat-
ments combined with the mechanical surface treatments may significantly increase the
wear and corrosion resistance of the structural/tool steel parts. Therefore, the develop-
ment and implementation of newcombined surface hardening technologies is an essential
and urgent task in the mechanical engineering industry.
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2 Literature Review

The metal components’ wear resistance is enhanced through the purposeful control of
the microstructure, phase/stress state, surface roughness, and hardness.

Currently, a plasma surface hardening technique is widely used to process large-
sized parts due to the low cost of the technological process [1]. In contrast to the plasma
surface hardening, the electron beam surface hardeningmethod is usually applied for the
surface treatment of small-sized metal parts [2]. Compared to the plasma and electron
beam surface treatment, the laser heat treatment (LHT) is a more promising technique
for processing complex shapes’ metal components [3, 4]. At the same time, recently
developed laser systems using fiber [5, 6], diode [7], and disk [8] lasers combined with
modern scanning optics can significantly improve the efficiency and productivity of
the LHT process. Additionally, the laser spot size can be significantly increased by the
advanced 2D/3Dscanning optics [9, 10]. Inmost cases, it allows avoiding the overlapping
of the laser beam, which caused the heterogeneous microhardness in the near-surface
layer of the carbon [11, 12] and alloy [13] steels via the tempered martensitic structure.

It is well-known that LHT induces the fine-grained martensitic structures through
phase transformations, increasing the dislocation density [14, 15]. The martensitic-
austenitic structure depends on the LHT parameters and alloy carbon concentration [16,
17]. Increasing the concentration of carbon in the hypoeutectoid steels is accompanied
by an increase in the hardening depth through increment the calcination. On the contrary,
reducing the hardening depth and increasing the hardening width in the hypereutectoid
steels occurs with increasing the carbon content due to the reduction of thermal conduc-
tivity [6, 14, 18]. Additionally, increasing the steel’s carbon content causes a significant
amount of residual austenite in the subsurface layer at the LHT with a melting, which
leads to a reduction of the mechanical properties [19].

For decreasing the surface roughness and residual austenite, mechanical surface
treatments can be applied after LHT. Simultaneously, the grain refinement and a deeper
compressive residual stress are provided by a severe plastic deformation [10, 20]. Con-
sequently, an improvement in both the surface quality and structural parameters in the
near-surface layer led to enhance the wear/corrosion resistance and fatigue life of a
material. The study of the effects of surface plastic deformation by the ultrasonic impact
treatment (UIT) on the wear behavior of structural/tool steel hardened by LHT using
advanced laser systems becomes especially relevant.

This work aims to compare the surface roughness and hardness of the AISI 1045
and AISI D2 steel hardened by laser heat treatment, ultrasonic impact treatment, and
combined laser-ultrasonic treatments. Particular attention is paid to the study of wear
behavior under oil-lubricated conditions in the quasi-static and dynamic loads.

3 Research Methodology

The AISI 1045 carbon steel samples of ~20 mm thick and AISI D2 tool steel samples
of ~10 mm thick were studied. The sample thickness was chosen differently to provide
appropriate overcooling rates to obtain similar hardness. Unlike the samples of AISI D2
steel, the AISI 1045 steel samples were polished before the post-treatments of their
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surfaces. For evaluating both the running-in stage and steady stage of the wear process,
the surface roughness should be minimized.

The sampleswere hardened by a 1 kWpowerRofin Sinar FL010 fiber laser combined
with 2D scanning optics, whichwasmounted in amilling center [10, 15]. A proportional-
integral controller was used that adjusts the laser power value to keep the nominal surface
temperature during LHT. The LHT process was carried out at a sample feed rate of
90 mm/min and a scanning velocity of 1000 mm/s, changing a heating temperature
(1200 °C for AISI 1045 steel and 1270 °C for AISI D2 steel).

The samples’ surface plastic deformation was carried out using an ultrasonic seven-
pin impact head, which was mounted at the horn tip (vibration amplitude of ultrasonic
horn was 18 µm, vibration frequency of ultrasonic horn was 21.6 kHz). The ultrasonic
tool was pressed to the sample surface at a static load of 50 N while the impact head was
forcedly rotated at a speed of 76 rpm [10]. The UIT process lasted for 60 s (AISI 1045
steel) and 120 s (AISI D2 steel).

The surface roughness was determined using a Leica DCM3D optical profilometer.
The surface hardness wasmeasured using a Computest SC hardness tester at a load on an
indenter of 5 kg. The hardened samples were tested in both the quasi-static and dynamic
loading conditions using a computer-assisted tribological complex (Fig. 1). The wear
test system was described in more detail elsewhere [21]. Each wear track was evaluated
by an optical 3D profilometer (Infinite Focus G5 Alicona).

Fig. 1. Scheme of the tribological complex (a) consisting of a friction force sensor (1), clip (2),
two pairs of balls (3), stand with a slide (4), support (5), ring spring (6), test sample (7), and
counterbody (8); 2D view of the worm track (b): hw – the height of the worm tracks.

4 Results

4.1 Surface Roughness

The behavior of the surface roughness parameter Ra (arithmetical mean deviation of the
assessed profilewithin 0.8mm) is presented in Fig. 2. TheAISID2 tool steel samples (Ra
= 2.60 µm) were notably rougher compared to the AISI 1045 carbon steel samples (Ra
= 0.61µm). The surface roughness almost does not change after laser surface hardening
regardless of the initial state. This is because the melting of microasperities’ peaks did
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Fig. 2. Surface roughness of the initial sample and the LHT, UIT, and combined LHT + UIT
processed AISI 1045 and AISI D2 steel samples.

not occur. At the same time, an oxide film is formed due to the sample surface’s reaction
heated by a laser beam with the atmosphere.

In contrast to the LHT, the UIT technique’s use allows a significant reducing the Ra
parameter (Fig. 2) irrespective of the initial state of steel. The Ra parameter was reduced
by UIT from 0.61 µm to 0.32 µm for AISI 1045 steel, and from 2.60 µm to 0.42 µm for
AISI D2 steel. Moreover, the combined LHT + UIT hardened samples show a slightly
better surface roughness than the single UIT-processed samples. In particular, the Ra
parameter of untreated/polished samples (AISI 1045 steel) was decreased twice. The Ra
parameter of the unpolished tool steel samples was reduced by combined LHT + UIT
technique from 2.60 µm to 0.30 µm.

4.2 Surface Hardness

Along with the surface roughness, the surface hardness is also of particular importance
for the surface layer’s wear resistance. The results showed that the combined LHT +
UIT and single LHT processes lead to an almost triple and double increase in the surface
hardness (Fig. 3), respectively, due to the fine-grained martensitic structure formed [10,
21].

Fig. 3. Surface hardness of the initial sample and the LHT, UIT, and combined LHT + UIT
processed AISI 1045 and AISI D2 steel samples.
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In contrast to the AISI 1045 steel samples, the surface hardness of AISI D2 steel
samples is lower due to the presence of more residual austenite. In comparison with
the untreated state, the UIT induced surface hardening by ~50% due to the increased
dislocation density and grain refinement. The hardness’s highest values were obtained
after the combined treatment (62.1 HRC5 for AISI 1045 steel and 58.5 HRC5 for AISI
D2 steel).

4.3 Wear

The wear loss magnitudes were determined according to Fig. 1b using the 2D/3Dmicro-
graphs and the worn tracks’ profiles on the surfaces (Figs. 4, 5 and 6) made by laser
microscopy.

Fig. 4. 3D micrographs of the worn tracks on the surfaces after the short-term (a–d) and long–
term (e–h) tests in the quasi-static condition for the initial sample (a, e) and the LHT (b, f), UIT
(c, g), and combined LHT + UIT (d, h) processed samples of AISI 1045 steel.

It can be seen that the width/depth of the worn tracks (indicated by arrows) is larger
after dynamic tests (Figs. 4 and 5). It is of interest that as compared to the single LHT
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Fig. 5. 3D micrographs of the worn tracks on the surfaces after the short-term (a–d) and long–
term (e–h) tests in the dynamic condition for the initial sample (a, e) and the LHT (b, f), UIT (c,
g), and combined LHT + UIT (d, h) processed samples of AISI 1045 steel.

process (Figs. 4b, f, 5b, f, and 6b), the UIT process after LHT results in the fragmentation
and removal of the oxide film from the surface (Figs. 4 d, h, 5 d, h, and 6 d). As seen in
Fig. 6 b the oxide film has a thickness of 2–3 µm. The spherical counterbody formed the
semi-circular worn track patterns with the pile-ups area in the initial sample and UIT-
processed sample after the long-term tests (Fig. 6a, c). Unlike the UIT-treated sample,
the semi-circular worn track patterns were not observed in the LHT, and combined LHT
+ UIT treated samples (Fig. 6b, d) due to a high surface hardness (Fig. 3).

The wear loss magnitudes of AISI 1045 and AISI D2 steels registered after quasi-
static and dynamic tests lasted for 15 min (short-term tests) and 45 min (long-term tests)
are given in Figs. 7 and 8, respectively. During the running-in stage of the wear process
(quasi-static tests), the LHT formed oxide layers being fragmented during the tests exert
a deteriorative influence on the wear resistance provoking adhesive and abrasive wear
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Fig. 6. 2D micrographs and profiles of the worn tracks on the surfaces after the long-term tests
in the dynamic condition for the initial sample (a) and the LHT (b), UIT (c), and combined LHT
+ UIT (d) processed samples of AISI 1045 steel.
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(Fig. 7). It should also be noted that as compared to the initial state, the single UIT
process unexpectedly deteriorates the wear resistance of the AISI 1045 steel samples
due to the formation of wavy microrelief with high peaks. The formed fine-grained
martensitic structure coupled with high surface hardness and low surface roughness
after the combined LHT + UIT process resulted in a significant reduction of the wear
loss values regardless of the studied material type.

Fig. 7. Wear loss after the short-term (a) and long-term (b) tests in the quasi-static condition for
the initial sample and the LHT, UIT, and combined LHT+ UIT processed samples AIS 1045 and
AISI D2 steel.

As compared to the initial sample (Fig. 8), the hardened samples of AISI 1045
steel/AISI D2 steel demonstrate the wear losses after long-term tests (45 min) in the
dynamic condition decreased by 34.95/41.33% after the LHT process, by 4.85/68.32%
after the UIT process, and by 83.88/75.18% after the LHT + UIT process.
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Fig. 8. Wear loss after the short-term (a) and long-term (b) tests in the dynamic condition for the
initial sample and the LHT, UIT, and combined LHT+ UIT processed samples of AISI 1045 and
AISI D2 steel.

5 Conclusions

The results of this study can be summarized as follows:

1. The combined treatment provides the lowest surface roughness (Ra parameter
~0.25 µm) and the highest surface hardness (~62 HRC5) for AISI 1045 steel.

2. Compared to the untreated sample, the hardened samples demonstrate the wear
losses of AISI 1045 and AISI D2 steel after long-term tests in the dynamic condition
decreased by ~84 and ~75% after the combined treatment. The combined LHT +
UIT method can be used to increase the wear resistance of structural and tool steel.

3. The application of a diode laser for LHT is planned for further research. Simultane-
ously, the surface plastic deformation of LHT-treated samples will be performed by
a shot peening, cavitation peening, ultrasonic peening, and laser peening.
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Abstract. The paper proposes a significant improvement in the integrated
methodology for automated calculation and selection of interference fits. The
study’s main task was to find a rational combination of the values of the variable
parameters of the complex mathematical model of the area of existence of the
fit. The specified search was carried out in the range of a finite set of permissible
parameter values that correspond to the conditions for calculating the fit. As an
effective tool for performing a large volume of numerical and analytical calcula-
tions, the author’s computer program for the automated design of interference fit
was used. The research object was the geometric image of the model of the area of
existence of the fit parameters in the form of a three-dimensional body as part of
the complex of a multiparametric mathematical model. For solving this problem,
one of the projections of the model of the area of existence of fit parameters is
described analytically based on the theory of R-functions. In the research process,
the influence of the fit diameter’s value (the main geometric characteristic of the
fit) on the quality and reliability of the shroud joint during its thermal assembly
and during the operation was determined. The research results are recommended
for improving the mathematical and software tools for computer-aided design of
interference fits when choosing the most rational design solution for the given
operating conditions and assembly of the joint.

Keywords: Multiparametric model · Area of existence · Fit parameters · Fit
diameter · Working fit length · Computer-aided design · Theory of R-functions

1 Introduction

One of the main directions of improving modern machines’ operational characteristics
and mechanisms is the quality and reduction of the terms of technological preparation of
production. This is possible by increasing the automation level of the design of their units
and assemblies and modern methods for finding rational options for design solutions.

The introduction of computer-aided design of interference fits makes it possible
to increase the design process’s productivity by considering the maximum number of
factors affecting the fit’s strength and reliability and choosing a rational design solution
from a finite set of acceptable ones.
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Therefore, this work aims to study the effect of the fit diameter on the qualitative
choice of interference fit using a multiparametric mathematical model of the area of
existence of the shroud joint parameters during its thermal assembly.

Considering this, the research results aimed at developing methods and means of
computer-aided design of effective joints with an interference fit are relevant.

2 Literature Review

Interference fits on a smooth surface are among the most common types of conditionally
detachable joints and arewidely used in various branches ofmodern technology. Thus, in
[1], a study of the influence of interference fit on the distribution of stresses and themode
of destruction of the riveted joint is presented as the most reliable way of joining the
aircraft fuselage skin.A 3Dmodel is used to analyze themechanical characteristics of flat
head riveted joints. The three-parameter probabilisticmodel of the strength of cylindrical
joints with interference, proposed in the article [2], made it possible to calculate the
permissible value of the load and obtain curves of strength and failure of joints, which
are consistent with experimental data. In work [3], a joint’s strength analysis with an
interference fit of an oval-shaped underwater pipeline with a mechanical connector was
performed to repair. The necessity of an interference fit in case of pipeline damage
was indicated. The ANSYS software and the theory of a thick-walled cylinder were
used to analyze the pipeline’s contact characteristics. According to the results obtained,
the pipeline’s contact stress practically depends on the equivalent interference and not
on ovality, which only significantly affects the uniformity of the distribution of the
contact stress on the joining interference surfaces. Electromagnetic riveting has ample
opportunities for engineering applications in production and assembly as an advanced
technology for joining with an interference fit, which is the subject of theoretical and
experimental studies in [4]. Here, an analytical interference fit model is derived from
stress wave theory and shell theory. The presented analytical solutions are in good
agreement with the experimental values. Using the proposed model, which considers
many process parameters, it is possible to predict the distribution of residual stresses as
an important factor in fatigue life.

One of the promising directions in improving existing and creating new structures is
thewidespread use of compositematerials. The intensive growth in the use of composites
is due to a significant decrease in the weight of critical products and an increase in their
performance and reliability. Therefore, the development of effective and reliablemethods
for calculating composite joints, which, in particular, is widely used in the assembly of
thin-walled sheets in the aviation industry, is of great scientific and practical importance.
So, article [5] is devoted to analyzing the mechanism of microscopic damage in the
composite during the installation of the pin with an interference fit, which is of great
importance for the optimal design of joints with interference. In this regard, the work
proposes a new approach to multiscale modeling of microscopic damage using 2D finite
element models on the ABAQUS platform. In [6], an analytical method was developed
for calculating the stress around the holes for interference fit on composite plates under
tensile loading. For checking the accuracy of this method, the experiment results were
used, which give sufficient agreement.
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In [7], using the probability density function and convolution, a methodology for
analyzing the statistical distribution of contact pressure and rigidity of the mating sur-
face between the shaft and the bearing, depending on the degree of interference, was
developed. For illustrating the methodology, a roller bearing with a nominal diameter
of 50 mm is taken as an example, for which, as shown by the results, there is a high
probability of obtaining a clearance of up to 0.5 µm, which implies a loss of contact
stiffness. For solving this problem, two approaches are investigated in this work: using a
tighter tolerance of the bearing inner ring or a larger deviation of the shaft diameter. An
analytical formulation for evaluating the evolution of contact pressure in interference
joints operating in a high-temperature regime at the creeping stage was proposed in [8].
The proposed analytical solution correlates contact pressure with creep properties of the
material and can be used to improve the design or evaluate joints’ serviceability that
transfer a load through an interference fit.

In [9], the results of the fit process of a double hinge of a full-scalemodel of a vacuum
vessel ITER (VV)mounted on nineVVgravity supports (VVGS) are presented. For such
a joint, a heat-shrink fit method was chosen for the sleeve’s mutual mating into the hole
of the hinge block. In [10], the strength of joints with an interference fit is considered,
and a device for sliding bearing units is proposed in cases where the coefficient of
linear expansion of the hole is greater than the same parameter for the shaft. This option
provides a significant increase in the joint’s strength due to the intense heat removal from
the sleeve. As follows from the literature review analysis [1–10], a considerable amount
of research has been devoted to an interference fit. Most of them consider joint strength
problems under static loads, and for the construction of mathematical models, as a rule,
the finite element method is used. At the same time, topical issues of rational and optimal
choice of fit have practically not been studied, and the regularities and parameters of
frictional contact, which determine the strength, reliability and durability of fit fits, have
not been sufficiently studied.

3 Research Methodology

In this work, studies are continued, which are based on the use of the article’s devel-
opments [11] when calculating the fit with an interference fit of the ring gear rim of a
cylindrical wheel on the smooth base of the hub during thermal assembly. The authors’
research methods are numerical and analytical, based on the analysis of the initial data
and the results of the automated calculation of interference fits. As a research tool, the
author’s computer program Interference Fit [11] was used, which allows, based on this
calculation’s results, to select a rational design solution from a finite set of admissible
ones.

The methodology for choosing a rational joint is based on the construction of a
three-dimensional mathematical model of the existence of interference fits in the lpN
coordinate system (l is the working length of the joint, p is the specific contact pressure,
N is the interference). The proposed model is part of a comprehensive multiparamet-
ric mathematical model and considers all the strength, operational and technological
parameters of the projected fit, which are necessary for its reasonable choice.

Basedon the theoryofR-functions, a two-parametermodelpN of the area of existence
of interference fits, as well as the shapes of a finite set and a localized reliable zone of
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suitable interference fits, are described analytically. The considered area is one of the
precise criteria for choosing the final design solution at a particular value of the fit
diameter as the interference function’s main argument. When its value changes in a
specific range, the localization zone can change significantly, and the choice of fit will
depend on a subjective factor.

To improve the methodology and software for automated calculation, the authors
have constructed a graphical interpretation of the mathematical model of the existence
of rational fit with interference in the coordinate system dlN (d is the fit diameter). This
model is built based on new research results and is an essential part of a multiparametric
model’s considered complexity, which will allow the designer with greater confidence
to reasonably choose a design solution from a finite set of alternative ones.

4 Results

4.1 Conditions for Ensuring Strength and Existence of Fits Depending
on Geometric Parameters in Integrated Modeling

The initial data for the study of mathematical models of the fit parameters’ area of
existence in the form of graphical spatial images were taken the same as in the study
[11]. In this case, the fit diameter’s varied values were set in the form of a matrix of a
discrete series of dj values, which is determined from a normalized series of standard
values within the range of the fit diameters dmin – dmax. For reasons of ensuring sufficient
rigidity of the joint parts, a general recommendation was adopted, corresponding to the
condition:

dmin ≤ dj ≤ dmax = (d1 + 15) ≤ dj ≤ (d2 − 15), (1)

where dmin = (d1 + 15) and dmax = (d2 – 15) are, respectively, the minimum and
maximum recommended limiting values of the joint rim diameter, within which it is
possible to ensure the specified joint strength. For the considered example, dmin = d1
+ 15 = 50 + 15 = 65 mm; dmax = d2 – 15 = 130 – 15 = 115 mm. For an interference
fit, the actual value of the fit length lk is recommended when the condition is met:

lcr ≤ lk ≤ lrmax, (2)

where lcr – the minimum critical value of the working length at which the condition
for the strength of the joint is met; lr max – recommended maximum working length for
fit parts (made of steel lr max ≤ 4d0,7; made of cast iron lr max ≤ 1,25d; made of light
alloys – lr max ≤ 1,5d; at high bending loads and accurate centering lr max ≤ (1.5–2.0)d).
This condition’s boundaries determine the recommended area of existence of suitable
interference parameters along with the coordinate axis 0 l. In this case, the lcr value
will ensure the fit’s immobility, and the value lr max will be limited only structurally, for
example, by the length of the gear hub. Let us note that the fulfillment of the following
conditions lk > lr max is also possible, but its effectiveness and expediency are doubtful.
Therefore it is not recommended. The following condition can determine the minimum
critical value of the working length:

lcr = [
pmin

]
k · lk

/[
pmin

]
, (3)
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where [pmin]k – the permissible minimum specific pressure in the joint, at a certain actual
value of the fit working length lk .

In the range 0 < lk < lcr, an interference fit is unacceptable, because in this case,
the weakest fit part may be destroyed. In this case, the permissible minimum specific
pressure and the corresponding permissible minimum design interference under the
strength conditions will exceed the maximum permissible values ([pmin] > [pmax] and
[Nmin] > [Nmax]).

4.2 Mathematical Modeling of the Area of Existence of Fits Depending
on Geometric Parameters Integrated Modeling

The form elements of the basic mathematical model lpN, considered in [11], connect
some parameters with the investigated model dlN (Figs. 1 and 2). Both of these models
are constituent parts of the multiparametric model complex. For them are the standard
coordinate plane lN (with its corresponding coordinate axes 0 l and 0 N).

Fig. 1. The spatial area of the existence of interference fit and the location of the secant surface.

In Fig. 1 are marked: 1 – recommended area of existence of interference fit; 2 – an
area of the possible existence of interference fit; 3 – secant surface, delimiting the values
of the recommended parameters from all possible.

On the coordinate plane lN (see Fig. 2), the lines of admissible interference values
of the area of existence of the fit parameters are projected, formed by the extreme points
of the segments of the range [Nmin] – [Nmax] as the value of the working fit length lk
increases. At lk → ∞ the value of the minimum limiting interference decreases [Nmin]
→ 0, and the maximum [Nmax] remains constant. Between the lines of the bound-
aries of this growing area, the number of suitable standard fits is sequentially increas-
ing, the parameters of which fit into the specified area (with the method of complete
interchangeability).

On the coordinate plane dN (see Fig. 2), the projection of the area of existence of the
fit parameters (for the ranges of values [Nmin] – [Nmax] and dmin – dmax at lcr – lr max) and
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Fig. 2. The projections of the volumetric model of the area of existence of interference fit onto
the coordinate planes.

the projection of the secant surface 3 (see Fig. 1) are shown. Line bc of the allowable
effective interferences is plotted on this projection depending on the fit diameter and
recommendedmaximum joint working length for steelmaterials. As an example (Fig. 3),
several stepped ranges of probabilistic interferences values are projected onto the dN
plane, depending on the range of nominal diameters recommended for the standard-fit
H7/v7. On the coordinate plane dl (Fig. 2 and 3), the projection of the area of existence of
the geometric parameters of the fits (for the ranges of values d1 – d2 and lcr – lr max) and
the center of symmetry (point A) of the flat image abcd of the model in the coordinate
axes dl is shown.

The area of existence of the geometric parameters of fits, represented in the form
of a flat figure in the coordinate axes dl, is described in an analytical form using the
mathematical apparatus of the theory of R-functions [12, 13]:

Ωld = Ωl1
∧0 Ωd ∧0 Ωl2

, Ωd =
[(

(d2 − 15) − (d1 + 15)

2

)2
− (d − dA)2

]

,

Ωl1
=

[(
lcr − lrmax + lcr

2

)2
− (l − lA)2

]

, Ωl2
=

[(
lrmax − lrmax + lcr

2

)2
− (l − lA)2

]

,

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(4)

where ∧0 – R-conjunction symbol [14, 15]; (d, l) – coordinates of the values of the fit
diameter d (mm) and fit working length l (mm); (dA, lA) – coordinates of the center of
symmetry A of a flat figure abcd of admissible values of the ranges of the fit diameter
dA (mm) and the fit working length lA (mm); d1 – the diameter of the inner surface of
the covered part (mm); d2 – conventional outer diameter of the covering part (mm); Ωd

– set of permissible recommended values of the fit diameter of the joint in the form of
a vertical strip (for (d1 + 15) and (d2 –15)); Ω l1 and Ω l2 are the sets of permissible
values of the fit working length of the joint in the form of curved strips.
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Fig. 3. Recommended area of existence of fit parameters and localization of the model of
interference fit H7/v7.

For the considered example (see Fig. 3), the H7/v7 fit model has the largest volume
(among other alternative ones), occupying a large part within the recommended area of
existence of its parameters. Therefore, such a joint can be considered the most rational
and taken as a criterion as a final design solution. The study results make it possible to
reasonably choose rational parameters (first of all, the fit diameter) and one design solu-
tion – a suitable standard interference fit with computer-aided design and significantly
reduce the influence of the subjective factor.

5 Conclusions

When using the effective software Interference Fit in the calculations for the automated
calculation of interference fits, an essential criterion for choosing the final design solution
is developed considering the influence of the fit diameter as the main argument of the
interference function.

As a result, a visual representation of numerical calculations in the form of a graphic
illustration of the material is created. The proposed approach is reasoned and qualified
for the choice of the rational fit. The analysis of the obtained research results shows that
this direction’s complex mathematical modeling is a relatively effective tool.
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The model of the existence of interference fit parameters, which is a part of the gen-
eral multiparametricmodel in complexmathematical modeling, is analytically described
using the effective mathematical apparatus of the theory of R-functions. This circum-
stance makes it possible to modernize the software for computer-aided design of fits
significantly.

In the future, we plan to modernize the author’s computer program “Interference
Fit” by adding a graphical application.
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Abstract. The development and dissemination of practical additive technologies
applications have become a significant trend in technology development in various
activity fields. Medical engineering is one of the industries where such technolo-
gies already have a tangible effect and will become even greater in the future,
especially in the manufacture of customized implants. In many cases, customized
implants provide the patient with a quality of life that other solutions cannot offer.
Simultaneously, the correct application of medical engineering solutions in this
area requires enhanced engineering support. The point here is not about the optimal
modes of implant formation but the engineering support system for decisions at
every step from the initial condition analysis to surgery. So far, considerable practi-
cal experience has been gained, and many publications have appeared describing
individual case implementation. Simultaneously, there is a lack of publications
that would give an idea of the wide range of possibilities for using additive tech-
nologies in creating customized implants and their entire system of engineering
support. This paper’s results are based on the authors’ own practical experience,
implemented based on the Laboratory of Biomedical Engineering at the Institute
of Orthopedics and Traumatology of the National Academy of Medical Sciences
of Ukraine.

Keywords: Additive technologies · 3D printing · Endoprosthesis · Customized
implants

1 Introduction

From the first steps of surgery development, the engineering solutions are always nearby.
New materials, new designs, new technologies that could provide the surgeon with a
solution to the patient’s problems were actively tested and applied. We are currently
witnessing the rapid development of additive technologies (AT), and orthopedics, espe-
cially customized (patient-specific), has become a field of many advanced innovations
that radically change the perception of patient’s capabilities [1].
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2 Literature Review

Customized implants (CI) became one of the first successful additive technologies in
the medical field [2]. Over time, many other applications have emerged, such as limb
repair procedures, where the complexity is associated with defects that are not easy to
repair with ready-made sizes or implant shapes [3]. AT, due to the ability to accurately
reproduce complex shapes and the ability to print contralateral anatomy for use as a
reference for anatomical reconstruction, is ideal for creating CI [4].

Cases are severe in patients, especially young people, adolescents, where the only
possible option is to block the joints or even amputation. AT development allowed the
emergence of a fairly large number of engineering solutions when a CI is created to
replace a certain area of a bone or joint [5].

ATeconomics becamean important success factor of such applications.Conventional
subtractive technologies for the manufacture of parts are an exponential dependence of
cost on complexity. The more complex the part is by the number of elements, their
shape, and accuracy, the more expensive the manufacturing process challenging the
technologist with an increasing number of technological limitations (trimming elements,
lack of access to cutting tools, catastrophic drop in stiffness of parts and tools preventing
cutting, etc. A significant difference of AT, almost a paradox, is that the more complex
the shape of the part is (due to shape optimization), the cheaper it is to make such a part
on an additive machine (AM) [6]. Today, engineers who traditionally make implants
based on subtractive processing need to change and expand their design thinking.

Projects for CI creation and installation in orthopedics are complex and require a
high level of knowledge in engineering and medicine. A clear understanding of the work
sequence on such projects, as incorrectly defined source data can nullify all work per-
formed. Significant practical experience has already been gained in usingCIsmade using
AT, but systemic aspects of engineering support are underrepresented in the literature.
This paper concerns the engineering aspects of supporting CI additive manufacturing.

3 Research Methodology

The structural-logical scheme reflects the authors’ own practical experience, imple-
mented based on the Laboratory of Biomedical Engineering at the Institute of Ortho-
pedics and Traumatology of the National Academy of Medical Sciences of Ukraine
[7].

It is known that the processes of additive production can be divided into three suc-
cessive technological stages: Preprocessing, Processing, and Post-processing [8]. It is
also possible to consider a more general manufacturing CI process and accompanying
equipment with AT integrated.

Preprocessing. Reverse engineering – CT/MRI data processing. Creating a three-
dimensional model of the target area, taking into account the main vessels and nerves’
spatial location. Surgical planning to determine the type of surgical access, the size of
resection. Zone definition – assessment of bone condition. Analysis of existing standard
designs of endoprostheses. Decision-making on CI manufacture.
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Equipment. Computer tomography, MRI machine, PC, specialized software.

Processing.Navigation systems modeling for resections, future CI prototype modeling,
strength calculations. FDM/SLA printing of the target organ model, printing of navi-
gation systems, implant prototype printing. “Operation to operation” analysis. Testing
main stages of implantation. Correction. SLM/EBM manufacturing of CI.

Equipment. PC with specialized software, additive machines based on FDM, SLA,
SLM/EBM technologies with related equipment, surgical instruments for resection and
installation.

Post-processing.CI processing – cleaning, heat treatment, machining (threading, grind-
ing, etc.). Accuracy control. Checking the quality and accuracy of the implant. Coat-
ing. Titanium shielding, coating for osteointegration. Preparation for implantation
sterilization, packaging.

Equipment. PC with specialized software, heat treatment equipment, CNCmachines for
machining, coating plants, sterilization, and packaging equipment.

4 Results

Substance and technological features of implementing engineering support stages. Let
us consider the detailed substance and engineering features of implementing engineering
support stages for AT-based CI manufacture, presented in Sect. 2.

4.1 Engineering Support for Collecting Initial Information

Computed tomography (CT) and magnetic resonance imaging (MRI) scans can provide
a basic set of patient characteristics.

In determining the choice and features of CT and MRI, one should consider the dif-
ferent nature of the physical phenomena used in these devices. CT uses X-ray radiation,
which gives an idea of the physical state of a matter. MRI uses constant and pulsating
magnetic fields and radiofrequency radiation, which provides information about the dis-
tribution of protons (hydrogen atoms), i.e., tissues’ chemical structure. Therefore, CT
allows a physician to see not only the tissues but also their X-ray density, which changes
with the course of the disease; in the case of MRI, the physician visually evaluates the
image only. In general, MRI better distinguishes soft tissues. The bones may not be
visible – there is no resonance of calcium, and bone tissue on MR scans is visible only
indirectly [9].

CT allows the physician to see the most detailed picture of the body condition in sit-
uations of studying damage to bones and teeth; studying joint lesions; diagnosing in
injuries (fresh bleeding is clearly visible); detecting spine diseases, including hernias,
osteoporosis, scoliosis, and others; studying brain damage; examining the thoracic cav-
ity (detection of tuberculosis, pneumonia, and other diseases); examining thyroid and
parathyroid glands; examining hollow organs (stomach, intestines); studying the vascu-
lar condition, diagnosing aneurysms, atherosclerosis; examining genitourinary system
(visible tumors, stones, cysts) [10].
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MRI is usually prescribed for examination of tissues, joints, and blood vessels;
examination on suspicion of a tumor in soft tissues; examination of intracranial nerves;
structures of the brain and spinal cord; study of spinal cord and brain membranes;
examination of patients with multiple sclerosis and other neurological diseases, as well
as stroke patients; study of ligaments andmuscles; study of the condition of joint surfaces
[11].

As can be seen, a single studymethod is not enough to assess the condition, decide on
the scope and features of surgery, and hence on the engineering support ofCImanufacture
and technological means of surgery. That is why a comprehensive study using CT/MRI
should be used as initial data for planning and creating CI and ancillary structures.
When obtaining the results, many prerequisites should be provided to ensure initial data
completeness and quality. CT studies require [12] the minimum possible cross-sections;
metal artifacts suppression if structures have already been implanted in the scanning
area; noise minimization on images. MRI studies require [13] isotropic voxel, minimum
inter-slice gap, noise minimization.

Since bone surfaces are the basic surfaces for CI construction in orthopedics-
traumatology, CT is the main radiological diagnosis type. If there is a need for additional
visualization of soft tissues, nerves, and blood vessels, a combination of images from
two study methods is used in specialized programs to process already combined images.
Due to the fact that CT and MRI are performed on different devices, given that it is
very difficult to ensure the same position of patient when scanning, the processing of
combined CT/MRI images is a complex semi-automatic process (Fig. 1).

Fig. 1. CT/MRI integration: a – slice on CT scan, b – similar slice on MRI scan, c – CT and MRI
combined scan.

4.2 Formation of Virtual and Full-Scale Model of an Anatomical Object

After receiving CT/MRI scans, one should create a virtual and full-scale model of the
anatomical object. Various programs facilitate 3D models based on tomography data:
RadiAnt, 3D Doctor, Simplant, ScanIp, Simpleware. To a large extent, the 3D model
accuracy will depend on the specialist’s engineering skills [14].
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The first step in creating an individual prototype is to process multiple images
that have been obtained using CT/MRI scanning. Processing includes analysis, noise
removal, and image segmentation. This work is performed per each section in three
study planes [15].

Specialized software is used to perform image processing. DICOM is the most com-
mon source data format. The software makes it possible to automate the segmentation
process, as it can distinguish more than a hundred degrees of tissue density [9].

Initial data processing generates STL, VRML, PLY, or DXF files. STL format is
preferably used to manufacture parts on an additive machine [16]. STL-file requires
analysis and adjustment to correctly display and prevent errors in the polygonal grid,
for example, in Autodesk NetFabb [17]. When the finished bone model is obtained, it
is necessary to prepare data for AM implementation. AM perceives information in the
G-code, determining conditions for the working body trajectory move, the preparatory
and final actions. To form a trajectory in one plane, one should proceed to a set of
sections based on a 3D model in STL format. To do this, special slicer programs are
being used that allow setting printing parameters: location of the part in AM working
area, temperature and speed according to the material, the configuration of supports,
density of filling the part, and more. This stage is illustrated in Fig. 2.

Fig. 2. Figure showing the process of converting CT/MRI into a 3D model and printed details.

4.3 Surgical Planning Using Full-Scale Models of Anatomical Objects Made
Using AT

The presence of a full-scale model of an anatomical object, which on a scale of 1:1 with
color separation reflects the features of clinical presentation of the patient’s bone and soft
tissues, is extremely clear and useful when planning a surgery. The resulting model can
be divided to view and understand the anomalies before the actual surgery. The whole
process can be modeled before the actual surgery, allowing surgeons to choose the best
method and reduce time.

The main tasks of surgical planning include [18]:

• Identifying surgical target, its location, and relevant surrounding structures. The main
vessels and nerves are determined by 3D model visual analysis, as damage to these
structures can lead to bleeding and limb sensitivity loss. Considering the location of



86 V. Pasichnyk et al.

vessels and nerves near the implant site is an important factor influencing future CI
design.

• Planning surgical access – access point/location and path to a specific target struc-
ture to minimize damage to surrounding structures. During surgery, access should
be provided to a body or operation site. Access should be physiological, anatomical,
and sufficient to achieve the goal. Sufficient means a minimal incision that provides
a comfortable area for surgery.

• Determining the position of surgical instruments and probes for treatment delivery
and/or implants placement.

• Prognosticating and evaluating the expected treatment outcome, including radiation
therapy, cryoablation, brachytherapy, stent placement, brain stimulation electrode or
orthopedic implant, etc.

4.4 Design of a Customized Implant

CI design should take into account:

• Position of the target organ relative to access (it is not desirable to move and rotate the
implant in the surgicalwound, as thiswill injure the surrounding structures),minimally
invasive access (minimal incision provides less blood loss and rapid recovery but
prevents implantation of large structures).

• Assessment of bone quality. Specialized software allows estimating the bone density,
which will affect the choice of type (spongy or cortical, with or without locking),
direction, and length of screws.

CI design includes several zones (Fig. 3): working zone, zone of primary fixation, zone
of secondary fixation-osteointegration, auxiliary zones. The engineer’s task is to make
a functional, safe implant, the design of which will allow preserving biological tissues
(bone) as much as possible and providing a possibility of design revision in the future.

Fig. 3. Zones of customized implants (on the example of an individual acetabular component): a
- auxiliary zone (hole for fixing the impactor tool); b - working zone (base surface for installing
the cement component of the endoprosthesis); c - zone of primary fixation (flanges with holes for
screws); d –zone of secondary fixation-osteointegration (trabecular surface).

Working Zone. This is the main CI zone, which performs the main functions of the
organ. For example, for joint implants, the working zone is a friction pair that allows
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joint moving. The working zone is performed as anatomically as possible (repeats the
organ’s shape, has the correct biomechanical spatial arrangement).

Primary Fixation Zone. For orthopedic CI, the primary fixation is made with screws.
Flanges are built to place the screws, which are resting on the support zones of the bone.
The contact surface of the flange with the bone reflects the surface of the bone in this
zone.

Zone of SecondaryFixation-Osteointegration. This is theCI-bone contact zone,which
involves further ingrowth of bone into the implant structure. It is exactly osteointegration,
which ensures reliable, long-term fixation. For this purpose, the surface of CI-bone
contact is made mesh-like (trabecular), duplicating the bone surface. The secondary
fixation zone can be saturated with bone grafting to improve osteointegration.

Auxiliary Zone. This is the attachment zone for the impactor (implant placement tool).
Zones that come into contact with biological tissues and do not provide osteointe-

gration should be safe for surrounding tissues, namely, do not cause tissue irritation due
to a smooth surface, rounding of corners, etc. The right material is one of the important
aspects of making CI. The material must meet the objectives, with due regard given to
its strength and elasticity. The requirements for an implant and its material will depend
on the placement site and potential load.

4.5 Regular and Stochastic Structures in Customized Implants

AT becomes effective and significantly expands the possibilities of engineering support
through various regular and stochastic structures. Regular structures are divided into two-
and three-dimensional. Stochastic structures can be open and closed. These solutions
are integrated into implant design to improve bone tissue proliferation, approximation
of CI mass, and mechanical characteristics to biological ones.

Face-centered cubic (BCC) and body-centered cubic (FCC) are the most common,
or variations thereof, such as the inclusion of z-struts (BCCZ and FCCZ) named after
similar crystal structures. Other topologies are based on struts, such as cubic, octet-
truss, diamond, dodecahedron, truncated cup-tahedron, and gyroid [19]. Some designs
have a high stiffness to mass ratio, others better dampen energy, and some are aimed
at the aesthetic component. Such structures can withstand heavy loads, so it is possible
to create a continuous-trabecular CI, to reduce the cost and weight. However, when
analyzing such implant operation, one can conclude that design elements damage the
soft tissues, and therefore it is advisable to use only in areas of contact with the bones.

4.6 Engineering Verification of the Customized Implant Design

Identifying Mechanical Characteristics. Computer-aided engineering (CAE) is the
main tool for identifying CI mechanical characteristics based on computer simulation
for different boundary conditions that determine the load on individual CI sections and
zones. In complex cases, field experiments may be required to determine mechanical CI
characteristics.
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The computing power of the available computer can be one of the limitations at
this stage. A modern home PC may be sufficient for continuous CI computer-aided
engineering. However, if the CI design provides for solutions to reduce weight and
improve performance (integrated trusses, topological optimization, generative design,
and lattice structures), then, in most cases, it is necessary to use powerful workstations.

Design Optimization.When working with the project, one needs to conduct a detailed
analysis and optimization of the working area. The main criteria for optimization are the
approximation of the implant weight to the weight of bone under replacement and the
minimization of load takeoff in the placement area.

It is necessary to study the contact areas to avoid underloading and overloading
certain areas to distribute the load as evenly. Uneven loading can reduce CI service life.
CI weight criterion is important to ensure patient comfort, as significant deviations in
CI weight from the bone being replaced will create discomfort for the patient.

Determining the Location for Primary Fixation Elements. When designing, it is
important to ensure the correct and constant location of CI in the patient’s body. This
problem is addressed by determining the position and stroke of the screws. There are
auxiliary structures or navigators (Fig. 4) aimed to simplify the surgery and increase
placement accuracy. Inmost cases, navigators aremade usingATmethod frompolymers.
These designs, as well as CI, are developed patient-specific and disposable.

Fig. 4. Surgical navigators for correcting bone geometry, made using AT: a – baseline condition
of patient’s bone; b – a computer model of a bone with an overlaid navigator; c – navigator
superimposed on a bone model made on a 3D printer using FDM technology; d – verifying
geometry of the bone on its model.

Usually, these elements design can provide for the direction of screws, rods, place-
ment of cutting areas. Using navigators, the surgeons can correctly guide the drill and



Design and Engineering Assurance for the Customized Implants 89

saw and constructively predict the depth of drilling or the range of possible cuts. Fas-
tening of the navigator occurs with spokes through apertures in a design. Spokes do not
allow design sliding on a bone during manipulations.

4.7 Choice Specifics and Application of Technologies

In CI manufacture, AT serves as the basis, but in addressing issues of achieving high
surface cleanliness or thread formation, conventional machining technologies are used.
When printing a thread, there is a problem with overhanging surfaces, and these areas
pose a high probability of defect formation [20]. At this stage of development, it is
advisable to use a set of technologies.

Post-processing of individual products should be applied in such a way as to take
into account the previously defined requirements for the product. The choice of post-
processes depends on the design,material, andmanufacturing process.Metallicmaterials
typically require heat treatment to reduce residual stresses and meet technical require-
ments. For friction surfaces, implants for joint replacement are necessary to grind and
polish because these areas require high surface cleanliness to reduce resistance tomotion
in the future.

Individual products for implantation must be sterile at the end of production. Lat-
tice endoprostheses especially need to be thoroughly cleaned to remove any powder
particles or residues, such as dirt from abrasive paste or coolant from computer digital
control processes. Typicalmethods include ultrasonic cleaning and the use of sterilization
processes.

4.8 Quality Control of Customized Implants

Before completing themanufacturing process, product quality requires verification, even
though both software and specialists constantly monitor the product during the manu-
facture. Currently, AMs have sufficient control over process parameters [21]. However,
minor defects, uneven cooling, internal stress, and sub-optimal printing parameters can
lead to defects that are sometimes so difficult to detect that a defective part can be put
into operation.

ATs allow creating parts with very complex geometry, which complicates further the
verification of their quality [22]. For example, lattice structures or topological optimiza-
tion allow generating a part with a maximum specific strength. The geometric accuracy
of products is assessed only by measuring the critical parameters of the product. How-
ever, conventional non-destructive testing methods do not apply to such parts, as the
outer layer of the part may block access to its internal structure – for example, lattice
filling. The only way to determine the internal component’s size is to destroy the sample
area and use the usual coordinate method of measurement using a coordinate measuring
machine (CMM). Internal designs are completely inaccessible and require the use of
non-destructive testing methods to assess product quality [23].

To optimize the quality of parts obtained using AT, it is necessary to adjust an accu-
rate, reliable, and stable inspection and control process. One such verification method
was developed by ANSYS, Synopsys, and North Star Imaging (NSI). This method uses
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CT data to build a three-dimensional model. Then, Synopsys Simpleware software con-
verts these into a final element model, the calculation of which can be performed with
ANSYS. The resulting layered images should be processed using specialized software,
which allows, for example, selecting fragments of the model area, in which there are
differences between the design and actual geometry of the part. The obtained three-
dimensional finite element model can be imported into ANSYS Mechanical to perform
a calculation for strength, comparing how much the mechanical characteristics will
change compared to the design.

X-ray computed tomography provides a unique method of non-destructive assess-
ment of internal areas and structures of parts that are manufactured additively, and is
increasingly usedby the additivemanufacturing industry to evaluate the relevant products
[24].

Since additive production is based on the concept of constructing an object through
the sequential application of material layers, the main parameter that characterizes the
accuracy of object construction is the layer thickness of material used to build the object,
i.e., the application layer. Thus, the accuracy of 3D printing is the minimum allowable
layer height printed by a 3D printer. Modern FDM 3D printers can provide a thickness of
up to 20 µ. Modeling of object deposition with melting allows measuring the roughness
parameters Ra, Rz, and Rmax not worse than 50 µm. Also, an important element of the
final stage is to reduce the surface roughness of the constructed object. Reducing the
object’s roughness is carried out using appropriate solvents or laser polishing, which
reduces the roughness up to 1.4 µm, which cannot be achieved by machine processing
[25, 26].

Also, the necessary product documentation is generated during verification, which
indicates the functional characteristics of specific parts of the implant, recommenda-
tions for placement, and auxiliary systems and tools to simplify and improve placement
accuracy.

One of the verification stages can include the study of duplicate parts, which are
an exact copy of the developed implant and made in one AM working chamber. This
approach is possible in cases where it is not possible to calculate the created structure,
and it is necessary to check the performance of the structure before placement. The copy
part is exposed to a potential load or can be destroyed to obtain data on the maximum
possible load.

In addition to machine processing, the parts need a special coating to improve bone
tissue proliferation and reduce the body’s response to a foreign body. Titanium and
titanium alloys are coated with hydroxyapatite using several methods. CI coating with
calcium phosphate leads to a strong early porous fixation of the implant and early bone
ingrowth.

As it is shown in Sect. 4.7, the processes implemented by engineers and surgeons
cannot be interrupted. In preparation for surgery, a team of surgeons is involved in the
implant’s planning and development. The action is worked out using plastic models and
prototypes (so-called “operation to operation”). At this stage, the composition of the
surgical team is being determined and the tools for intervention. A sterile model of the
target area is taken to the operation theatre. This guides the surgeon during the surgery
because they can access the implantation site through a small incision. Also, a map plan
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or surgical equipment is provided to the operation theatre. This document describes the
stages of surgery, the sequence of using navigation systems, and the defined maximum
lengths of screws in different zones.

4.9 Implementation of Engineering Support System in the Manufacture
of Customized Implants of the Acetabular Component Based on Additive
Technologies

Anamnesis. Patient N., 54 y.o., condition after total arthroplasty of the right hip
joint (fracture of the right femur neck in 2007). Aseptic instability of endoprosthesis
components. Pain syndrome.

According to the methodology described in the article, Fig. 5 illustrates all stages of
engineering support of the acetabular department’s surgical operation.

Stage 1. Obtaining primary objective information about the patient’s condition. X-
ray densitometry allows assessing the structural condition of bone tissue in the individual
implant fixation zone. This allows identifying bone support zones to construct primary
fixation flanges and aids in deciding on which screws to choose (locked, unlocked).

Stage 2. FDM full-scale printed model. A plastic model printed at a scale of 1:1
(Fig. 5c) is currently the best method of visualizing bone defects in the acetabulum area.
Using this model, the surgeon makes final decision on the appropriateness of using an
individual implant.

Stage 3. FDM-printed model after first analysis by the surgical team (blue indicates
the iliac support plane, red – flanges location, black – reference planes of cup reverse
side contact with the strongest “bone” of the cavity bone bed.

Stage 4. CAD-based determining the correct biomechanical position of the future
customized implant.

Stage 5. Final CADmodel of the customized implant with the designation of screws
maximum lengths.

Stage 6. Fitting of the navigation system for screws on a plastic model.
Stage 7. The customized implant of the acetabular component, made by additive

technology SLM (Selective Laser Melting).
Stage 8. Fitting of the customized implant to the FDM-printed model.
Stage 9. Surgical operation (not shown in Fig. 5).
Stage 10. Post-surgery X-ray.
Clinic of Orthopedics and Traumatology in Adults ITO NAMS performed revision

endoprosthesis of the right hip joint: removal of endoprosthesis components, placement
of the customized acetabular system, revision leg. Bone alloplasty of acetabular defects.
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Fig. 5. Stages on the engineering support of surgery of the acetabular component.
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5 Conclusions

This paper summarizes the authors’ experience in terms of engineering support for the
manufacture of customized implants based on the Laboratory of Biomedical Engineering
at the Institute of Orthopedics and Traumatology of the National Academy of Medical
Sciences of Ukraine. The general structural and logical sequence of processes described
are built around the basic process of making customized implant – additive technol-
ogy. According to the established division of additive technologies into Preprocessing,
Processing, Post-processing, these are integrated into three stages. The necessary set of
technological equipment and software has been identified, comprehensively providing
a sufficient level of engineering support for complex surgeries. It is shown how and for
what purposes the additive technologies of work with plastic and metals can be used.
All these examples are implemented in surgeries on patients.
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The Dynamic Model of the Automatic Clamping
Mechanism with a Rotating Input Link
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Abstract. Some features of a new design of clamping mechanism drive for auto-
matic fixing of cylindrical objects in metalworking machines are considered. One
of the proposed design features is a rotating input link, which receives input energy
in the form of rotational motion. The presented drive’s operation is considered a
part of the clamping mechanism with a collet chuck. Furthermore, the clamping
mechanism’s interaction with a drive of themainmovement of a lathe is described.
The dynamic model is presented as a system with lumped parameters, consisting
of rigid bodies connected by inertialess elastic-dissipative links. The stages of the
backlash elimination and conversion of the mechanism elements’ kinetic energy
into the system’s stressed state’s potential energy are considered separately. The
obtained results can contribute to the development of methods for calculating this
type’s structures’ parameters. They can be helpful in the determination of more
optimal geometric-mass parameters of the elements of these structures.

Keywords: Clamp drive · Spindle assembly · Lathe

1 Introduction

It is known that the productivity of processing on metalworking machines can be
improved by increasing the cutting modes. That is, it is necessary to increase the rate of
chip removal or chip load. Increasing the spindle assembly’s rotation speed (SA) requires
improving the dynamic characteristics of its design and the ability to balance accurately
and more [1, 2]. Increasing the feed during machining increases the cutting forces acting
on the object fixed (tool or workpiece) and requires an increase in the clamping forces for
effective fixation. Providing the required parameters for clamping workpiece or cylindri-
cal tool inmetalworkingmachines depends on the clampingmechanism (CM) operation,
which is part of the SA. One of the main and largest subsystems of the CM is its drive
(actuator) ACM. For eliminating these shortcomings and improving the conditions of
workpiece processing, a new ACM design [3] was developed.

2 Literature Review

Several scientific papers present mathematical models and studies of spindle assem-
blies’ characteristics as a single system without singling out clamping mechanisms.
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The operation principles of new clamping mechanisms of the CNC lathe are described
in [4]. Mathematical models of trajectories spindle with lumped parameters have been
developed [5]. In [6], ultra-precision spindle’s dynamic properties at different speeds
are investigated using experimental impact tests. Machine tool dynamics is modeled
using the finite element approach [7]. Using the design matrix, a flow-chart for the
dynamics design method coupled with multisource information was obtained in [8]. In
[9], carbon fiber reinforced plastic is described as a promising material for enhancing
machine tools’ spindle performance. The paper [10] covers diagnostics and monitoring
CNC machine tools, industrial robots, and production lines. The paper [11] proposes an
alternative method of balancing motorized spindles based on the real-time position data
of CNCmachine tools to reduce the costs associated with external balancing instruments
and improve the dynamic balancing process’s efficiency. The method of estimation the
cutting forces and vibrations at the milling tool from accelerometers mounted on the
spindle housing is presented in [12]. A specific electromagnetic excitation device is
used to measure the Frequency Response Function of the spindle at high speeds, and the
evolution with the speed of the eigenfrequencies and the radial stiffness is analyzed in
[13]. In the paper [14] an experimental approach based on accurate characterizations of
the dynamic behavior for different spindle conditions (repaired or damaged) is proposed.
For improving the spindle system during the design and predict the tool dynamics, the
paper [15] proposes modeling of spindle-holder assembly and presents an investiga-
tion on the contact characteristic under clamping and centrifugal forces. The paper [16]
examines the influence of different clamping chucks on energy consumption parameters,
tool wear, and surface qualities, thereby focusing on important sustainability indicators
in machining operations. In [17], clamping force-deformation characteristics are plotted
for implementing a corrective clamping mechanism to control workpiece deformations.
In the study [18], experimental studying has been carried out for discussing dynamic
characteristics of spindle imbalance, which induces forced oscillations and the impact on
surface generation during diamond turning. For minimizing the duration of the clamping
and unclamping processes, it is necessary to ensure the high speed of the CM and, as
a result, significant acceleration of its elements. This shows the feasibility of analyzing
the dynamic characteristics of the CM structures.

3 Research Methodology

The developed model (Fig. 1), which describes the CM’s work with the new ACM,
is a system with lumped parameters, comprising perfectly rigid bodies interconnected
by inertial elastic-dissipative elements. The pliability and dissipative forces of internal
friction in the material of only the most strained elements and the losses due to sliding
friction in their conjugations were taken into account to simplify the dynamic model. For
example, it does not take the spindle and rotor’s torsional stiffness into account because
they are much larger than other elements to neglect their torsional pliability.

The creation of the clamping force in CM with the presented ACM occurs with the
torque’s participation from the main motion drive (spindle rotation). The SA receives
a rotational motion with torque Msh and angular velocity ωsh from the main electric
motor through a set of gears that form a kinematic connection of the main drive with



The Dynamic Model of the Automatic Clamping Mechanism 97

Fig. 1. The dynamic model of the new ACM [3] as a part of CM of the lathe.

a total gear ratio ikz and damping characteristics (dissipation) and stiffness kkz and ckz
respectively. The main electric motor drive’s stator interacts with the rotor with a mass
mp1 through an electromagnetic fieldwith a damping factor ked1 and stiffness ced1, which
ensures its rotation with torqueMd1 and angular velocity ωd1. Thus, the rotor’s rotation
angle of the main motor drive φd1 and the spindle φsh are related by the dependence
φsh = φd1, ikz ± θkz and φd = φsh + φ.

At the rear end of the spindle with mass msh (Fig. 1) there is a threaded surface with
a diameter d1 and pitch h on which the rotor of the motor ACM with the outer diameter
d2, mass mp and moment of inertia Jp is screwed. The threaded surfaces of the spindle
and rotor form a self-braking screw-type gear with a transmission ratio ign. The ACM
rotor interacts with the stator through an electromagnetic field with damping ked and
stiffness ced characteristics, which allows the ACM rotor to rotate to the machine body
with torqueMd and angular velocityωd that differs fromωsh. The forces of friction in the
screw self-braking gear determine its damping characteristics kgn and create the braking
torqueMT

g . The resultant of torquesMsh andMd cause the rotor’s rotation relative to the
spindle with force Fa1 speed ωΔ = ωd − ωsh, and axial movement of the rotor ACM
approximately equal to the movement value x

′
T of the output link-rod to transmit force to

the clamping chuck (Fig. 1). The moments of inertia of rotation of the elements rotating
together with the spindle relative to its axis are reduced to the flywheel with the moment
of inertia J nshu.

The transmission of axial force Fa1 to the clamping chuck occurs after backlash
elimination Δ�p appears in the CM as a specific feature of the installation, adjustment,
and wear. This reduces the magnitude of the axial movement of the input link of the
clamping chuck by the value xm = x

′
m −Δnp. The axial force Fa1 is transmitted through

a set of transmission links with total stiffness c�p and damping knp to the output link-rod,
collet chuck and workpiece with masses mT , mc and mπ respectively. The movement
of these masses in the axial direction is counteracted by friction forces STT , which occur
mainly in the contacts of the surfaces of the spindle and the link-rod. This interaction is
characterized by the damping coefficient KT.

The processes that take place in the clamping chuck (in Fig. 1. the area is indicated
by a dashed line) are presented in a simplified form. Axial movement xT is transmitted
with force Fa1 from the link-rod to the clamping elements of the collet chuck through
the petals with the coefficient of tensile deformation c�c (Fig. 1). This causes the force
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interaction in the wedge mechanism of the collet with the gear ratio iu. The clamping
elements of the collet with the mass mze is also moving in the radial direction by the
value, which is counteracted by the force of elastic deformation of the collet petals
with a coefficient cγ

�c. When the clamping elements are moving in the radial direction,
it causes the backlash elimination (mainly between the surfaces of the workpiece and
the clamping elements) with the total value Δk , and the workpiece is clamping with
effort Fγ 2. The contact characteristics of the clamping elements with the spindle and
the workpiece and the size of the gaps are described by the coefficient of elasticity ck ,
damping Kk , and the size of the gap ΔK = (dc − d�), where dc, d� are the diameters
of the collet hole and the workpiece, respectively.

The rotation of the ACM rotor in the opposite direction to the spindle rotation can
be obtained when the ACM engine is running in the mode of electric machine brake.
One of the recommended modes is regenerative braking, which provides certainty of the
rotor speedωd , which it seeks to achieve due to braking – synchronous motor frequency.
This improves the conditions for regulation the work of ACM – obtaining the required
value ωΔ. The maximum torque Md on the rotor ACM in this mode is slightly higher
than in the driving mode due to resistance losses in the stator, which in the driving mode
leads to a decrease in torque, and in the generator – to additional use (consumption) of
the external driving torque, ie. braking.

Two variants of the initial operating conditions of the ACM can be distinguished at
ωd = ωsh, (ωΔ = 0): SA is stopped ωsh = 0; the SA rotates ωsh �= 0. When at the initial
stage SA rotates (ωΔ = 0, ωsh �= 0), there are two ways to ensure the difference ωΔ in
angular velocities of the rotor and spindle (ωd �= ωsh) for the ACM operation:

1. The ACM motor is only switched on during clamping or unclamping processes.
Outside these processes, the magnetic field’s influence on the rotor ACM is absent,
so it rotates with the spindle under the action of the moment Msh from the drive of
the main motion. The process of switching on the ACM motor can be accompanied
by negative effects in the CM which is associated with transients.

2. TheACMmotor idles during spindle rotation and provides rotation of the rotor under
the influence of torqueMπ with a frequency identical to the spindle speed ωd = ωsh
(ωΔ = 0). This requires constant monitoring of the actual speeds of the spindle
and rotor ACM and their coordination. For performing clamping (unclamping), the
current characteristics U, I, V are changed by the controller device to ensure rotation
of the rotor with an angular velocity ωd that differs in modulus or direction from the
angular velocity of the spindle ωsh by a given value ωΔ = ωd − ωsh.

Depending on the parameters of the CM’s elements with ACM, control system, and
method of obtaining ωΔ. the number of stages of its work may be different. In the most
general case, we can distinguish two stages of the CM:

1. Transients in ACM during its uncontrolled acceleration from the state of rest and the
absence of resistance forces on the output link to the output axial force’s appearance.
This stage is characterized by the beginning of the movement and active acceleration
ofmovingmasses duringbacklash eliminationΔ�p andΔK without the emergenceof
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deformations of links and tension in the system. Energy is also spent on overcoming
friction forces. There is an increase in the kinetic energy of the CM

2. The value of the axial force on the output link increases from zero to the maximum
steady-state, which is accompanied by the appearance of elastic deformations of the
links of the CM (the appearance of the stress state of the system). The kinetic energy
of the motion of the CM links is transformed into the potential energy of the stress
state of the system. The engine ACM rotor rotation speed rapidly approaches the
spindle rotation speed, which ends with self-braking in the screw-type gear.

The nature of the transients during the operation of the CM depends on the features
of its design. Backlashes θKZ , 	�p and 	K which exist in the kinematic pairs of the
CM, are expressed in the form of a conditional resulting angular gap which is reduced
to the input link and can determine the features of operating the CM at the initial stage.
If this angular backlash’s magnitude is significant, then the transient electromagnetic
process associated with the ACM motor’s start can be considered completed during the
backlash elimination. It means that before the ACM motor starts work under the load
from the resistance torque, there is the process of some free run with non-zero initial
speed and torque. In the mathematical model, this can be expressed by other initial
conditions and the appearance of an additional equation of motion. In the case of small
gaps in the kinematic pairs, we can assume that the torque of resistance applies to the
rotor ACM at the initial moment of start-up and remains invariant for some time. Self-
braking transmission with a gear ratio igπ conditionally divides the elastic-deformable
torsional system of the MR into two sections. In the absence of action Md (the ACM
motor is switched off), the torque of elastic deformation Mc = f

(
φ, c�p, c�c, c

γ
�c, cK

)

forces can unscrew the elements of the transmission of the ACM in the opposite direction
to what it was during the clamping. The self-braking screw gear transmission remains
locked if elastic forces’ moment does not exceed the moment of friction forcesMT

g in the
transmission created during the clamp. Under these conditions, after the ACM engine
shutdown, its rotor performs decaying oscillations due to the action of the CM links’
elastic forces (czm) and dissipative factors with damping coefficient Kzm (Fig. 1). If the
maximum value of the torque from elastic forces exceeds the self-braking torque MT

g ,
there is braking-off (release) of the system,which reducesworkpiece clamping forces and
reduces ACM work reliability. To unclamp the workpiece, the condition braking-off the
ACMMd > MT

g must bemet. TheACMmotor creates peak torque at the initial stage due
to statical friction forces. Dynamic displacements caused by the elastic characteristics
of the CM links (czm) (Fig. 2) can be considered as forced oscillations (torsional) of
the multi-mass system near the “equilibrium” motion of the system elements with rigid
links. Oscillations are caused by the action of active forces and forces of inertia.

When the rotor’s rotation speedwith themoment of inertia Jp is changing by the value
ωΔ, there is a dynamic torqueMJp = Jp

dωΔ

dt = Jpφ̈(t) . The rotation of the rotor relative
to the spindle is also associated with the movement in the axial direction of lumped
massesmp,mT,mc,mπ, so the action of inertia of these links must be reduced to the rotor
in the form of a moment of inertia JPp = f

(
mp, mT, mc, m�, mze, ig�, ic

)
, which

corresponds to the torque MP
p = JPp

dωΔ

dt = JPp φ̈(t). As a result of the force interaction
of the rotor with the spindle through the links of the CM (Fig. 2) with elastic-dissipative



100 B. Prydalnyi

Fig. 2. Interaction of CM with other subsystems of the machine.

characteristics czm and Kzm there are torques from the action of elastic forces Mc =
f
(
φ, c�p, c�c, cγ

�c, ck
)
and dissipative forces Mk = f

(
t, φ, Kπp, KT, KK

)

that counteract the rotation of the rotor relative to the spindle during clamping of a
workpiece. Thus, the torquesMd andMJp arising on the rotor of the ACMmotor during
the clamp are counterbalanced by the torque of resistance MR = MK + MC + MP

Jp
applied to the rotor from the CM.

Md − MJp = MK + MC + MP
Jp (1)

The electromagnetic torque Mπ in the mode of high deceleration ωd → ωsh under the
actionMR can be represented as a function of speed and supply voltageMd = f

(
φ̇d , U

)
,

and the condition of providing the required value of the clamping forces Fγ 2 is presented
asMmaxR

d . IfMd = 0, the expression implies the condition of the clamp due to the action
of inertia.

At the final stage of the clamp, the kinetic energy of motion of the CM elements is
converted into the stress state’s potential energy, so when the rotor slows down under
the action of active forces (MK and MC) the value dωΔ

dt became negative and torques
MJp and MP

Jp change direction. Overcoming the torque MR of resistance of the rotor
rotation relative to the spindle due to the action on the rotor of the torques Mπ andMJp

causes the appearance of equal in modulus and opposite in direction reactive torque
MR

w = M∂ − MJp on the spindle.
The torqueMd1 from the main drive motor is transmitted to the SA through the gears

with the common gear ratio ikz and characteristics of damping KKz and stiffness ckz . In
the steady-state mode of rotation of the spindle at a constant speed, ωsh = ωd1 · ikz it is
counteracted by the torque Msh that arises as a result of the action of dissipative factors,
so it fulfilled equality Md1 · ikz = Msh. The influence of the torque MR

sh that occurs
during the ACM operation causes a change in the speed of rotation of the SA and causes
the appearance of a dynamic torqueMP

Jsh = Jπ
shu

dωsh
dt , which also counteractsMd1. Thus

the mathematical equality is fulfilled.

Md1 · ikz = Msh + MR
sh + MP

Jsh (2)
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The dynamic qualities of this system, which contains the drive of the main motion and
the CM with the new ACM, can be approximately estimated by the transients’ duration.
During the transition process, the torques Msh and MR

sh are constant values, the time dt
corresponding to the change of the angular velocity dωsh can be determined from the
equation of motion by the formula.

dt = J nshu
dωsh

Md1 · ikz − Msh − MR
sh

(3)

The transient processes that appear in the spindle drive resulting from operation ACM
cause the change of spindle rotation speed from ωsh to ωsh + ωR

sh. They can be found by
integrating the previous expression.

t =
∫ ωsh+ωR

sh

ωsh

Jπ
shu · dωsh

Md1 · ikz − Msh − MR
sh

= Jπ
shu · ωR

sh

Md1 · ikz − Msh − MR
sh

(4)

This system’s tendency to oscillations, and, as a consequence, the margin of stability
can be characterized by the maximum value of the torque on the spindle (Msh + MR

sh)
relative to the steady-state value Msh after the transition process.

G =
(
Msh + MR

sh

) − Msh

Msh
= MR

sh

Msh
(5)

4 Results

The mathematical description of the processes occurring during the work the CM with
the new ACM and their influence on the main motion drive of the machine can be
reduced to a system of equations with a description of the motion of two sections of
the system – the main electromotor with transmission and the SA which are connected
by elastic-deformable connection with the characteristics Kkz , cKZ and iKZ (Fig. 1, 2).
The torque of the engine of the drive of the main movement Mπ1 is counteracted by the
moments of active forces MKZ

C , MKZ
K and MJp1 = Jp1

dωd1
dt = Jp1φ̈dt(t) forces of inertia.

Thus, the torque MKZ
C is counteracted by the torques Msh and MR

sh the dynamic torque

MP
jsh = J nshu

dωsh
dt = J nshuφ̈sh(t).

Therefore, the change in the rotation speedsωd1 of themain drive andACMelements
depends on the magnitude of the driving moments Md1 andMd . The control of the CM’s
characteristics with the new ACM can be performed by adjusting the values Md and
ωd , which also affects ωd1 due to changes in the load on the motor of the main motion
drive. The magnitude of the change ωd1 depends on the stiffness of the mechanical
characteristics of the motor of the main motion drive, which reflects the nature of the
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change in the angular velocity of the engine Δωd1 with a change in torque ΔMd1,
β = ΔMd1

Δωd1
. Therefore ωd1 = f (Md , β) .

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Md1 − Mkz
C − Mkz

K = Jp1
dωd1

dt
= Jp1φ̈d1(t);

Mkz
C − Msh − MR

sh = J nshu
dωsh

dt
= J nshuφ̈sh(t);

Mkz
C = ckz(φsh − φd1 · ikz ± θkz);Mkz

K = Kkz
dφdt
dt ;

ωd1 = ωsh
ikz

;φsh = φd1 · ikz;ωΔ = ωd − ωsh;
Msh = Md1

ikz
;MR

sh = Md − MJp = MK + MC + MP
Jp;

MC = f
(
φ, cnp, cnc, crnc, ck

);MKf
(
t, φ̇, knp,KT ,Kk

);
Md = f (φd ,U );φd = φsh + φ;
MJp = JpdωΔ

dt = Jpφ̈(t);MP
Jp = JPp

dωΔ

dt = JPp φ̈(t).

(6)

After substituting the second equation of the system for the first one we obtain

Md1 −
(
J nshu

dωsh

dt
+ Md1

ikz
+ Md − MJp

)
− Mkz

K = Jp1
dωdt

dt

Md1

(
1 − 1

ikz

)
− Kkzωd1 − ω̇d1

(
Jp1 + J nshu, ikz + Jp · ikz

) = Md − Jpω̇d (7)

5 Conclusions

The identified dependencies show the patterns of influence of the characteristics of
themachine’s main driver on the CM’s operation with the new ACM. A dynamic model
is compiled, andmathematical dependences are presented,which describe the geometric-
mass, kinematic, and force characteristics of the CM operation. The peculiarities of the
stages of the CM with the new ACM depending on the size and presence of gaps,
characteristics of the elasticity of kinematic connections, the mass of elements, and
specifics of control are revealed. The use of the obtained dependences promotes the
development of the parametric synthesis of this type’s structures.
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to the Deformation Zone During the Expansion

of Automobile Pipe Adapters

Ruslan Puzyr1(B) , Eduard Klimov2 , Andrii Chernish2 , Serhii Chernenko2 ,
and Yuliia Sira1

1 Kremenchuk Mykhailo Ostrohradskyi National University College,
7, Chumatskyi Shliakh Street, Kremenchuk 39621, Ukraine

2 Kremenchuk Mykhailo Ostrohradskyi National University, 20, Pershotravneva Street,
Kremenchuk 39600, Ukraine

Abstract. It is shown that pipe parts with an increased diameter of the edge
portion are widely used in the automobile industry as connecting adapters for fuel
and exhaust systems. Moreover, one of the requirements for the manufacture and
further operation of adapters consists of the same wall thickness of the part in each
of its sections. This requirement is almost impossible to meet if the diameter of
the end of the tubular billet is increased using a traditional expansion process. To
increase the thickness of the part at the end after the expansion, various methods
of adding strain to the deformation zone in the form of retaining rings, bandages,
and spring elements are used. This increases the cost of technology. The paper
presents the results of a numerical experiment to determine the optimal conditions
for additional loading of the deformation zone using conical protrusions on the
punch generatrix. It is shown that this method of increasing the thickness of the
finished part wall is efficient and does not require special costs. The thickness
of the finished product at the end of the billet will depend on the location of the
conical protrusion on the punch, its length, and the geometric characteristics of
the tubular billet. A punch with a protrusion at the end of the conical surface’s
generatrix has better results compared to a tool with a straight generatrix.

Keywords: Tubular billet · Plastic deformation · Increase of the billet thickness

1 Introduction

Tubular billets with an enlarged neck diameter on one or both sides have found their
application as connecting elements for automobiles’ fuel and exhaust systems [1, 2]. It is
well known that the automobile’s power is increased up to 10% of the designed one due
to the use of direct-flow resonators and improved exhaust manifolds [2–4]. Moreover,
high operational requirements are imposed on the design and material of these parts.
They must be resistant to corrosion, which is especially prone to the walls of the exhaust
manifold. Here, the temperature of gases during operation can exceed 1000 °C; when the
engine is stopped, sharp cooling occurs, which entails the formation of condensate and
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increased corrosive wear. The resonator and exhaust manifold operate under conditions
of increased vibrations. Therefore, they are susceptible to mechanical damage in cracks
in the base metal and welds [5, 6]. An increase in diameter at the end of a tubular billet
is required for welded joints with larger diameter pipes or seats, flanges, and adapters.

The equality of the thicknesses of the joined parts is one of the conditions ensuring
the tightness and strength of such a connection. The main method of making sockets on
pipes is their expansion in a cold state. However, an increase in the pipe end diameter
entails a decrease in the wall thickness from the end of the billet to the non-deformable
part according to the linear law [7, 8]. The expansion process is characterized by the
simplicity of tooling, a press table in the form of a thrust element, and a punch as
a deforming tool. Equipment in the form of a single-action press is used [9, 10]. An
increase in the billet diameter is limited by the loss of stability of the non-deformable
part of the pipe and the localization of deformations at the end, and destruction in the form
of longitudinal cracks [11, 12]. Therefore, the efforts of researchers and practitioners
are aimed at studying the stress-strain state in the deformation zone to predict the final
dimensions of parts depending on the initial conditions, tool design, technological factors
and determine the optimal conditions for shaping.

2 Literature Review

The influence of the anisotropy of the billet metal and various expansion factors is
given in [13–15], where the relationship between the punch half-cone angle and the
expansion ratio with an increase in relative stresses is shown experimentally. Moreover,
the expansion ratio had a greater influence on the increase in relative stresses. Papers [16,
17] contain analytical dependences for calculating the stress field during the expansion of
a tubular billet and comparing the calculation results with finite element modeling. This
comparison showed good agreement between the results of the two calculation methods.
The authors of [18, 19] studied the effect of various types of loading on buckling during
the expansion of tubular billets theoretically. Prediction of the stress-strain state during
pipe expansion is described by analytical models [20, 21], which consider the process’s
various design and technological parameters. In papers [22–24], an elastoplastic model
of the expansion process for thick-walled cylinders was developed. Also, the author [25]
states that between the rigid punch and the molded part during deformation in certain
intervals of the taper angle of the tool, constant pressure is observed during plastic
deformation of the billet. All the studies described above are of great interest, but the
achievements [12, 26] should be specially noted. Here the authors provide analytical
and experimental solutions for predicting the length and thickness of the pipe wall after
deformation, which will be discussed in this paper. In papers [27, 28], it is said that the
thickness of the end part of the pipe during expansion can be increased by adding stress
to the edge of the billet with retaining elements.

This paper aims to research the influence of the geometric parameters of the
deforming tool on the change in the wall thickness of the socket of the finished detail.
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3 Research Methodology

To increase the wall thickness of the part during the expansion of the billet, the end
support in the form of a sleeve tube made of a softer metal has a positive effect. Deform-
ing together with the billet has an additional impact in pressure on its end part [29,
30]. Preparatory operations for removing the sleeve tube and its further molding for the
subsequent operation of expansion lengthen the production cycle and increase the tech-
nological cost of production as a whole. Previously, the positive effect of the structural
step of the punch on the increase in the wall thickness of the edge part of the finished
product was demonstrated [30, 31]. Moreover, the zone with an increased diameter of
the tool was located in the center of the generatrix of the punching cone and at the
beginning and the end. In all cases, an increase in the diameter of the generatrix of the
conical surface led to a decrease in the logarithmic deformations in the direction of the
coordinate axes X and Y, which indicated an increased thickness of the end face of the
part in comparison with similar parts made by a punch with a straight generatrix.

This research continues to study the effect of a sharp change in the punch diameter at
a certain section of the generatrix, which simulates the support of the billet end and aims
to determine the optimal position of the support along the generatrix of the punch and
its dimensions from the point of view of the smallest radial logarithmic deformations.

In the numerical experiment, deforming tools with protrusions along the generatrix
of a conical surface were used. The protrusions were located at the beginning, in the
middle, and at the end of the generatrix of the conical punch. However, for the first
variant, the length of the protrusions was 2.8 mm, for the second –4.2 mm (Fig. 1). The
height of the punches and the expansion ratio for all deformation variants were the same
and amounted to 15 mm and k = 1.38, respectively. The smaller punch diameter was
d = 21 mm, the larger one was D = 29 mm. Geometric dimensions of the pipe: inner
diameter d0 = 21 mm, wall thickness t = 2 mm, and length l = 50 mm.

The task was modeled in a 3D setting in the finite element analysis software package
Simullia Abaqus – student edition. The billet was represented as a deformable solid,
while the punch was modeled as a completely rigid discrete three-dimensional body.
“Revolution” is the construction method for both models. The pipe was assigned the fol-
lowing mechanical material characteristics (deformable aluminum type AD (A199.0)):
ρ= 2700 kg/m3; E= 70 · 109 Pa;μ= 0.33, σ0.2 = 50 · 106 Pa, σv = 110 · 106 Pa [32]. It
was believed that the material is initially isotropic, possessing isotropic strengthening in
the form of σ0.2 = 50+ 0.64ε0.62 [33, 34]. At the initial step of the calculation, the billet
was fixed with the lower end along all degrees of freedom. At the next step (Dynamic
Explicit), surface interactions between the punch and the pipe billet were formed in the
form of a kinematic contact with the final formulation of friction and the coefficient
of friction equal to 0.15 [35, 36]. The boundary conditions imposed restrictions on the
movement and rotation of the billet during the lowering of the punch [37, 38]. The billet
was loaded with a given speed of movement of the punch along the axis of symmetry of
the pipe, which was 0.25 mm/s [39].

The finite element mesh for the billet was created by a structural method of con-
struction with a hexahedral shape of an element from a standard library of 3D stress
components of the C3D8R type (eight-corner rectangular with linear order and a small-
time integration step). The punchwas also coveredwith amesh,mainly consisted of cubic
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elements using the free construction technique. The type of elements was selected from
the standard library of rigid discrete bodies of the R3D4 type (four-corner volumetric
bilinear rigid quadrangles).

4 Results

The results of the model experiment are presented in the figures in the form of color
diagrams showing the change in stresses according to von Mises at the end of the punch
stroke and graphs of the force and logarithmic deformation. For a more accurate analysis
of the process, thewall thickness of the billet is divided into two layers in all experiments.

Fig. 1. Expansion of a tubular billet by a punch without a protrusion: on the left – a graph of
the force, logarithmic deformation along with the billet thickness and movement of the billet end,
depending on the deformation time; on the right – contour graph of stress distribution according
to von Mises.

Fig. 2. Expansion of a tubular billet by a punch with a protrusion at the bottom of the generatrix
(length 2/sin 45°): on the left – a graph of the force, logarithmic deformation along with the billet
thickness and displacement of the billet end depending on the deformation time; on the right
– contour graph of stress distribution according to von Mises.
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Fig. 3. Expansion of a tubular billet by a punch with a protrusion in the middle of the generatrix
(length 2/sin 45°): on the left – a graph of the force, logarithmic deformation along with the billet
thickness and displacement of the billet end face depending on the deformation time; on the right
– contour graph of stress distribution according to von Mises.

Fig. 4. Expansion of a tubular billet by a punch with a protrusion at the end of the generatrix
(length 2/sin 45°): on the left – a graph of the force, logarithmic deformation along with the billet
thickness and movement of the billet end face depending on the deformation time; on the right
– contour graph of stress distribution according to von Mises.

The presented contour graphs demonstrate that the zone of the billet with the largest
diameter is exposed to the highest stress intensity. Moreover, for the billet, which is
expanded by a punch with a protrusion at the beginning of the generatrix, it has the
greatest value σi = 125 MPa. For a billet deformed by a punch with a protrusion at the
end of the generatrix, the value is the smallest σi = 115 MPa. The expansion force and
the actual logarithmic deformations are also of interest for analysis. They can be used to
judge the degree of reduction in the wall thickness of the tubular billet. The figures show
the graphs of the distribution of these values at the time of the forming process, as can be
seen that in the course of deformation the force increases for all researched tool shapes.
In the presence of a sharp increase in the diameter of the punch, there is a sharp increase
in the force on the graph, which indicates the supporting action of the protrusions of the
punches (Figs. 3, 4). Also, on the force-time charts, peak fluctuations in the values of the
deformation force are characteristic of punches with protrusions (Figs. 2, 3 and 4). This
may indicate fluctuations in the friction forces between the billet with a punch when the
billet moves away and again contacts the tool’s surface. The billet end is subject to the
greatest logarithmic deformations in thickness. So, upon reaching the given expansion



The Optimal Conditions for Adding Strain 109

ratio k = 1.38, i.e., when the displacement of the edge of the billet is 4 mm, the largest
logarithmic deformations are characteristic for the variant a straight generatrix of the
conical surface of the tool and are equal to εs = 0.126. The smallest deformations are
typical of the variant with thickening at the end of the generatrix, equal to εs = 0.093. An
intermediate position is occupied by the results of logarithmic deformation for a punch
with a protrusion in the middle of the generatrix εs = 0.098 and with the deformation at
the beginning of the generatrix εs = 0.112.

Below are the graphs of the distribution of the expansion forces, logarithmic defor-
mations, and displacement of the end surface of the billet for punches with a protrusion
length of 3/sin 45° (the second variant).

As expected, the deformation force increases abruptly when the billet begins to
deform by the protrusion. This creates the effect of additional loading of the deforma-
tion zone. The effectiveness of this technique can be judged by the distribution of the
logarithmic deformation over the thickness at the end of the billet. So, when moving the
end of the billet by 4 mm, the largest logarithmic deformations were: for a punch with a
protrusion at the end of the generatrix εs = 0.074 (Fig. 5); for a punch with a protrusion
in the middle εs = 0.077 (Fig. 6); for a punch with a protrusion at the beginning of the
generatrix εs = 0.086 (Fig. 7). However, it should be noted that shaping by punches with
protrusions at the beginning and in the center of the generatrix of the conical surface of
the tool is limited by the loss of stability of the non-deformable part of the billet. This
occurs with further lowering of the punch when the billet edge moves away from the
tool’s surface and its movement exceeds 4 mm.

Fig. 5. Expansion of a tubular billet by a punch with a protrusion at the end of the generatrix
(length 4.2 mm).
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Fig. 6. The punch with a protrusion in the middle of the generatrix (length 4.2 mm).

Fig. 7. The punch with a protrusion at the beginning of the generatrix (length 4.2 mm)

5 Conclusions

The performed numerical experimentsmake it possible to state that the presence of a step
on the punch during the expansion of the tubular billet increases the wall thickness of
the finished product. However, the placement of the step of the difference in diameters
relative to the generatrix of the conical surface and its diameter affects the degree of
thinning of the billet at the end. The best results in each group of experiments were
obtained for a punch with an increased diameter at the end of the generatrix of the
conical surface of the tool. For a punch with a protrusion length equal to 2/sin45°, the
logarithmic deformation along the thickness of the billet at the end was εs = 0.093, and
for a punch with a protrusion length equal to 3/sin45° – εs = 0.074. This is in the first
case by 26%, and in the second by 41% less compared to the logarithmic deformation
during expansion by a punch with a straight line generatrix, where it is equal to εs =
0.126. Intermediate results were obtained by placing the protrusion in the middle of the
generatrix. So with the length of the protrusion 2/sin45° εs = 0.098 (22%), with the
length 3/sin45° – εs = 0.077 (39%). An increase in the diameter of the punch at the
beginning of the generatrix led to a decrease in the thickness of the billet at the end by
11% (length 2/sin45°) and by 32% (length 3/sin45°).

Therefore, it can be assumed with confidence that if it is necessary to obtain a socket
at the end of a tubular billet of a certain length with an increased wall thickness, then
for this it is required to design a protrusion on the punch at the end of the generatrix
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of the conical surface of the tool. With the same inclination of the generatrix of the
protrusion to the punch axis, its length should be taken as long as possible, providing
expansion without loss of stability of the non-deformable part of the billet. Further, it can
be assumed that for certain expansion ratios, the height of the sockets, and the geometric
dimensions of the billets, there are quite certain dimensions of the protrusions on the
punch, with which one can maximally increase the thickness of the edge of the finished
product. This task will be the subject of further development on this topic.
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Abstract. The article focuses on the results and comparative analysis of diamond
spark grinding of titanium-tungsten hard alloy T15K6 using various lubricating
media - cooling technological mean with irrigation (3% soda solution of water)
and solid lubricants (technical stearin, sebacic acid, mixture (1:1) of stearin with
sebacic acid. Specific energy intensity BM estimated the efficiency of the process,
detailed work As, productivity Q, relative consumption of diamonds in wheel q,
and prime cost Cg. The best combination of the indicated characteristics ensures
using a solid lubricant based on a mixture (1:1) of stearin with sebacic acid: the
increase in productivity Q is 13.8%, the decrease in the indices q is 33.3%, and
Cg is 14.5%. The grinding speed exerts the biggest influence on BM and As. The
intensity of these growths during grindingwith the introduction of a solid lubricant
mixture (1:1) of stearin with sebacic acid into the cutting zone is much less (by
12%) compared to the technological cooling mean with irrigation, which makes
it possible to increase the range of grinding speeds, the processing efficiency
and makes the diamond spark grinding of hard alloys less wasteful and more
environmentally friendly.

Keywords: Cooling technological means · Hart-to-machine materials ·
Irrigation · Stearin · Sebacic acid · Specific energy intensity · Specific grinding
work · Productivity · Consumption of diamonds · Surface roughness · Diamond
wheel

1 Introduction

The ability to effectively distribute the heat during cutting guarantees increasing the
durability of the cutting tool, which improves the quality of the surface layer of the
resulting products, reducing the time and costs of the technological process. One variant
of the traditional approach to the intensification of heat removal from the cutting zone is
associated with an increase in the consumption of lubricating and cooling technological
means (CTM), especiallywhen cutting difficultmaterials. Thus, in 2016, consumption of
mineral-based CTM amounted to 13.726million tons with a projected annual increase of
1% [1]. Such excessive CTMuse gives rise to many problems associated with significant
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manufacturing costs, transportation, utilization of CTM, human life safety, depletion of
natural resources, and the forced replacement of individual components with expensive
synthetic analogs [2].

Particularly relevant is the issue of abandoning CTM use with irrigation for diamond
spark grinding (DSG), implemented using diamond wheels on conductive metal bonds
with the supply of electrical energy to the processing zone. The method for intensifying
the grinding process with an additional energy source has proven its effectiveness in
processing heat-resistant steels, hard alloys, and super-hard materials. However, the
CTM consumption with irrigation in these cases can reach 50–600 l/min.

Among the modern methods of minimizing or replacing liquid CTM, the most
promising for the DSG process are those that are capable of exerting a complex (anti-
adhesive, antifriction) effect on the workpiece surface and the diamond wheel, do not
require large energy costs to remove the materials, are economical in the consumption of
diamonds, and provide comparable or better process performance. After a careful review
of the open literature, it was found that no study offers clear and comprehensive research
of the effects as well as the mechanisms associated with minimizing or replacing CTM
in the DSG process.

2 Literature Review

Over the last 15 years, new research into creating reduced consumption and more envi-
ronmentally friendly lubrication and cooling methods have been developed in minimum
quantity lubrication (MQL), cryogenic techniques, dry cutting, and cutting technologies
using solid lubricants (cutting with solid lubricants). The introduction of each of the
methods into the manufacturing requires significant changes in the system and method
of supplying CTM, the choice of composition and preparation of components (for exam-
ple, the addition of non-metallic and metallic nanoparticles) according to the type of
machining material and the cutting process itself [3].

The most widespread technologies are MQL, which involves the pressure spraying
of CTM microdoses mixed with compressed air into the cutting zone. Positive results
have been shown for significant reductions in CTM consumption and surface roughness,
a decrease in required cutting forces, and an increase in tool wear resistance during
the processes of turning [4], milling [5], drilling [6], and grinding [7, 8]. The biggest
difficulties in the introduction of MQL technology, including high investment costs, are
typical for hart-to-machine materials – hardened and corrosion-resistant steels [9, 10],
titanium alloys [11, 12], hard alloys [1], etc. In [13], it is shown that theMQLmethod has
more lubricating than cooling ability. Therefore, its application is limited by machining
titanium alloys and nickel-based alloys.

In certain cases, cryogenic cooling provides improvements in tool life and produc-
tivity due to increased cutting speeds. However, machining can be accompanied by a
reconfiguration of the cutting tool and the workpiece parameters due to the increased
hardness, deformability, and cracking resistance of materials under the influence of low
temperatures. In titanium alloys machining, cryogenic cooling often requires the addi-
tion of extra lubricating components. The widespread implementation of the method is
hindered by the problems of ensuring the safety ofwork and the problemof the suitability
of the technology for various types of equipment [14].
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The main disadvantage of using air as CTM is poor lubricity. One of the more
promising air cooling methods of the cutting zone is the application of activated air
media, for example, cooled ionized air [15].

An alternative and less costly substitute for the CTM components during abrasive
machining can be solid lubricants – SL [16, 17]. When they are introduced into the
cutting zone, it is possible to reduce the cutting forces significantly, the temperature on
the contact surfaces, and greatly increase the durability of the abrasive tool [18] due to
the lubricating, damping, and dispersing action of the SL components [17]. The choice of
the SL composition (graphite, wax, Teflon, silicone, paraffin, MoS2, hBN, etc.) and the
method of its introduction into the cutting zone (impregnation of the grinding wheel with
powder paste, continuous/intermittent SL supply by clamping devices) [13] is selected
for each specific case in terms of process efficiency and surface finish. Thus, in [19], it
was shown that the usage of SL during grinding, compared with the traditional method
of cooling with irrigation, can reduce the surface roughness of titanium-tungsten hard
alloy T15K6 (15% TiC, 6% Co, 79%WC). The SL composition can favorably affect the
quality of the surface layer due to the activation of the removal work in the surfactants
environment. Thus, in grinding hardened high-speed steels with cubic boron nitride
wheels, the SL introduction into the cutting zone made it possible to reduce the intensity
of undesirable phase transformations in the machined surface layer [20].

In general, the DSG process of hard alloys using the SL instead of liquid CTM has
been little studied; therefore, it is of interest to assess the effectiveness of such a replace-
ment and further develop practical recommendations for choosing the SL composition
and features of its application.

This work aims to study the characteristics of diamond-spark grinding of titanium-
tungsten hard alloy T15K6 using various cooling technological means.

3 Research Methodology

DSG process with various SL was investigated concerning the processing of T15K6
carbide inserts.

Experimental studies were carried out on a universal grinding machine model
3D642E, modernized for implementing the DSG process by installing a power sup-
ply 6 and additional conductive devices (Fig. 1). A special HO6506 pulse generator was
used as a power source, which converts an alternating current with a voltage of 380 V
into a unipolar pulse with an adjustable frequency and amperage.

The impulse current was supplied to the grinding zone through the graphite brush
5. Simultaneously, it was possible to connect one pole of the generator to the brush and
diamond wheel 3. The other pole to processed carbide insert 7 was affixed to the device
on the machine table.

Diamond spark grinding was carried out with reverse polarity (diamond wheel –
anode, processed carbide plate – cathode), as the introduction of additional energy into
the processing zone in this way provides better self-sharpening of the diamond wheel
and less electric discharges energy acts upon the processed carbide alloy, which reduces
the likelihood cracking.

The experiments were carried out with an average value of the current I = 4…6 A,
open circuit voltage U = 60…80 V, duty cycle S = 2 at a pulse frequency f = 66 kHz.
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Fig. 1. Upgraded systemmachine - device - tool - part (MDTP). for researching the DSG process:
1 – machine spindle; 2 – parts for fastening the circle; 3 – diamond wheel body; 4 – dielectric
coating; 5 – current lead brush; 6 – pulse generator; 7 – processed carbide insert; 8 – solid lubricant.

Grinding speed V was varied in the range from 15 to 35 m/s. Grinding was carried
out according to an elastic scheme, where the transverse feed is not carried out rigidly
by the feed mechanism but is set with the help of weights on a special device under a
predetermined force. Normal-pressure Pn varied in the range from 0.8 to 1.6 MPa.

The tangential cutting force Pz was measured with a dynamometer.
During our research, cup-shaped diamond wheels 12A2-45°AC6-100/80 M1-01-4

were used. For their electrical isolation, a coating 4 with a thickness of 30…45 μm was
applied to the borehole by the method of plasma electrolytic oxidation according to the
previously developed technological recommendations [21].

SL was fed by the contact method. A cast cylinder made of SL with a diameter of
D = 10…12 mm was installed in the device. With a small force, P = 5 g was pressed
against the wheel at an angle α= 60º, which ensured continuous contact of the lubricant
with the working surface of the diamond wheel during grinding.

The SL compositionwas guided by the recommendations [17]. The base components
should provide a high lubricating effect – to reduce micro-seizure, scuffing, frictional
heating, and frictional forces in the “part-tool” contact zone. Compared with the tradi-
tional watering method with a 3% soda solution of water, three SL compositions were
used: 1 – technical stearin; 2 – sebacic acid; 3 – a mixture of stearin with sebacic acid
(1:1).

A comparative analysis of diamond spark grinding using various lubricating media
was carried out based on studying the energy and economic characteristics of the process.
Specific energy intensity BM [22], particular work of grinding As [23], the productivity
of the process Q, relative consumption of diamonds q, and prime cost for grinding Cg

were estimated as the main criteria.
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Specific energy consumption of grinding BM , J/kg, was determined by the energy
(work) spent on removing mass from the hard alloy �M:

BM = A

�M
, (1)

where A – the work of grinding, J; �M – the mass of removed material, kg.
The specific work of grinding As, J/mm3, spent on removing the volume of material,

was determined from the ratio:

As = PzV

Q
, (2)

where Pz – the tangential component of the cutting force, N; V – cutting speed, m/s; Q
– process productivity, mm3/min.

The productivity of the grinding process Q was determined from the ratio:

Q = F�h

T
, (3)

where F – the cross-sectional area of the grinded hard alloy insert, mm2; �h – linear
material removal, mm; T – grinding time, min.

The relative consumption of diamonds q, mg/g, was determined by the ratio of worn
diamonds to the mass of the ground material [24]:

q = Md

Mm
= 878 · 103 · π(

D2
1 − D2

2

) · c · �S

4F · �h · ρ , (4)

The equation calculated the number of consumed diamonds for a cup-shaped circle
of any concentration Md, mg, for 1 h of work:

Md = 878
(
D2
1 − D2

2

)
π · c · �S

4 · 105 , (5)

whereD1 – outer diameter of the diamond ring, mm;D2 – inner diameter of the diamond
ring, mm; c – concentration of grains in a circle, %; �S – linear wear of the diamond
wheel in thickness, mm.

The amount of removed hard alloy Mm during the same operation time was
determined from the expression:

Mm = F�hρ

106
, (6)

where ρ – density of the processed hard alloy, kg/m3.
The prime cost for grinding Cg was determined from the relationship:

Cg = 30+ Ad + Pm + E +W

v
, (7)

where 30 – the hourly wages of the grinder worker, currency unit (c.u)/h; Ad – depre-
ciation c.u/h; Pm – costs for the current repair of the machine, reduced to 1 h of work,
c.u/h; E – costs of electricity, c.u/h;W – costs associated with depreciation for the wear
of the diamond wheel, taking into account its cost, reduced to 1 h of work, c.u/h; v – the
volume of polished material per 1 h of work, cm3/h.
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4 Results

The results of the values of the performance indicators of diamond wheels in the process
of diamond spark grinding using the investigated SL and CTM with irrigation show
(Fig. 2) that the best productivity indicators Q, the specific consumption of diamonds
q, as well as the prime cost Cg are provided by the use of SL based on a mixture of
stearin – sebacic acid (1:1). As a result, compared with the traditional DSG process of
using CTM by jet irrigation, the recorded increase in productivity Q is 13.8%, and the
decrease in q and Cg is 33.3% and 14.5%, respectively.
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Fig. 2. Dependence of the DSG process energy and economic criteria of the T15K6 hard alloy
on the CTM composition: a – productivity of the grinding process Q, b – relative consumption of
diamonds q, c – prime cost Cg.

The results obtained for a mixture of stearic-sebacic acid (1:1) indicate a reduction in
friction on the contact surfaces between the diamond grain and the bond of the wheel and
the processed hard alloy. Consequently, the stearin-sebacic acid mixture (1:1) has the
optimum lubricating properties among the considered SL and CTM, and, accordingly,
its use reduces the specific energy consumption. Sebacic acid, in this context, shows the
worst performance. Subsequently, all studies of the DSG process were carried out using
a mixture of stearin – sebacic acid (1:1).

From the research results on the effect of normal pressure on the energy consumption
of the DSG process (Fig. 3), it can be seen that in the entire range of changes in normal
pressures and the values of the specific energy consumption of the process BM are lower
for SL compared to CTM irrigation (by 11–18% with a change in Pn from 0.8 up to
2.0 MPa, respectively). A proportional increase in grinding performance can explain the
general tendency for a slight change in the energy consumption index with an increase
in normal pressure.

In comparison with the value of normal pressure, the cutting speed has a much larger
effect on the energy consumption of the process BM (Fig. 4). With an increase in the
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Fig. 3. Dependence of specific energy capacity on normal pressure during diamond spark grinding
of hard alloy T15K6 with speed V = 25 m/s: 1 – CTM with irrigation, 2 – SL.

grinding speed V from 15 to 35 m/s, the specific energy consumption increases both
by CM grinding with irrigation and SL. This can be explained by an increase in the
thermal grinding power released in the contact zone. At the same time, the intensity of
the increase in the specific energy consumption during grinding with the introduction
of a solid lubricant into the cutting zone is much less (the change in BM is 42% in the
studied range of change in grinding speeds) than in the case of traditional CTM (the
change in BM is 54% in the same range of V ). The observed effect can be explained
by the more active self-sharpening of the cutting surface of the diamond wheel and,
accordingly, a large removal of material.
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Fig. 4. Dependence of the DSG specific energy consumption of hard alloy T15K6 on the cutting
speed at normal pressure Pn = 1.2 MPa: – CTM with irrigation; – SL.
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5 Conclusions

A present experimental study has attempted to explore the machining performance of
the DSG process of T15K6 hard alloy using various lubricating media. A comparative
analysis of the energy and economic characteristics of the process using CTM with
irrigation, SL of different compositions made it possible to establish that the best com-
bination of processing productivity Q, specific consumption of diamonds q, and prime
cost Cg ensures the application of an SL based on mixtures of equal parts of stearin
and sebacic acid. SL of this composition provides a stable and significant advantage of
the indicated characteristics compared to liquid CTM: the increase in productivity Q is
13.8%, and the decrease in the indices q and Cg is 33.3% and 14.5%, respectively.

Among technological indicators of the process, the grinding speed exerts the biggest
influence on the specific energy consumption BM and specific work As. Simultaneously,
the intensity of the growth of the BM during grinding with the introduction of an SL into
the cutting zone is much less (by 12%) than the liquid CTM, which makes it possible to
increase the range of grinding speeds and the processing efficiency.

The results indicate numerous practical benefits of the DSG process using SL: tool
wear is lower, chips formed are easier to recycle, the setup cost is very slight, the dry
working area is more appropriate for machines for sharpening and finishing of hard
alloys inserts.

Based on the research performed, it can be considered that the usage of a solid
lubricant is a better alternative to liquid CTM for particularly difficult-to-cut materials
under DSG conditions. It is a very promising direction that meets modern trends in the
development of minimal lubrication technology.

Further studies are related to understanding the mechanisms (tribological and heat
transfer) of a solid lubricant approach and how physically these mechanisms affect the
DSG process performance for hart-to-machine materials.
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Abstract. In this paper, the examination will be focused only on roller cone bits
with three cones. The results show that most problems with deviation from the
profile are fixed on the holes. The purpose of this is to increase the accuracy of the
holes in the rolling-cutter row of the cone for the tungsten carbide insert cutters.
For this purpose, from the batch of tungsten carbide insert cutters a statistically
controlled group of tungsten carbide insert cutters was selected. The geometric
parameters of the shank for the detection of deviations in the surface profile were
studied. The obtained datamake it possible to state that the cutting speedwithin the
studied limits does not significantly affect the magnitude of the holes breakdown
when fine reaming the holes in the rolling-cutter row of the cone body for the
tungsten carbide insert cutters fit. Such results indicate significant reserves in
improving the accuracy of molding by monolithic carbide reamers. The effect
of technological parameters on the statistical relationship between the magnitude
of the hole deployment and the roughness of the processing surfaces was also
studied. For the sake of clarity of the advantages of solid carbide reamers and
reamers compared with those with soldered hard-alloyed plates, the comparative
data for two types of reamers are presented.

Keywords: Tungsten carbide insert cutter · Accuracy · Drilling · Breakdown ·
Hardness · Reamering · Fretting fracture · Roughness

1 Introduction

Roller cone bits are working in extremely difficult drilling conditions; therefore, there
are strict requirements for their durability and efficiency. Analysis of used bits and
damaged rock-destroying equipment often revealed cases when the tungsten carbide
insert cutter was scrolling [1, 2]. Sometimes there were cases of destruction or loss
of insert cutter [3, 4]. A wide range of requirements is necessary for a high grade of
materials, design, and construction, the technology of manufacturing cone drill bits.
Special attention is required to study the processes shaping the accuracy of conjugate
elements, the connection of the shank’s tungsten carbide insert cutter with the cone. It
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is also essential to study the features and nature of stress distribution connected with
“tungsten carbide insert cutter – cone” [5, 6]. It is essential to know features of physical
and mechanical indicators rolling-cutter row of the cone in which holes for a fit of
insert cutter are carried out for this purpose. The geometry of the connection surface
“insert cutter – cone” is also valuable [7]. Therefore, the research is devoted to studying
technological parameters of the shaping holes in the rolling-cutter row of the cone
and geometric, physical, and mechanical features in the connection surface “tungsten
carbide insert cutter – cone”. The research objective is to study engineering and design
parameters that determine the reliability of the connection “insert cutter – cone”.

2 Literature Review

It is known that in operation, the tungsten carbide insert cutter undergoes bending loads
[8, 9]. Therefore, considerable stresses occur in the conjugated sections of the cutter’s
exit from the body of the cone rolling-cutter row and in the bottom area [10, 11]. When
overloaded or with insufficient steel strength of the cone, plastic deformation, fretting
fracture, and microcracks occur. Insufficient quality coupling in the connection con-
tributes to the fact that the tungsten carbide inserts cutters are displaced, then loosens,
and in some cases, falls out or “turns out” from the hole (see Fig. 1).

Fig. 1. Plastic deformations in the tungsten carbide insert cutters in the exit area.

Changing the orientation of workloads, which is carried out during each cycle of
rotation of the cone and thus rolling over the face (the tungsten carbide insert cutter
enters the rock, destroys it, turns it out of the hole, leaves the hole, undergoes sliding)
there is a cyclic stress redistribution in the conjugated section not only in separately
conjugated “tungsten carbide insert cutters - the body of the cone”, but also in adjacent
tungsten carbide insert cutters systems that are close to each other. Practice shows that
in these areas, the concentration of stresses can dramatically increase by almost 1.5 or
even 2 times [4]. This is due to the change in the resultant load angle from 20° to 60°.
In a number of cases, when significant deviations in the form of holes were registered
(significant deformations and destruction of the holes walls were detected when cutting
the used cones in the area of the holes) [12, 13].

The presence of variables according to the cyclic law (according to the design and size
of the cone) of stresses in the area of conjugation “tungsten carbide insert cutters - body of
the cone” causes fatigue wear not only of the tungsten carbide insert cutters, but also the
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bodies of the rolling-cutter row. This causes the origin and growth of fatigue cracks [14,
15]. Such processes’ peculiarity and nature depend on the stress concentrationmagnitude
in the cutter entrance area into the cone and at the contact “facet of the cutter’s shank -
bottomof the hole” [5, 16]. The rates that characterize the destroying viscosity of the bit’s
steel determine the strength of the cone rolling-cutter row. The simplest criteria used in
production are of great practical importance, and the standard indicators of strength and
plasticity are the indicator DI [4]. Simultaneously, more detailed information is provided
by a thorough study of the structural sensitivity to cracking appearance, as shown in [2].

3 Research Methodology

First of all, we studied features of design and physic-mechanical properties in the con-
nection “insert cutter-cone”. When we identified the features of the requirements for the
quality of the shape’s hole, after that, we studied the nature of the influence of cutting
parameters on the quality of the formation’s holes for fit inserts. In research, we used
standard equipment for bit production. Shaping of the hole was carried out on the CNC
machine - MCV500. Planning of experimental researches and statistical data processing
was carried out according to the mathematical theory of experiments and mathematical
statistics and the principles generally accepted in engineering technology. The analysis
of the waste cones revealed the effect of tungsten carbide insert cutters slipping around
their axes. Therefore, the task was to study the causes of this phenomenon. For this
purpose, from the batch of tungsten carbide insert cutters a statistically controlled group
of insert cutters was selected. The shank’s geometric parameters were investigated to
detect deviations in the surface profile (see Fig. 2). The results show that most problems
with deviation from the profile are fixed on the holes. For tungsten carbide insert cut-
ters, a calibration operation can be applied. Concerning the holes, the detected nature
of the deviations makes it possible to set specific tasks for the rational designation of
the manufacturing operation parameters to shape cone’s holes. The purpose of this is to
increase the accuracy of the holes in the rolling-cutter row of the cone for the tungsten
carbide insert cutters. The zero point (origin of coordinates) is on the destructive part to
the base for measuring the insert cutter (Fig. 2), and the other zero point is on the surface
to the bottom for holes (Fig. 3). We took 6 insert cutters from a batch for studying and
obtaining substantiated statistically subordinate data for analysis. Also, the cone holes
were measured, which were obtained on one cone when we have one setup and one
instrument.

To estimate the steel strength parameters in the section hole, the hardness was mea-
sured, followed by establishing the hardness distribution gradient in the section hole (see
Fig. 4). Hardness was measured using a hardness tester PMT-3.

It was defined by the analysis that along the neutral lines of stretches - the compres-
sion in the areas of the operational wedging surface of an insert cutter - there appear
sliding planes. Under unfavorable conditions, the stress distribution in the cutter-to-hole
coupling occurs sudden appearance of the propagation of trunk cracks, leading to the
sudden destruction of the tungsten carbide insert cutters [9]. Therefore, the accuracy of
the connection is crucial.
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Fig. 2. The character of the profiles deflection of the generatrix shanks of tungsten carbide insert
cutters (hardmetal HG20 (Germany)).

Fig. 3. The character of the profiles deflection of the wall of holes in the cone’s rolling-cutter row
(AISI 9315H).

Fig. 4. Hardness distribution on the depth of the rolling-cutter row parallels to the depth of the
hole.
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4 Results

Measuring the geometric parameters of the holes in the cones revealed that inmost cases,
and it is 68%, and in some batches up to 85%, a reverse cone is formed (the diameter of
the hole in the upper section is smaller than the diameter in the lower section). The size
difference can fluctuate significantly. For example, for 18 mm holes, it is in the range of
24–31 µ, and sometimes more. At the holes of smaller diameters, the following figures
are slightly smaller: 18–23 µ. In some cases, and it can be up to 45% in the batch, the
hole breaking in its top is fixed. The value of the difference in diameters against the
middle part of the hole can range from 18 to 32 µ. The formation of the holes’ shapes
can be explained by the appearance of elastic deformations during the processing of the
rolling-cutter row on the body with areas of different hardness (Fig. 4). The dimensional
instrument’s nature with the reduced incoming part and problems with the instrument
positioning cause these deviations. Therefore, the additional dimensional processing of
the tungsten carbide insert cutters does not exclude errors in holes. Extra semi-final fine
reaming is only insignificantly capable of improving the accuracy of the hole shaping.

According to the manufacturing process, the holes’ size distribution measured after
the first processing was equal to 25–141 µ, then after the final machining – to 49–106 µ.
Fine reaming is performed by a tool with amuchmore reduced part than the conventional
incoming part, which is typical for the processing of the small depth blind holes.

The tool’s beating against the hole’s axis, especially when there are significant dis-
crepancies because the machining is carried out with different tools, increases the diam-
eter’s value in the upper section. Besides, it was found [16, 17] that the deformation and
distortion of the cones significantly increase the scattering of the rates of deviations from
the documentary regulated. This can be dramatically changed by machining the holes
with a setup with monolithic hard-alloyed reamers, which allows single processing of
the hole and the machined bottom. For ensuring the wear resistance of such tools from
26 min to the guaranteed 45 min, the first machining can be performed with one tool
and the final one with another. Such technology can be effectively implemented on the
processing MCV tools of the “Kovosvit” company, which have proven themselves well
in the bit industry.

Studies to determine the influence of technological parameters of forming the cones
rolling-cutter row holes on the accuracy of their design parameters have been carried
out (Table 1). For core drilling and reaming, the diameter tolerance was 0.6 mm. The
diameter tolerance was 0.1mm for the first reaming, and the side tolerance was 0.05mm.
The diameter’s tolerance is 0.05 mm for the final reaming and 0.025 mm for the side
reaming. The deviation from the cross-section of the axes of the holes with the cone axis
was no more than 0.13 mm, and at the top for all other holes up to 0.25 mm.

It is known [18] that fluctuations in the values of the radial component of the cutting
force PV cause an increase in the value of the holes breaking when they are formed.
The heterogeneity of the steel, different hardness, significant cylindricity deviation of
the holes is the reasons which cause both the general wear of the cutting part of the tool
and the chipping of the cutting edges (Fig. 5).
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Table 1. The results of the study of the cutting speed influence V on the value of the holes
breakdown in the rolling-cutter row of the cone in the roller cone bits 311,1, which was performed
with monolithic carbide reamer Ø 18.5 mm (t0,05 = 0.445).

№ Cutting speed V, (meter per minute) The obtained values xi
(µm)

xl (µm) s2i (-) c2(-) τ

(-)

1 2 3 4 5 6

1 42 24 28 26 22 25 22 24.5 5.5 5.4 0.982

2 46 26 30 23 24 26 24 25.5 6.3 7.4 1.175

3 48 30 28 23 27 26 25 26.5 5.9 4.7 097

4 50 31 27 29 26 28 24 27.5 5.9 4.9 0.831

5 52 28 33 30 28 25 27 28.5 7.5 5.1 0.680

6 56 30 31 26 34 29 33 30.5 8.3 13.1 1.578

7 58 34 29 36 28 32 30 31.5 9.5 15.8 2.821

8 60 28 32 37 34 35 29 32.5 12.3 8.7 0.707

Fig. 5. Characteristic chipping of hard-alloyed plates in the sections of working edges.

Using a well-tried method, namely the method of sequential subtraction [19, 20],
the estimate for σ 2

0 the sample data was determined:

c2 =
∑

a2i
2(n − 1)

, (1)

and the evaluation criterion

τ = c2

s2
(2)

The results of the calculations c2, s2i , τ are summarized in Table 1.
xi – measurement average; s2i – dispersion; c

2 – assessment criterion; τ – assessment
criterion.
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Considering that the minimal permissible boundary τ for a significance level of 5%
[20], then the randomness hypothesis is true and statistically subordinated to the normal
distribution law.

According to the criterion

Tl = s2max
s2min

(3)

the variance of the sample variances s2i is Tl = 2, 236. Since, k1 = m− 1 = 6− 1 = 5,
k2 = n = 8 for the confidence probability P= 0,05 [20] the tabular value of the criterion
T = 3,69 then Tl < T . This is sufficient proof of the selected hypothesis of the sample
variances random divergence.

The sample averageswere then checked for homogeneity. For this purpose, the nature
and magnitude of the difference in the sample averages’ adjacent values were evaluated.
For this purpose, the Student’s criterion was applied:

ti = (xi − xi+1)
√
n
(
s2i + s2i+1

)

√
n2(2n − 2)

2n
. (4)

According to the probability P(|t| ≥ t1), the Student’s distribution of at k1 = n1 +
n2 − 2 = 10 [20] to each calculated value ti corresponds probability Pi.

The results of calculations and statistics data are presented in Table 2. The obtained
probabilities are not small. They are greater than the confidence level P = 0.05. This
gives grounds to claim that the experiments’ obtained values are randomly different
from the tabular ones, and the hypothesis of random difference of sample averages (or
their homogeneity) is accepted correctly. Therefore, the compared samples belong to the
same general totality.

Table 2. Computational results of probability Pi for each value ti

ti(-) 0.651 0.640 0.611 1.125 0.530 0.479

Pi(-) 0.535 0.540 0.562 0.297 0.590 0.655

A standard characterizes the dispersion of the values of the holes deployment

σo = s̄

Hn
(5)

where Hn is the coefficient that depends on the sample volume n = 8, and according to
[11] Hn = 0, 92. So, s̄ = 2, 766,, then σo = 3, 007.

Therefore, the actual value of the holes deployment for the test reamer will be within

±3σo = ±9, 021. xo − 3σo < � < xo + 3σo, 19, 354 < �1 < 37, 396.
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The effect of technological parameters on the statistical relationship between the
magnitude of the hole deployment and the roughness of the processing surfaces was
also studied. The results of studies on a statistically subordinate number of the holes
(150) in a cones batch are presented in Table 3.

Table 3. The range of values distribution of the deployment of holes by the indication of their
processing purity.

Deployment of the hole �, (µm)

−16 −12 −8 −4 0 4 8 12 16 20 24

The magnitude of the change in the
purity of the processing Ra (µm)

0,2 1 – 3 1 – – – – – – –

0,6 – 4 10 10 2 – – – – – –

1,0 – – 18 19 4 – – – – – –

1,4 – – 2 1 – – – – – – –

1,8 – – – 6 2 3 1 – – – –

2,2 – – – 2 1 20 2 – – – –

2,6 – – – – 4 4 6 3 – – –

3,0 – – – – – – – 2 5 2 –

3,4 – – – – – – – – – 3 4

3,8 – – – – – – – – – 3 2

Frequency distribution of the magnitude of the
deployment (number of deployed holes with
appropriate frequency)

For the sake of clarity of the advantages of solid carbide reamers and reamers com-
pared with those with soldered hard-alloyed plates in Fig. 6, the comparative data for
two types of reamers are presented.

1 – reamer with plates HG20 (Germany), 2 - monolithic carbide reamer HG012 (Germany)

Fig. 6. Comparison of the nature of the size effect of the holes deployment on their processing
purity. 1 – reamer with plates HG20 (Germany), 2 - monolithic carbide reamer HG012 (Germany)
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5 Conclusions

The holes’ ovality should be reduced to 0.02 mm because with the increase of tolerance
around the hole there is an unfavorable stress distribution, which leads to the destruction
of the conjugated elements of a tungsten carbide insert cutter and a hole of the cone on
the rolling-cutter row. A stable profile can be achieved by introducing an additional final
reaming operation,whichwould serve as the hole’s final calibration. For this purpose, it is
effective to use monolithic carbide reamers, which provide higher stability and quality
of the machined holes in contradistinction to the reamers with soldered hard-alloyed
plates.

The obtained data make it possible to state some results. The cutting speed does not
significantly affect the holes’ breakdown magnitude when fine reaming the holes. We
can say about cutting speed when it is within the studied limits. Therefore, the average
value of the holes’ deployment when using the reamer is equal to 28 µm. Such results
indicate significant reserves in improving the accuracy of molding bymonolithic carbide
reamers.

Further improvement of the selective assembling technology should be used.
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Design Calculation of Automatic Rotary Motion
Electrohydraulic Drive for Technological

Equipment
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Abstract. The article is devoted to the development of electrohydraulic drives
for technological equipment. The engineering method for the design calcula-
tion of automatic electrohydraulic rotary motion drive with volume regulation
was presented. This method allows evaluating the main parameters and choice
drive elements and devices using the maximum load moment and hydraulic motor
rotation velocity, predicting its static and dynamic characteristics. The electro-
hydraulic drive’s automatic control system was proposed considering the control
object’s observation noise and stochastic perturbation. The example of design
calculation for the automatic electrohydraulic drive parameters for technological
equipment for the following input data was performed: maximum load moment
Mma x = 120 N.m; maximum rotation frequency nmax = 2100 rpm; reduced
inertia moment of the rotating parts J = 0,8 kg.m2. The possibility of using a
serially produced axial piston-regulated pump with an inclined disk and an unreg-
ulated hydraulic motor with an inclined washer was shown. The drive’s math-
ematical model parameters as an object of automatic control were determined
based on hydraulic machines’ passport data. The research of the system’s dynamic
characteristics was carried out.

Keywords: Engineering method · Volume regulation · Automatic control
system · Dynamic characteristics

1 Introduction

The use of hydraulic drive in mechanical engineering allows us to simplify kinematics,
reduce metal consumption, increase accuracy, reliability, and automation of technologi-
cal equipment [1, 2]. The achievement of arbitrary kinematics of the working body and
the possibility of implementing the optimal laws of its movement [3, 4] are ensured
by using automatic electrohydraulic drives with volume regulation in equipment with a
capacity of more than 5 kW [5, 6].

The advantages of the volume regulation method over the throttle [7, 8] are signif-
icantly less energy loss and more stringent load characteristics. The disadvantages are
the structural complexity and increased cost of adjustable hydraulic machines [9, 10].
These factors have led to the predominant use of hydraulic drives with volume regulation
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at medium equipment powers (10–25 kW) and mandatory use at high power (more than
50 kW).

In this regard, the urgent task is to develop methods for the design calculation of
automatic electrohydraulic drives for technological equipment with volume regulation.

2 Literature Review

In the general case, there are various hydraulic drives with volume regulation, which
differ in the circulation of the working fluid, volume regulation, and branching of energy
flows [11, 12].

Known hydraulic drives with the closed and open circulation of the working fluid
[13, 14]. The hydraulic drive velocity can be regulated through the adjustable pump,
adjustable hydraulic motor, or two adjustable hydraulic machines. Notably, there is
smooth and stepwise regulations of the working volume of the hydraulic machine. Along
with single-flow hydraulic transmissions, dual-flow ones are used to simultaneously
operate hydraulic and mechanical transmissions [15, 16].

Volumetric hydraulic drives with the working fluid’s closed circulation have com-
paratively smaller overall dimensions and weight, all other things being equal. Closed
circulation of the working fluid is used when using hydraulic motors with the same
effective areas of the working chambers [17, 18]. The essential properties of volumetric
hydraulic drives with the closed circulation of the working fluid are the possibility of
breaking the operating mechanism and resistance to the associated load using driving
motor instead of throttling the fluid flow, which significantly reduces the heating of fluid
and ensures the recovery of electric energy in the indicated operating modes [19, 20].

According to the method of implementing the volume method of speed regulation,
three structural schemes of hydraulic drives are distinguished: with adjustable pump and
uncontrolled hydraulic motor, unregulated pump and adjustable hydraulic motor, and
both adjustable hydraulic machines. Volumetric hydraulic drive with adjustable pump
and the unregulated hydraulic motor is the most common. Hydraulic drives with such a
structure are used in many types of technological equipment and various mechanisms
[21, 22]. Under consideration, the hydraulic drive provides a smooth start-up and stepless
velocity regulation of the equipment working body through a single control unit [23,
24].

This work aims to develop an engineering method for the design calculation of
automatic rotarymotion electrohydraulic drive for technological equipment with volume
regulation, allowing the values of the maximum load moment and rotation frequency of
the hydraulic motor to evaluate the main parameters and to choose elements and devices
of the drive, to predict its static and dynamic characteristics.

3 Research Methodology

Based on the analysis of the issue’s status, we can propose the following engineering
method to calculate the automatic rotary motion electrohydraulic drive for technological
equipment with volume regulation.
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To calculate the hydraulic drive with the rotational movement of the output link, the
next parameters should be taken as input data: Mmax – maximum load moment (N.m);
nmax – maximum rotation frequency (rpm); J – reduced inertia moment of the rotating
parts (kg.m2).

3.1 Construction of the Settlement and Principal Scheme for Hydraulic Drive

In the settlement scheme, the drive’s principal elements and devices are reflected, the
relationships between them are formed, and the main drive parameters are presented.
When developing the principal scheme, analogues of the designed equipment and the
developers’ experience are considered.

3.2 Choice of the Working Fluid and the Nominal Working Pressure

In addition to the main function of transferring energy from pump to hydraulic motor,
the working fluid performs a number of essential functions: lubricating the surfaces
of the rubbing parts; removal of wear products of rubbing pairs; protecting them from
corrosion; cooling of the hydraulic system. Therefore, the correct choice of the working
fluid determines the performance and durability of hydraulic equipment. As a rule,
the working fluid is selected based on the technical requirements for equipment or the
recommendations in the main hydraulic equipment’s technical data (i.e., the pump and
the hydraulic motor) and considering the operating mode of hydraulic drive, climatic
and temperature conditions.

The hydraulic system’s pressure depends on the pump type and the hydraulic drive’s
purpose on the equipment under consideration. The pump pressure should be greater, the
greater the load or power of the driven working mechanism. Small pressures lead to an
increase in size and weight but contribute to smooth and stable operation; high pressures
lead to a reduction in dimensions and weight, complicate the design and operation of
hydraulic systems, and reduce hydraulic durability equipment [25, 26]. The working
pressure’s nominal value in the hydraulic system pnom is a set from the standard series,
MPa: 6.3; 10; 12.5; 16; 20; 25; 32; 40.

3.3 Determination of the Working Volume and Choice of the Hydraulic Motor

The working volume of the hydraulic motor qm considering hydraulic losses in the
system, is estimated by the expression

qm ≥ (1, 2 . . . 1, 5)
2πMmax

pnom
. (1)

According to the parameters qm and pnom, taking into account nmax , the hydraulic
motor is selected from the range of series-produced hydraulic equipment. In hydraulic
drives of medium and high power (more than 10 kW), rotary-piston hydraulic machines
are used mainly, which have a fairly high efficiency coefficient (0,85 … 0,92) and
acceptable weight and size indicators (0.5–10 kg/kW) [8, 25].

In the absence of a suitable series-produced engine, the technical assignment is drawn
up to develop the original hydraulic motor. In further calculations, the technical data for
the value of the working volume for the hydraulic motor qm is considered.
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3.4 Choice the Pump

When assessing the maximum working volume qp.max of the adjustable pump, the vol-
umetric losses in the hydraulic system (leakage) should be considered, and the nominal
rotary velocity of the pump shaft, which can be taken from the technical data pumps
used for this type of equipment.

Therefore, it is recommended to evaluate themaximumworking volume of the pump
according to the expression

qp.max ≥ (1,1. . .1,2)qm
nmax

np.nom
, (2)

where np.nom – nominal rotary frequency of the pump shaft.
According to the parameters qp.max and pnom, the pump is selected from the range of

series-produced hydraulic equipment. It should be noted that when choosing pumps, they
are also mainly oriented to rotary-piston hydraulic machines. In further calculations, the
technical data for the value of the maximum pump working volume qp.max is considered.

3.5 Determination of the Parameters for Mathematical Model of Hydraulic
Drive Power Unit

Assuming a rigid load characteristic, the structural diagram of the mathematical model
can be represented in the form shown in Fig. 1, where the following parameters are
indicated: Trp – time constant of the regulation process for pump working volume; Tpd

– time constant of the drive power part; kγU – transfer coefficient for the inclination
angle γ of the titling washer (cylinder block) by the control voltage U; k�γ – transfer
coefficient of the drive power unit (transfer coefficient for the rotary velocity � by the
inclination angle of the titling washer); α – rotation angle of the motor shaft; s – Laplace
variable [27, 28].

Fig. 1. The structural scheme of the mathematical model.

The transfer coefficient for the inclination angle of the pump washer by the control
voltage

kγU = γnom

Unom
≈ γmax

Umax
, (3)

where γ nom,Unom, γmax,Umax – nominal and maximum values for the inclination angle
of the washer (cylinder block) and the control voltage.

The transfer coefficient of the drive power unit

kΩγ ≈ Ωp

γmax
qp.max
qp

, (4)
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where �p – nominal rotation velocity of the pump shaft (rad/s), which is related to its
rotation frequency (rpm) by the dependence

Ωp = πnp.nom
30

. (5)

If themathematicalmodel of the power unit is considered for dimensionless variables

γ = γ

γmax
Ω̄ = Ω

Ωmax
(6)

where Ω
Ωpqp.max

qm max
– maximum rotation speed of the hydraulic motor shaft;

It is easy to see that the transfer coefficients (3), (4) in this case are equal to unity

kγU = 1; kΩγ = 1. (7)

The time constant of the process control of the pump’s working volume Trp can be
directly set in the passport data of the pump, or indirectly determined from the passport
data of dynamic characteristics [25, 29] such as response time with a sharp change in
oil flow, time of reversal of oil flow and other.

The time constant of the drive power part Tpd can be estimated from the values of
the relative damping coefficient ζm for the hydraulic motor and its time constant Tm

Tpd ≈ 2ζmTm. (8)

According to the calculated dependence [25, 30], the hydraulic motor’s relative
damping coefficient is difficult. Therefore, at the preliminary calculation stage, it is
recommended to set

ζm ≈ 0.4 − 1.2. (9)

The expression can estimate the time constant of the hydraulic motor

Tm ≈ (6 − 14)

√
J

qmEf
. (10)

where Ec – elastic modulus of the working fluid.
Thus, the rotary motion electrohydraulic drive’s mathematical model parameters

with volume regulation as automatic control objects are determined.

3.6 Assessment of the Static Characteristics for Hydraulic Drive

Usually of practical interest is the velocity static characteristic - the dependence of the
rotation velocity on control voltage�(U) for the unloaded drive, the load characteristic –
the dependence of the rotation velocity on the loadmoment�(M) at the nominal working
volume of the adjustable pump, and the dependence of power consumption on rotation
velocity N(�) and the efficiency coefficient on regulation depth η(�). The methods for
calculating the static characteristics of hydraulic drives with volume regulation are quite
fully described in the technical literature [11, 25] and differ in the degree of accepted
assumptions.
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3.7 Synthesis of the Automatic Control System

Methods for developing the automatic control system (ACS) by hydraulic drives for
technological equipment are presented in papers [28, 29]. For rotary motion electrohy-
draulic drive, the ACS can be recommended, which considers the observation noise and
stochastic disturbance of the control object. The structural scheme of this ACS is shown
in Fig. 2.

Fig. 2. The structural scheme of the ACS.

On the diagram are indicated: α* – given control law for the rotation angle of the
hydraulic motor shaft; x1, x2, x3 – phase variables; K ′

1,K
′
2,K

′
3 – gain coefficients of the

Kalman-Bucy filter; K ′′
1 ,K ′′

2 ,K ′′
3 – feedback gain coefficients of the controller; V0(t) –

color noise of the control object; Vn(t) – white observation noise; b∗
0, b

∗
1, a

∗
0, a

∗
1, a

∗
2

– coefficients for the transfer function of the color noise former for the control object;

a0 = TrpTpd ; a1 = Trp + Tpd ; a2 = 1; a3 = 0; (12)

b0 = kγUk�γ . (13)

4 Results

We show an example of calculating the parameters of an automatic hydraulic drive of
the rotational movement of equipment for machining materials for the following input
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data: maximum load moment Mmax = 120 N.m; maximum rotation frequency nmax =
2100 rpm; reduced inertia moment of the rotating parts J = 0.8 kg.m2.

Below are the main results of the calculation.
We accept the scheme for a volumetric hydraulic drivewith theworking fluid’s closed

circulation with an adjustable pump and unregulated hydraulic motor. The hydraulic
drive’s settlement and principal scheme are shown in Fig. 3 (P1 – main pump; P2 –
auxiliary pump; HM – hydraulic motor; CV1, CV2 – check valves; SV1 – SV4 – safety
valves; F – filter; T – tank).

Fig. 3. The structural scheme of the ACS.

We choose the industrial oil IGP-30. We accept the nominal working pressure in
hydraulic system pnom = 20 MPa.

The working volume of the hydraulic motor

qm ≥ (1, 2 . . . 1, 5)
2πMmax

pnom
= 1, 3 · 2·3, 14·120

20·106 = 49·10−6m3 = 49sm3. (14)

We select the unregulated axial-piston hydraulic motor with titling washer MFS
52 (PJSC “Hydrosila APM”, Ukraine), which has the following main technical data
parameters: working volume 51.6 cm3; nominal pressure 22.5 MPa; maximum rotary
frequency 3100 rpm; nominal rotary frequency 1500 rpm; the nominal power 29 kW.
Further, we consider the working volume’s technical data value for the hydraulic motor
qm = 51.6.10−6 m3.

The maximum working volume of the pump

qp.max ≥ (1, 1 . . . 1, 2)qm
nmax

np.HOM
= 1, 15·51, 6·10−6· 21001500

= 83, 08·10−6m3 ≈ 83sm3.

(15)

We select the axial-piston adjustable pump PVS 90 EP with electric proportional
control (PJSC “Hydrosila APM”, Ukraine), which has the following main technical data
parameters: maximum working volume 89 cm3; nominal pressure 22.5 MPa; nominal
rotary frequency 1500 rpm; maximum inclination angle of the washer ±18°; the max-
imum control voltage ±24 V; the nominal power 63.3 kW. Further, we consider the
maximum working volume’s technical data value for the pump qp.max = 89.10−6 m3.
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We consider the automatic drive’s mathematical model for dimensionless variables
(6), (7). Therefore, we have

kγU = 1; k�γ = 1. (16)

Further,

ζm = 1,0;Tm = 10

√
0, 8

51, 6·10−6·1, 0·109 ≈ 0,04 s;Trp = 2 · 1, 0 · 0, 04 = 0, 08 s.

(17)

To control the drive, we use the ACS with the structural scheme according to Fig. 2.
Transient processes in the ACS using the Kalman-Bucy filter and without it are shown
in Fig. 4. The perturbing effect on the control object was considered in the form of white
noise with spectral density Sv(ω) = 1 and transfer functionWf (s) = 0,02 for the former
model (Fig. 2). Researches have shown that the Kalman-Bucy filter performs optimal
filtration and provides the ability to achieve the required quality of control by drive. In
particular, it significantly reduces the duration of the transient process.

Fig. 4. The transient processes in the ACS.

5 Conclusions

Thus, the engineeringmethod for the design calculation of an automatic electrohydraulic
rotary motion drive with volume regulation is presented. The method evaluates param-
eters and choices that drive elements and devices using the maximum load moment
and predicts hydraulic motor rotation velocity. The distinctive feature of the proposed
engineering method is determining the transfer coefficients and time constants of the
mathematical model and constructing a structural scheme of the ACS by drive. The rec-
ommended ACS by the electrohydraulic drive of the technological equipment considers
the observation noise and stochastic disturbance of the control object.
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The example of design calculation for the automatic electrohydraulic drive parame-
ters for technological equipment for the following input data has been performed: max-
imum load moment Mmax = 120 N.m; maximum rotation velocity nmax = 2100 rpm;
reduced moment inertia of the rotating parts J = 0.8 kg.m2. The possibility of using a
serially produced axial piston regulated pump with an inclined disk and an unregulated
hydraulic motor with an inclined washer is shown. Based on hydraulic machines’ pass-
port data, the mathematical model parameters for the drive as object of automatic control
are determined. To control the drive, ACS is used, taking into account the observation
noise and stochastic perturbation of the control object. The research of the system’s
dynamic characteristics is carried out. It was shown that the Kalman-Bucy filter per-
forms optimal filtering and provides the ability to achieve the required quality of drive
control.
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Abstract. The paper investigates the process of electrical discharge diamond
grinding with changing the polarity of electrodes in time in the cutting zone for
processing variousmaterials, and the value of the interelectrode gap is determined.
The study aims to determine the optimal value of the interelectrode gap during
electrical discharge grinding using the mathematical method of planning experi-
ments. Themathematical method of planning experiments was used, which allows
solving the optimization problem under conditions of incomplete knowledge of
physical processes’ mechanism. The experiment’s planning gave the result with
small errors and made it possible to minimize the number of experiments. As a
result of experimental studies, a mathematical model of the limiting interelectrode
gap from the electrical modes of electrical discharge diamond grinding was built.
The functional dependence of the interelectrode gap was obtained, with the help
of which it is possible to determine the value of the optimal interelectrode gap for
various electrical parameters of electrical discharge grinding. It was established
that the most significant factors that affect the interelectrode gap are the voltage
of the ignition pulse and the amplitude of the discharge current.

Keywords: Diamond grinding · Interelectrode gap · Voltage · Current
amplitude · Frequency · Duty cycle · Electrode polarity

1 Introduction

The changeof the polarity on the electrodes in time and the correspondingpulse repetition
rate provides stable conditions for electro-discharge diamond grinding. By changing the
electrical parameters with a corresponding change in the polarity of the electrodes, it
is possible to directly regulate the process itself up to an equilibrium state, providing
an equivalent manifestation of electrophysical and electrochemical (even if they are
insignificant) processes relative to both electrodes with an optimal interelectrode gap
[1–3].

The processing zone for electro-discharge diamond grinding is where the cutting
grains of the wheelwork in the interelectrode gap, where the discharges act. Electric
discharges in the grinding zone act on the cut-off chips, on the surface of the workpiece
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material, and on the grinding wheel – on the bond in the intergranular space and, indi-
rectly, on the dielectric grains. The effect of discharges on metal has been thoroughly
studied [4]. However, in the grinding zone, it has its peculiarities.

The state of the processing zone and the nature of the action of the discharges depends
on the technological conditions of processing and the structure of the cutting relief of
the tool, on the value of the interelectrode gap (the distance between the bond of the
wheel and the surface of the part) and various electrical parameters. In the technology of
electrical discharge machining, discharges with an energy of 5 . . . 0.05 J (or less) with
a frequency of 0.4–8.0 kHz, with a pulse duration of 105–20 µs (or less) are used. The
discharges with a duration of less than 10–7 s are considered short (spark).

The intensity of the discharges’ action and the restoration of the cutting ability of
the tool depend primarily on the electrical parameters, which are selected, considering
the non-damage of the grains in the wheel and the repetition rate of the discharges. The
intensity of electrical erosion is significantly affected by the composition of the liquid
medium [5].

In the presence of an interelectrode gap in the processing zone, electric discharges
arising from the interelectrode medium’s breakdown are dominant. In the absence of
a gap and the presence of elements bridging the interelectrode gap, the discharge is
initiated by explosive electrical erosion, which melts the chips.

2 Literature Review

Analysis ofworks on electrical discharge diamondgrinding [6, 7] showed that the process
of interaction of the tool with the metal being processed under the conditions of the
action of discharges had been little studied, and the zone of combined processing under
conditions of changing the polarity of the electrodes in time has not been studied at all. In
this regard, an attempt was made to describe the processes and phenomena occurring in
the zone of electrical discharge diamond grinding and to establish the optimal value of the
interelectrode gap under various electrical conditions. The processing zone for electrical
discharge diamond grinding is a complex electrophysical system. It is simultaneously
the place of micro-cutting and the action of discharges in the interelectrode gap. When
a voltage is applied in this zone, an electric current arises, which passes through the
current-conducting bridges that bridge the interelectrode gap, a working fluid with a
specific electrical conductivity, and through the channel of the resulting discharge during
its action. The value of the processing zone is determined by the width of the tool front
and the value of the interelectrode gap, i.e., the distance between the wheel’s bond and
the surface of the part.

In the processing zone, along with chip formation and the action of discharges,
complex mechanical and electrophysical processes occur: contact-frictional, thermal,
electrical, electrohydraulic, and plasma-chemical; high-frequency oscillations and cav-
itation of the liquid medium take place, hydrogen absorption and embrittlement of the
surface layers of the cathode material of the electrode can occur.

The main dominant effect of electrical energy in the processing zone is manifested
in electro-erosion processes and phenomena of a combined nature of various duration
and intensities. They take place in the areas of contact and non-contact interaction of
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the wheel with the cut-off chips and the processed material, where the surfaces of these
electrodes come close to each other and where contact is possible, the formation of
intermittent or tight contacts and their rupture. Thus, the zone of electrical discharge
diamond grinding is characterized by contact and non-contact electro-erosion [8].

In the grinding zone, electric discharges occur during the breakdown of the inter-
electrode medium between the chips or the surface of the metal and the bond, when the
chips slide along the bond – discharges initiated by the explosive electric erosion of the
bridging elements, as well as discharges associated with the rupture of the electric circuit
in the places where the chips are separated from the material being processed during the
end of micro-cutting.

All these electro-erosion processes are associated with electrical discharges, which
can have different initiation and formation conditions and differ in their nature,
parameters, and intensity of action on the electrodes [9].

When studying the influence of electrical parameters on the combined grinding
process, it was established [10, 11] that for specific conditions, there is an optimal value
of the interelectrode gap, at which the action of the discharge is most effective, the
material removal from the electrodes is the highest. As the gap increases or decreases,
the volume of the wells decreases. Therefore, when working with the interelectrode gap,
it is necessary to take into account the effect of the discharge on the bond – the necessary
removal must be provided, and the effect of electro-erosion processes on the surface
processed must be reduced, where the requirements for the quality of processing can be
a limiting factor.

3 Research Methodology

The experimental studies were carried out based on a 3D642E machine tool. When
choosing the 3D642E grinding machine tool, first of all, the possibility of manufacturing
workpieceswith the requireddimensions, shape, andquality of theprocessed surfaces has
been determined. The 3D642E grinding machine corresponds to the above possibilities.
Additional energy was introduced into the cutting zone from a NO 6506 pulse generator,
which converts 380V alternating current into a unipolar pulse current. Voltage, discharge
current amplitude, frequency, and duty cycle were controlled using a pulse generator.

An end-face grinding scheme was used, which was carried out with conical cup
wheels 12A2-45° 150 × 10 × 3 × 32 on a bond M1-01 with diamond grains AC6 with
a grain size of 160/125 and a concentration of 4. Before conducting the experiments,
diamondwheels were preliminarily straightened and run in for 5–10min. The workpiece
material was VK6 carbide plates with dimensions of 14 × 14 × 5 mm. VK6 carbide
has been chosen as the processed material due to the fact that it belongs to superhard
and difficult-to-machine materials. The ED grinding process is especially effective for
superhard and difficult-to-machine materials.

The size of the interelectrode gap was determined as follows. With the impulse
generator turned off, theworkpiecewas brought down tomutual contactwith the grinding
wheel using the machine table’s longitudinal feed limb. After that, the part was moved
apart at a distance of 0.5 mm, counted along the machine table’s longitudinal feed limb.
Then the pulse generator was turned on, and the part was brought together with the
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grinding wheel. With the help of an electronic oscilloscope, the beginning of a stable
electrical discharge flow was recorded. The value of the interelectrode gap, according to
this method, was determined by the readings of the longitudinal feed limb of themachine
table.

The study of the regularities of electrical discharge diamond grinding highlights the
study of the interelectrode gap formed by the workpiece material’s interacting surfaces
and the metal bond of the diamond grinding wheel. In this case, it is necessary to take
into account the specific features of the process. Since electrical discharges are randomly
distributed along the periphery of the rotating diamond wheel and the rectilinear moving
surface of the part, the interelectrode gap is determined as the average value of the
instantaneous electrical gaps Si:

S =
∑n

i=1 Si
n

(1)

where n – the number of discharges passed along the periphery of the diamond wheel
and the part’s surface.

The instantaneous electric gap Si is the distance between two points of the electrode
surfaces,which at a given time corresponds to the small dielectric strength of the gap [12].
The rotation of the diamondwheel during electrical discharge grinding contributes to the
working fluid’s intensive pumping, which excludes the deposition of erosion products on
the electrodes. In this regard, the instantaneous electric gap is equal to the instantaneous
geometric gap and is defined as the distance between the most noticeable irregularities
on the metal bond’s surfaces and the part’s surface (Fig. 1).

Fig. 1. Scheme for determining the instantaneous interelectrode gap.

Building a mathematical model of the limiting interelectrode gap is of the most sig-
nificant theoretical and practical interest. In this case, the limiting gap will be understood
as the maximum value of the geometric gap, at which a stable flow of electric discharges
begins. Themathematical model of the limiting interelectrode gap is a function of several
variables that makes it possible to determine the gap’s value with the required accuracy
at all points of a predetermined region for determining the electrical modes and process
conditions.
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A theoretical solution to the problem of building such a model is currently not pos-
sible. In this regard, the most expedient is the use of mathematical methods for planning
experiments, making it possible to solve such problems in conditions of incomplete
knowledge of the mechanism of phenomena [13, 14]. The experiment’s design gives the
result with a minor error and allows minimizing the number of experiments.

Based on qualitative analysis, it was established that the most significant effect on
the value of the limiting interelectrode gap is exerted by the energy characteristics of
electrical discharge grinding, determined by the electrical modes of the process. As
factors in building a mathematical model of the limiting interelectrode gap were chosen:
U – ignition pulse voltagea; I – discharge current pulse amplitude; f – pulse frequency;
q – pulse duty cycle. The intervals and levels of variation of factors are shown in Table 1.

Table 1. Levels and intervals of a variety of factors.

Natural designation of a factor U, V I, A f , KHz q

Factor code designation X1 X2 X3 X4

Top level 45 22 66 1.5

Lower level 5 2 22 0.5

Main level 25 12 44 1.0

Variation interval 20 10 22 0.5

The sought a power function of the type represented functional dependence:

S = CUxIyf zqv, (2)

where – C, x, y, z, v constants determined after implementing the planned experiments.
In order to obtain a power dependence, the optimization parameter was transformed

by considering the logarithm. To set up the experiment, a complete factorial design of
type 24 was implemented in four randomized series,whichmade it possible to assess each
factor’s influence independently. The planning matrix and the results of the experiments
are presented in Table 2.

The formulas determined the regression coefficient values:

bi =
∑N

i=1 xiuȳ

N
; (3)

bu =
∑N

i=1 ȳ

N
; (4)

bij =
∑N

i=1 xiuxjuȳ

N
; (5)

where xiu – xi factor value in u-th experiment; xju - xju factor value in u-th experiment;
ȳ – optimization parameter value in the same experiment; N – number of experiments.
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Table 2. Levels and intervals of factor variation.

Experiment
no.

X1 X2 X3 X4 S̄, µm

1 5 2 22 0,5 14

2 45 2 22 0,5 43

3 5 22 22 0,5 37

4 45 22 22 0,5 111

5 5 2 66 0,5 10

6 45 2 66 0,5 31

7 5 22 66 0,5 26

8 45 22 66 0,5 79

9 5 2 22 1,5 11

10 45 2 22 1,5 32

11 5 22 22 1,5 27

12 45 22 22 1,5 82

13 5 2 66 1,5 7

14 45 2 66 1,5 23

15 5 22 66 1,5 20

16 45 22 66 1,5 59

The coefficients’ significance was assessed by comparing the coefficient’s absolute
value with the value of the confidence interval.

The analysis showed that the coefficients b0, b1 b2, b3, and b4 could be considered
significant with a 95% confidence level. The regression coefficients for pairwise inter-
actions and also for higher-order interactions are statistically insignificant. Thus, the
regression equation is as follows:

y = 7.10+ 1.06X1 + 1.69X2 − 0.06X3 − 2.06X4 (6)

The adequacy of the model, that is, its ability to predict the actual response values
with the required accuracy, was tested by Fisher’s criterion:

F = S2ad
S2{y}

(7)

where S2{y} – experiment reproducibility variance; S2ad – residual variance or variance of
adequacy.
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The Fisher criterion’s calculated value turned out to be less than the tabular value
at a 5% significance level. Therefore the resulting model is adequate. After decod-
ing and potentiating, the mathematical model of the limiting interelectrode gap can be
represented as:

S = 7.10
U 1.06I1.69

f 0.06q2.06
. (8)

4 Results

Figures 2, 3 and 4 show a graphical interpretation of the obtained mathematical model
after experimental studies.

Fig. 2. Response surface S – (U, f ). Parameters of calculation I = 12 A, q = 1.0.

Graphical dependency analysis: Fig. 2 shows that with an increasing voltage of the
ignition pulse, the limiting gap increases. This can be explained by increasing the voltage
with all other equal parameters, the electric field strength increases and facilitates the
breakdown of the gap between the electrodes.

An increase in the discharge current amplitude (Fig. 3) leads to an increase in a
gap. In this case, the volume of the vapor-gas mixture in the gap increases, facilitating
breakdown and leading to an increase in the limiting gap.

The pulse frequency and duty cycle (Fig. 4) have less influence on the value of the
limiting interelectrode gap. With all other equal parameters, an increase in frequency
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Fig. 3. Response surface S – (I, f ). Parameters of calculation U = 25 V, q = 1.0.

Fig. 4. Response surface S – (f , q). Parameters of calculation U = 25 V, I = 12 A

and duty cycle leads to a decrease in the interelectrode gap. This fact can be explained
as follows. One of the prerequisites for breakdown is conducting conductive bridges due
to the redistribution of solid particles suspended in a liquid [15, 16].
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With longpulses, chains andbridges are formed faster and reach longer distances than
with short ones. An increase in the pulse frequency and duty cycle leads to a decrease in
the pulse duration, while the gradient of the breakdown potential of the liquid dielectric
increases and the interelectrode gap at which a stable flow of electric discharges begins
decreases.

It was experimentally established that the most significant factors that affect the
interelectrode gap are the voltage of the ignition pulse and the amplitude of the discharge
current. When working with an optimal interelectrode gap, the role of pre-fracture of cut
thin layers of the workpiece material on the cutting surface increases significantly since
this surface is not shielded by chips, which can receive the primary energy of the electric
discharge. Thus, under the conditions of electro-discharge grinding, electric discharge
erosion acts in the interelectrode gap. Its action on the cutting surface in the place of
the most significant cut thickness contributes to the chip formation process’s facilitation
due to the cut layer’s pre-destruction.

5 Conclusions

It was found that the processing zone is characterized by an interelectrode gap with the
dominance of breakdown discharges, with the bridging bridges-chips with the initiation
of discharges excited by explosive electric erosion.

The size of the interelectrode gap has a significant effect on the processes of the ED
gap development. As a result of the study, it was found that the most significant effect
on the value of the interelectrode gap is exerted by the energy characteristics of ED
grinding, determined by the electrical modes of the process.

The functional dependence of ED gap value has been obtained with which it is
possible to determine the value of the optimal interelectrode gap for various electrical
parameters of ED grinding. It was found that the most significant factors that affect the
interelectrode gap are the voltage of the ignition pulse and the amplitude of the discharge
current. The frequency and duty cycle of pulses have a minor effect on the ED gap limit’s
value. All other things being equal, an increase in frequency and duty cycle leads to a
decrease in the interelectrode gap.

In the future, experimental studies will be directed to determine the value of the
ED gap from the mechanical modes of grinding and the characteristics of the tool: the
speed of the grinding wheel V, the depth of cut t, the tool grit z, the concentration of
diamonds in the wheel k. Undoubtedly, these parameters will affect the size of the EDM
gap. Due to the high complexity of the complete factorial experiment’s implementation,
only electrical modes of the grinding process have been used in work: the voltage of the
ignition pulse U, the amplitude of the discharge current pulse I, the pulse frequency f ,
and the duty cycle q.
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Abstract. The oil and gas industry uses drilling, casing, and compressor pipes
connected by threaded couplings. Variable tensile forces load a drill string during
its operation in a well. Experience shows that pipes are destructed on the body
of the pipe or in the thread’s roots. It indicates the importance of studying the
contact stresses in the elements of threaded joints. To theoretically determine
the distribution of contact stresses in a “pipe - coupling – pipe” thread joint,
an integral equation is drawn up with the thread joint’s contact pressure as an
unknown variable. To develop this equation, it is necessary to determine the radial
displacements and angles of rotation of the normal in the coupling and pipes
caused by a single annular force or a single annular moment applied in any normal
cross-section. Based on the theory of thin shells of finite length, a method for
determining the radial displacements of shell middle surface points (coupling),
due to the annular force applied in its arbitrary cross-section, as well as the angles
of rotation of the normal to its middle surface caused by these force factors. The
fact that the annular moments in the right and left parts of the coupling are opposite
has been considered.

Keywords: Pipe · Coupling · Thread joint · Shell · Force loads · Contact pressure

1 Introduction

Pipes are widely used in the oil and gas industry for drilling and operation of wells
and transportation of production products. Pipes are connected by welding or by thread
joints. A key advantage of thread joints over other connection methods is that they can
be disassembled and reused. In particular, thread joints are widely used to maintain the
structural integrity and tightness of drill pipes, casings, and tubes in wells. Distribution
of load and contact stresses among thread elements of compressor pipes and casings
significantly impact the optimization of joint structures, control of the pre-tightening
force, and prevent threads’ failure [1]. In addition to the aforementioned joints, designs
of many machine and mechanism designs envisage thread joints of thin-walled parts
(for example, head-cylinder block connection in internal combustion engines). In this
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case, shells can schematize the thread joints’ parts when calculating the strength and
load distribution between turns of a thread.

The distribution of load and contact stresses in thread joints have been studied in
many works, and general approaches to such problems can be divided into three main
areas [1, 2]. The first direction is based on analytical methods, the work of the second
direction is based on the finite element method, and the third direction – uses field
experiments. Our work develops the first analytical direction of research.

2 Literature Review

Experience in drilling shows that drilling tools operate in difficult conditions under high
loads and high temperatures [3]. When designing contact pairs, it is important to use
modern methods to ensure the desired properties of contact surfaces and wear resistance
of parts. Therefore, the study of diffusion processes [4], modeling of plastic deformation
[5, 6], and the study of structural changes [7] are relevant for the development ofmaterials
for pipes.

Imperfections in pipe design and cyclic loads cause most destruction of thread joints
of pipes [8]. Pipes are made of different materials, and protectors, dampers, and hubs
improve pipes’ operating conditions and threads [9, 10]. Frictional hardening [11], laser
hardening [12], and coating [13–15] are used to strengthen pipes and their threads. The
use of polymers is also promising [16, 17].

Also, the workability of thread joints is significantly affected by technological meth-
ods of their manufacture [18, 19], equipment [20], and errors in the manufacture of
thread profile [21]. Therefore, the main trends in improving the reliability of thread
joints are improving engineering methods of calculation, increasing structural strength,
the technology of manufacture, assembly, and operation [22–24].

Analysis of modern research indicates some basic directions concerning estimation
of contact stresses in thread joints in engineering practice.

The first direction is to schematize a real object of calculation and develop simplified
mechanical and mathematical models to describe its behavior analytically by classical
means of mechanics of a deformable solid body [25, 26]. Analytical approaches to
calculating layered structures’ strength and rigidity under local and temperature loads
[27, 28] remain relevant and continue developing. A method for determining the contact
stresses on the surfaces of conjugate parts and finding the relationships between the
load and the slip zone’s size in contact with friction is proposed [29]. Clarification of
contact interaction models of rod surface with an elastic or inelastic medium is required
for the safe operation of long objects [26, 30]. The work [31] has proposed a method to
refine pressure calculation and temperature distribution along the good pipes; the study
[32] has investigated stress distribution in pipes and [33] – influence of the drill string
geometry in the well on its cleaning quality.

The second direction of research is the use of numericalmethods to determine contact
stresses in thread joints. Researchers often use the finite element method and universal
software for automated engineering calculations [30, 31, 33].Modern numericalmethods
for stating and solving contact problems on the interaction of elastic bodies are presented
in [34–36] and pipes [37].
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The third direction of research is based on the results of laboratory or industrial
experiments [38]. It aims to consider all the essential contact interaction parameters in
thread joints and identify features of threads’ behavior under operating loads.

When analyzing the load distribution problem on turns of thread joints, authors
usually use the theory of thin-walled shells and eventually come to the key integral
equation to determine the contact pressure on the side surfaces of thread turns [1, 2, 39].
To develop an equation in each case, it is necessary to find the so-called coefficients
of influence for the thread joint elements. For engineering practice, it is essential to
develop a simple method of determining such coefficients for the finite shell. This need
has become the main motivation of our study.

3 Research Methodology

A coupling of pump-compressor pipes is under tensile forces during operation. The
contact forces between the turns of the pipe-coupling thread cause three distributed
force factors qz , qn, m on the cylindrical surfaces of thread roots, which is schematically
shown in Fig. 1 [39]. Axial forces qz1, qz2 react axial load Q and cause stretching of
pipes and couplings. Normal annular forces qz1, qz2 and annular moments m1 im2 lead
to radial displacements of the middle surface points of the coupling and the pipe.

Fig. 1. The model of contact interaction in the pipe - coupling thread joint: 1 – pipe, 2 – coupling.

The work [39] has studied the problem of load distribution in thread joints of shells.
The authors obtained an integral equation where pressure on the surface of the thread
turns of two shells is unknown. Similarly, the integral equation is obtained for the cou-
pling of two pipes when all the elements of such a connection are shells. To solve this
equation, it is necessary to pre-determine many variables for the coupling and the pipes.

It should be determined the following: radial displacement of shell middle surface
points in the cross-section z refer to single annular force in the cross-section ξ (variable
Kn2(z, ξ); and the angles of rotation of the normal to the middle surface of the shell
caused by both single annular force and annular moment in cross-section z refer to
specified annular force factors applied in the ξ cross section (variable K ′

n2(z, ξ)).
In this paper, a restriction is made on the definition of the mentioned above variables.

They can be specified only for the coupling that joins the two pipes. Given this, we
formulate the purpose of this work.
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The aim is to specify radial displacement of shell middle surface points and angles
of rotation of the normal to the middle surface of the shell for coupling to solve the
integral equation for determining the pressure on the turns’ working surfaces.

To achieve this goal, it is necessary to solve the following tasks:

– solve the boundary problem to determine the radial displacement of shell middle
surface points (coupling) due to the annular force applied in its arbitrary cross-section;

– specify the angles of rotation of the normal to the middle surface of the shell caused
by annular moments of the left and right halves, directed in opposite directions.

In this research, we neglect the details of the thread material’s deformation and
consider the contact bodies as thin shells. A finite shell of length L is considered. An
arbitrary annular force P(ξ) is applied in its arbitrary normal cross-section ξ . The edges
of the shell are free of load. It is necessary to find the radial displacements w of its middle
surface points (Fig. 2).

For a circular cylindrical shell under an axisymmetric load, the differential equation
of equilibrium has the form [39, 40]:

d4w

dz4
+ 4β4w = q

D
, (1)

where w is the radial displacement (deflection) of the shell; β4 = 3
(
1−v2

)

r2h2
; r, h – radius

of the middle surface and thickness of the shell; D – is the cylindrical stiffness of the
shellD = Eh3

12(1−v2)
; E, v – modulus of elasticity and Poisson’s ratio of the shell material;

q – component of radial load.
For the shell under consideration:

q = P(ξ)δ+(z − ξ), (2)

where P(ξ) – annular force, δ+(z − ξ) – asymmetric impulse
function [38], δ+(z − ξ) = d

dz S+(z − ξ), and S+(z − ξ) – asymmetric unit function
(
S+(z − ξ) =

{
0 npuz − ξ ≤ 0,
1 npuz − ξ > 0

)

.

Given (2) and the conditions at the edges of the shell, there have been obtained the
boundary value problem:

d4w

dz4
+ 4β4w = P(ξ)

D
δ+(z − ξ), (3)

d2w

dz2

∣∣∣∣
z=0

= 0,
d3w

dz3

∣∣∣∣
z=0

= 0,
d2w

dz2

∣∣∣∣
z=L

= 0,
d3w

dz3

∣∣∣∣
z=L

= 0 (4)
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Fig. 2. The finite shell loaded with annular force P(ξ).

We have found an analytical solution to the problem (3) and (4)

w = P(ξ)

4β3D

V3(βL)V2(β(L − ξ)) − V4(βL)V1(β(L − ξ))

V 2
3 (βL) − V4(βL)V2(βL)

V1(βz)

+ P(ξ)

4β3D

V3(βL)V1(β(L − ξ)) − V2(βL)V2(β(L − ξ))

V 2
3 (βL) − V4(βL)V2(βL)

V2(βz)

+ P(ξ)

β3D
V4(β(z − ξ))S+(z − ξ). (5)

which is expressed through Krylov functions

V1(βz) = chβz cos βz, V2(βz) = 1
2 (chβz sinβz + shβz cos βz),

V3(βz) = 1
2 shβz sinβz, V4(βz) = 1

4 (chβz sinβz − shβz cos βz);
}

If we substitute P(ξ) = 1N in (5), we obtain the desired valuable Kn2(z, ξ) I.e., the
displacement of the shell middle surface points (coupling) in section z from the single
annular force placed in section ξ (the notation [39] is preserved here).

Taking the derivative of z from the analytical expression (5) for P(ξ) = 1N , we
obtain the formula for angles of rotation of the normal to the middle surface of the shell,
which occur when it is loaded by the annular force in the arbitrary cross-section

K
′
n2(z, ξ) = − 1

4β2D

V3(βL)V2(β(L − ξ)) − V4(βL)V1(β(L − ξ))

V 2
3 (βL) − V4(βL)V2(βL)

V4(βz)

+ 1

4β2D

V3(βL)V1(β(L − ξ)) − V2(βL)V2(β(L − ξ))

V 2
3 (βL) − V4(βL)V2(βL)

V1(βz)

+ 1

β2D
V3(β(z − ξ))S+(z − ξ). (6)

We proceed to consider the boundary value problems for determining the radial
displacements of the shell middle surface points, which arise when the annular moments
are applied on its inner side (Fig. 3). The annular moments for the left and right halves
have opposite directions.
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Fig. 3. The finite shell loaded with annular moments: a – for the left half of the shell; b – for the
right half of the shell.

Given the shell with the length of L. The annular moments M (ξ) are applied on its
inner side, the directions of which differ for the left and right halves of the shell. The end
sections of the shell are free from bendingmoments and transverse forces. It is necessary
to find the radial displacement of shell middle surface points (coupling).

The surface load is specified as

q = −M (ξ)

D
δ

′
+(z − ξ)sgn

(
ξ − L

2

)
.

As a result, we obtain a boundary value problem:

d4w

dz4
+ 4β4w = −M (ξ)

D
δ

′
+(z − ξ)sgn

(
ξ − L

2

)
(7)

d2w

dz2

∣∣∣∣
z=0

= 0,
d3w

dz3

∣∣∣∣
z=0

= 0,
d2w

dz2

∣∣∣∣
z=L

= 0,
d3w

dz3

∣∣∣∣
z=L

= 0 (8)

w =
{
M (ξ)

4β2D
V1(β(L−ξ))

V 2
3 (βL)−V4(βL)V2(βL)

[V2(βL)V2(βz) − V3(βL)V1(βz)]

+ M (ξ)

β2D
V4(β(L−ξ))

V 2
3 (βL)−V4(βL)V2(βL)

[V3(βL)V2(βz) − V4(βL)V1(βz)]

− M (ξ)

β2D
V3(β(z − ξ))S+(z − ξ)

}
sgn

(
ξ − L

2

)
.

(9)

The function K
′
m2(z, ξ) of the angle of rotation of the normal to the middle surface

in the section z refer to a single annular moment in the section is found by differentiating
of formula (9) forM (ξ) = 1Nm.
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As a result, we have obtained

K
′
m2(z, ξ) =

{
V1(βz)

4βD

V1(β(L − ξ))V2(βL) + 4V4(β(L − ξ))V3(βL)

V 2
3 (βL) − V4(βL)V2(βL)

+ V4(βz)

βD

V1(β(L − ξ))V3(βL) + 4V4(β(L − ξ))V4(βL)

V 2
3 (βL) − V4(βL)V2(βL)

− 1

βD
V2(β(z − ξ))S+(z − ξ)

}
sgn

(
ξ − L

2

)
. (10)

4 Results

There have been developed graphs according to relations (5), (10).
Figure 4 shows the graphical dependences ofKn2(z, ξ) for different values of ξ = 0,

03; 0,05; 0,07 m obtained by formula (5) for the coupling HKM-89-E State Standard
GOST 633-80.

Parameters of this coupling: nominal diameter 89 mm, length L = 146 mm.
Analyzing the graphical dependences (Fig. 4), we see that the cross-section of

the shell with maximum Kn2(z, ξ) coincides with the coordinate of the annular force
application.

Fig. 4. Radial displacement of the shell middle surface points (coupling) caused by the annular
force.

Figure 5 shows the graphical dependences of K ′
m2(z, ξ), i.e., radial displacement of

shell middle surface points from the single annular moment for different values of ξ = 0,
03; 0,05; 0,07 m obtained by formula (9) for the coupling HKM-89-E State Standard
GOST 633-80.
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Fig. 5. Radial displacement of shell middle surface points refer to the single annular moment
M (ξ) = 1Nm.

5 Conclusions

As a result of the new analytical studies, there have been specified the radial displacement
and the angles of rotation of the normal of the finite shell (coupling) caused by the single
annular force P(ξ) or the single annular moment applied in the arbitrary section of this
shell. It is established that the shell’s cross-section with maximum coincides with the
coordinate of the annular force application.

Thus, analytical relations of influence functions have been obtained to develop inte-
gral equations of contact problems for cylindrical shells’ thread joints. Further research
is planned to improve the method of solving integral equations for contact pressure on
the coupling-pipe thread joints’ working surfaces.
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Abstract. Blockchain technology bears an enormous potential to revolutionize
markets and economies. Previous research studies on investments in blockchain
technology were carried out as part of the paradigm of investing in speculative
assets without focusing on the launch of the blockchain at the company level.
Currently, there is no scientific basis for properly evaluating the investments in
blockchain information management systems that help managers and investors in
the decision-making processs. Authors assume that the evaluation/scoring model
for investment in blockchain information systems, based on business angels’
investment criteria, is the solution for this market. The study’s research problem
is that the vast majority of the stakeholders do not look at blockchain investments
through the paradigm of investing in blockchain informationmanagement systems
from the company perspective. The research aims to identify the main groups of
investment criteria for blockchain investments and create a theoretical framework
based on the literature overview for further analysis.

Keywords: Blockchain technology · Initial coin offering · Distributed ledger ·
Theoretical framework

1 Introduction

Thegrowingnumber of start-ups usingblockchain as an informationmanagement system
active in industries ranging from education to insurance services to telecom and supply
chain shows the quick adoption of this technology across many major domains of our
everyday life [1–4]. To be more precise, Gartner predicts that by 2025 the blockchain
will have added slightly over $176 billion to the overall capitalization of businesses
worldwide, which will then surge by 2030 to exceed $3.1 trillion [5].

From the authors’ point of view, scam is the main reason why the amount of funds
raised with the help of Initial Coin Offering ICOs is dramatically decreasing since Q2
2018 [6]. Authors think that ICO received a bad reputation as a fundraising method, and
blockchain start-ups need to find alternative fundraising sources. It is very important to
notice that ICO scams also became possible due to the lack of analysis and due diligence
from the investors’ side.
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The study’s research problem is that the vast majority of the stakeholders do not look
at blockchain investments through the paradigm of investing in blockchain information
management systems from the company perspective.

The research aims to identify the main groups of investment criteria for blockchain
investments and create a theoretical framework based on the literature overview for
further analysis.

2 Literature Review

At the phase of problem identification, the authors have analyzed the literature sources
describing the investments in the blockchain area and business angels’ investment
criteria.

To understand the main trends in the academic studies related to blockchain tech-
nology, authors created a database consisting of 6,494 articles published from 2015 to
2019, selected for the keyword “blockchain” in the following scientific databases:

• SSRN, 844 articles
• Scopus, 2,312 articles
• Springer, 2,054 articles
• EmeraldInsight, 37 articles
• EBSCO, 985 articles
• ScienceDirect, 246 articles
• Web of science 16 articles

After reviewing the theses, the authors received a general opinion on blockchain
technology research and revealed a lack of publications on blockchain start-ups’
investments.

To determine the main research topics and the position of the scientific community
concerning investments in areas related to the blockchain, authors structured the collected
database, focusing on three keywords: “Initial Coin Offering”, ICO”, “Security Coin
Offering”, “Security Token Offering”, “STO” and “invest”.

As a result of this structuring, 169 references were selected for detailed analysis.
Focusing on the relevance of the topic of investment in the blockchain, 128 literary
sources were selected.

Previous researchers reviewed investments in areas related to blockchain from
different points of view.

The paper “Initial Coin Offerings” claims that the management team’s quality is
a first-order predictor for virtual currency projects’ success. Highly visionary projects
trade at a discount due to an increased probability of failure. Also, the ICO market is
very sensitive to adverse industry events [7]. This article also focuses on the factors not
related to investments in blockchain technology or projects utilizing it.

The study ICOs to FinanceNewVentures For investors indicates that high investment
risk can be reduced by a careful evaluation of several characteristics, such as the venture’s
source code and the technical informationprovided in awhite paper. This also implies that
it may be worthwhile for investors to familiarize themselves with DLT to understand the
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technical information the venture provides more accurately. This study further indicates
that traditional venture quality indicators may not be as useful in the ICO context as they
are in other domains of entrepreneurial finance [8].

The authors agree that the venture’s source code and the technical information pre-
sented in the white paper are important, but this approach is not too complicated. Many
projects are not ready to publish source code. The technical data provided in a white
paper is can only provide a vision of technological perspective.

Traditional venture quality indicators provide a more complex overview of the
project.

The article Initial CoinOfferings and Entrepreneurial Finance: the Role of Founders’
Characteristics provides tests on the effects of disclosure of founders’ background infor-
mation and the founding team’s collective human capital on ICO outcomes. Authors of
this article find both the disclosure of founders’ information and the founding team’s
human capital are associated with better ICO outcomes measured either by the total
amount raised or the fundraising speed. The results highlight the importance of informa-
tion disclosure and human capital in entrepreneurial finance. The list of factors reviewed
in this article is below [9].

In the articles about blockchain investments, the top three groups of topics are
ICO regulation and Legal aspects; General information about the ICO as a fundraising
method;General information about the cryptocurrency investments. Authors assume that
researchers look at blockchain technology as a fundraising method but not as technology
like the internet, virtual reality, or even electricity.

Some researchers are trying to understand the reasons to invest in the Initial Coin
Offerings that is why authors reviewed articles related to the following topics: ICO
selection/scoring [8, 10–12] and ICO success determinants [7, 9, 13].

3 Research Methodology

Table 1 summarized previous researchers’ vision regarding the reasons to invest in
the ICOs and formed a basis of our research methodology. Due to the specific ICO
investments, the focus of the observed research was on the ICO characteristics, social
and informational aspects, and online ratings. The majority of the authors highlight the
importance of the ICO project team.

These articles are also focused on the investments in speculative assets powered by
blockchain technology but not in blockchain technology.

Nowadays, the scientific community is focusing on the use of blockchain technology
for fundraising needs. The researchers are not focused on the investments in blockchain
technology from a company perspective.

Based on the literature overview, the authors assume that this approach leads to one
of the possible research gaps – a scoring model for investments in blockchain start-ups.

Since the investment process is associatedwith an informational asymmetry between
the investor and the project, the authors will adhere to contract theory.

As far as an investment process for blockchain investors is associated with profit
expectation, authors will also adhere to rationalism theory.
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Table 1. Summary of the factors for investments in ICO/STO

Author Year Factors/Investment
criteria/Groups of criteria

Country

Yadav [12] 2017 Legal aspects, Company age,
Token characteristics, Token
distribution, sentiments of the
crypto community around the
projects; Promotion bounties and
paid promotion; Information
quality in the project White paper

Germany

Hargrave, Sahdev and Feldmeier
[10]

2018 Market of the Token, Competitive
advantage, Management team,
User adoption (publicity), Token
Mechanics,

USA and EU

Rhue [11] 2018 Social/information, Ratings USA

Fisch et al. [8] 2018 Ideological motives,
Technological motives, Financial
motives (not factors or criteria)

Netherlands

Momtaz [7] 2018 Management team USA

Fisch [8] 2018 Source code, Technical
information

Netherlands

An et al. [9] 2018 ICO characteristics, Founder
characteristics, Team
characteristics, Market
characteristics

Scotland

de Jong, Roosenboom and van der
Kolk [13]

2018 Informational transparency,
Quality rating by cryptocurrency
experts, ICO stages and timing,
Pre- ICO GitHub repository,
Project team

Netherlands

Martino, Bellavitis and DaSilva
[14]

2019 Democratized participation in
global capital markets, subsequent
appreciation in the value of
investments

Italy
New Zealand
Switzerland

Ante and Fiedler [15] 2019 Project team, advisors, and social
media network

Germany

Albrecht, Lutz and Neumann [16] 2019 Social media network Germany

Momtaz [17] 2020 Chief Executive Officer
(management team)

USA

(continued)
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Table 1. (continued)

Author Year Factors/Investment
criteria/Groups of criteria

Country

Meyer and Ante [18] 2020 Jurisdiction of ICO, blockchain
infrastructure, token allocation,
length of an ICO campaign,
whitepaper

Germany

Table 2. Major groups of business angels’ investment criteria

Author Year Groups of criteria Country

Haar et al. [19] 1988 Managing team, market, track record USA

Mason and Harrison [20] 1996 Entrepreneur/managers; market; financial
criteria

UK

Landstrom [21] 1998 Entrepreneur, product/market, financial
criteria

Sweden

Yasuhisa [22] 1999 Competitiveness of goods/services;
entrepreneurial skills and “chemistry” in
relations with an entrepreneur

Japan

Feeney et all [23] 1999 Entrepreneur; growth potential; profit UK (Scotland)

Van Osnabrugge [24] 2000 Entrepreneur; market/product; financial
criteria

UK

Stedler and Peters [25] 2002 Entrepreneur/management; product; market;
financial criteria; growth potential

Germany

Mason and Harrison [26] 2002 Development stage; industry/technology;
location

UK

Mason and Harrison [27] 2003 Presentation; market; product UK

Mason and Stark [28] 2004 Entrepreneur/managers; investor
involvement; financial criteria

UK

Sudek [29] 2006 Entrepreneur; trust; management team; exit USA

Clark [30] 2008 Entrepreneur/management; market, product UK

Maxwell et al. [31] 2011 Product; market, entrepreneur/management;
financial criteria

Canada

HBAN and EBAN [32] 2013 Management team; exit potential, income
potential

Iceland

The theoretical framework of the research is based on the results of a brief lit-
erature review. Independent variables – groups of investment criteria connected with
the dependent variable “Investment decision” through the mediating variable investor’s
personality.

Authors assume that business angels as a type of investor are the most important and
applicable source for determining investment criteria for blockchain start-ups.
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Based on the research described in Table 2, the authors have created the conceptual
model that assumes that there are six main groups of investment criteria for business
angels: criteria related to the characteristics of the entrepreneur (founder) and the man-
agement team; criteria related to the market and growth potential; criteria related to the
characteristics of the product/service; financial criteria; criteria related to exit from the
investment (exit); criteria related to the involvement of a business angel in the project.
The authors intend to adopt these groups of investment criteria for projects utilizing
blockchain technology.

The authors propose that, despite the blockchain technology’s novelty, the adopted
traditional groups of investment criteria are applicable for the blockchain start-ups and
investors. These groups of investment criteria are marked as independent variables in
Fig. 1.

The authors have identified a potential prospective solution for investments in
blockchain information management systems based on business angels’ investment
criteria as a scoring model.

4 Results

The authors developed the theoretical framework based on the traditional groups of
investment criteria for business angels. These groups of investment criteria are marked
as independent variables in Fig. 1. They impact the dependent variable (investment
decisions) through mediating variables (investors’ personality).

Fig. 1. The theoretical framework of further research

The authors have defined methods and research steps that formed the basis for the
convergent approach to forming the presented theoretical framework (Table 3).

The data collection and validation of results will also be divided into two steps:

1. The first step is interviewing experts and developing surveys using the Delphi
method.
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Table 3. Methods and research steps

Phase Proposed process step Method and approach

Problem identification State of research Literature review

Data collection and validation of
results

Interviews with experts Delphi, Interview

Survey for investors and
managers/founders

Survey

Development and
implementation

Scoring model
development/differences
identification

Statistical methods, Methods
of mathematical analysis

Evaluation of results Interviews with experts Interview

2. The second is two polls: a survey of blockchain investors and a survey of
managers/founders of blockchain start-ups.

The development and implementation phase will have two results:

1. Scoring model for investments in blockchain start-ups.
2. The list of differences in vision regarding investment criteria between investors and

blockchain start-ups.

These results will be achieved, and further research will be conducted based on data
collectedwith a survey using statisticalmethods andmathematical analysismethods. The
authors are going to evaluate the results of the study with the help of expert interviews.

5 Conclusions

As a result of the research, the authors identified the six main groups of business angels’
investment criteria applicable to blockchain investments. The scientific community is
trying to understand the general aspects of investing in ICO/cryptocurrency at this stage,
paying special attention to the legal aspects. Researchers view investments in blockchain
technology through the ICO/STO paradigm. ICO/STO projects are very speculative
investments and often utilize blockchain technology only to issue a token – a speculative
asset. Despite the high level of interest from the scientific community to the blockchain
field, investment criteria or scoring model for investment in blockchain start-ups has not
yet been developed.

References

1. Cbinsights Homepage, Banking Is Only the Beginning: 50 Big Industries Blockchain Could
Transform. https://www.cbinsights.com/research/industries-disrupted-blockchain/. Accessed
06 Apr 2019

https://www.cbinsights.com/research/industries-disrupted-blockchain/


172 A. Davydovitch et al.

2. Chen, G., Xu, B., Lu, M., Chen, N.-S.: Exploring blockchain technology and its potential
applications for education. Smart Learn. Environ. 5(1), 1 (2018). https://doi.org/10.1186/s40
561-017-0050-x

3. IBM Homepage, The building block of an insurance revolution education. https://www.ibm.
com/downloads/cas/N3XRQABZ. Accessed 06 Apr 2019

4. Karabegovic, I., Karabegovic, E., Mahmic, M., Husak, E.: The role of smart sensors in pro-
duction processes and the implementation of Industry 4.0. J. Eng. Sci. 6(2), B8–B13 (2019).
https://doi.org/10.21272/jes.2019.6(2).b2

5. Gartner Homepage, Practical Blockchain: A Gartner Trend Insight Report, https://www.gar
tner.com/en/documents/3628617. Accessed 04 Oct 2019

6. ICORATING Homepage, Market Statistics. https://icorating.com/statistics/market/.
Accessed 04 June 2019

7. Momtaz, P.: Initial Coin Offerings (2018). https://papers.ssrn.com/sol3/papers.cfm?abstract_
d=3166709. Accessed 05 Jan 2019

8. Fisch, C., et al.: Motives to Invest in Initial Coin Offerings (ICOs) (2018). https://doi.org/10.
2139/ssrn.3287046. Accessed 25 Jan 2019

9. An, J., et al.: Initial coin offerings and entrepreneurial finance: the role of founders’
characteristics. J. Altern. Invest. (2018)

10. Hargrave, J., Sahdev N.K., Feldmeier, O.: How Value is Created in Tokenized Assets (2018).
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3146191. Accessed 05 Jan 2019

11. Rhue, L.: Trust is All You Need: An Empirical Exploration of Initial Coin Offerings (ICOs)
and ICO Reputation Scores (2018). https://doi.org/10.2139/ssrn.3179723. Accessed 23 Jan
2019

12. Yadav, M.: Exploring Signals for Investing in an Initial Coin Offering (ICO) (2017). https://
papers.ssrn.com/sol3/papers.cfm?abstract_id=3037106. Accessed 05 Jan 2019

13. de Jong, A., Roosenboom, P., van der Kolk, T.: What Determines Success in Initial Coin
Offerings? (2018)

14. Martino, P., Bellavitis, C., DaSilva, C.M.: Blockchain and Initial Coin Offerings (ICOs): A
New Way of Crowdfunding (2019)

15. Ante, L., Fiedler, I.: Cheap signals in security token offerings (STOs). Quant. Finan. Econ.
4(4), 608–639 (2020). https://doi.org/10.3934/QFE.2020028

16. Albrecht, S., Lutz, B., Neumann, D.: The behavior of blockchain ventures on Twitter as a
determinant for funding success. Electron. Mark. 30(2), 241–257 (2019). https://doi.org/10.
1007/s12525-019-00371-w

17. Momtaz, P.: CEO emotions and firm valuation in initial coin offerings: an artificial emotional
intelligence approach. Strat. Manage. J. (2020)

18. Meyer, A., Ante, L.: Effects of initial coin offering characteristics on cross-listing returns.
Digit Finance (2020)

19. Haar, N., Starr, J., MacMillan, I.: Informal risk capital investors: investment patterns on the
east coast of the USA. J. Bus. Ventur. 3(1), 11–29 (1988)

20. Mason, C., Harrison, R.:Why ‘Business Angels’ say no: a case study of opportunities rejected
by an informal investor syndicate. Int. Small Bus. J. 14(2), 35–51 (1996)

21. Landstrom, H.: Informal investors as entrepreneurs. Technovation 18(5), 321–333 (1998)
22. Yasuhisa, T.: Business angels in Japan. Ventur. Capital Int. J. Entrep. Fin. (1999).
23. Feeney, L., Haines, G., Riding, A.: Private investors’ investment criteria: insights from

qualitative data. Ventu. Capital Int. J. Entrep. Fin.1 1999(2), 121–145 (1999)
24. Van Osnabrugge, M.: A comparison of business angel and venture capitalist investment

procedures: an agency theory-based analysis. Ventur. Cap. 2(2), 91–109 (2000)
25. Stedler, H., Peters, H.: Business angels in Germany: an empirical study. Ventur. Cap. 5(3),

269–276 (2002)

https://doi.org/10.1186/s40561-017-0050-x
https://www.ibm.com/downloads/cas/N3XRQABZ
https://doi.org/10.21272/jes.2019.6(2).b2
https://www.gartner.com/en/documents/3628617.
https://icorating.com/statistics/market/
https://papers.ssrn.com/sol3/papers.cfm%3Fabstract_d%3D3166709.
https://doi.org/10.2139/ssrn.3287046
https://papers.ssrn.com/sol3/papers.cfm%3Fabstract_id%3D3146191
https://doi.org/10.2139/ssrn.3179723
https://papers.ssrn.com/sol3/papers.cfm%3Fabstract_id%3D3037106
https://doi.org/10.3934/QFE.2020028
https://doi.org/10.1007/s12525-019-00371-w


Investments in Blockchain Information Management Systems 173

26. Mason, C., Harrison, R.: Barriers to investment in the informal venture capital sector. Entrep.
Reg. Dev. 14(3), 271–287 (2002)

27. Mason, C., Harrison, R.: Auditioning for money: what do technology investors look for at
the initial screening stage? J. Priv. Equity 6(2), 29–42 (2003)

28. Mason, C., Stark, M.: What do investors look for in a business plan? A comparison of the
investment criteria of bankers, venture capitalists and business angels. Int. Small Bus. J. 22(3),
227–248 (2004)

29. Sudek, R.: Angel investment criteria. J. Small Bus. Strat. Fall 2006/Winter 2007, 89–103
(2006)

30. Clark, C.: The impact of entrepreneurs’ oral ‘pitch’ presentation skills on business angels’
initial screening investment decisions. Ventur. Cap. 10, 257–279 (2008)

31. Maxwell, A., Jeffrey, S., Levesque, M.: Business angel early stage decision making. J. Bus.
Ventur. 26(2), 212–225 (2011)

32. Halo Business Angel Network, and European Business Angel Network, Raising Business
Angel Investment European Booklet for Entrepreneurs. http://www.eban.org/wp-content/upl
oads/2014/09/17.-European-Booklet-for-Entrepreneurs.pdf. Accessed 04 Jan 2017

http://www.eban.org/wp-content/uploads/2014/09/17.-European-Booklet-for-Entrepreneurs.pdf


Agile Project Management Based on Data
Analysis for Information Management Systems

Bohdan Haidabrus1,2(B) , Janis Grabis1, and Serhiy Protsenko3

1 Riga Technical University, 1, Kalku Street, Riga 1658, Latvia
2 Riseba University of Applied Science, 3, Meza Street, Riga 1056, Latvia

3 Sumy State University, 2, Rymskogo-Korsakova Street, Sumy 40007, Ukraine

Abstract. Nowadays, many projects and product managers, industry, and port-
folio leads understand that data from the project or portfolio can be valuable for
increasing their activities. There are many different types of project and portfolio
lifecycle processes of managers daily duties: pre-sales and sales, mobilization,
delivery, and closure phases. Definitely, in research, we focus on the processes,
staffing, governance, and reporting activities. The day-by-day tasks are quite regu-
lated and clearly described using templates and techniques as a company standard.
Our literature review shows that Data Science methods can increase the level of
project management and project success in several business problems. This study
gives new opportunities to improve project management evaluation and results
for managers, industry, and delivery leads. The proposed approach allows doing a
project, portfolio management, and agile development more accurately, consider-
ing best practices and project performance data. Moreover, our results can provide
more efficient benefits for different internal and external stakeholders.

Keywords: Agile development · Lean · Scrum · Safe · Project management ·
Data science · Data analysis ·Machine learning

1 Introduction

In the last years, more andmore companies are coming to understand that the data will be
very useful for analyzing their success. Of course, this is more related to project-oriented
companies implementing project management methodology in their activities. Different
types of IT projects such as custom web applications, software-as-a-service products,
mobile business apps, application programming interface (API), and integration require
improvement of project management and software development business processes.

This study developed an approach based on Data Science for searching internal
historical data from different projects. In particular, it includes specific project and port-
folio management methods and guides (PMBOK PMI, Prince 2, IPMA ICB 4.0, SAFe,
etc.) and software development techniques and approaches (Waterfall, Agile framework:
Scrum, Kanban, Lean, XP, etc.) [1]. We identified the data from many PM’s templates
and Agile Development reports, from Mobilization Overview, Staffing process, Deliv-
ery, and others. Key performance indicators based on data analysis help organizations
be successful in a long-term perspective.
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2 Literature Review

Nowadays, the ability to analyze and use data is one of the key factors affecting the IT
companies’ ability to work effectively in the long perspective [2, 3]. There are many
methodologies that follow the Agile framework. The most well-known among them
are Scrum, Kanban, Extreme Programming, Lean Software Development, Test-Driven
Development, Scaled Agile Framework, Large Scale Scrum, etc. [4–6]. Each method-
ology is unique and follows its own rules and techniques. Nevertheless, all of them
incorporate elements of iterative development and continuous feedback during mobile
apps development. AnAgile frameworkmakes it focused onmethods andmethodologies
aimed at making the project and portfolio team think, work and make decisions more
efficiently and successfully [7], including the use of recent AR/VR [8, 9] and smart
technologies [10].

The main factor affecting the projects’ successful implementation can be described
with the so-called overall Agile framework. Tree horizons from Agile project lifecycle
consist of the following components which answering for such questions: how we sell,
how we set up, how we manage, how we share? There are several ways to investigate
planning indicators related to the deadlines [11]:

– Pre-Sales and Sales is focused on answering the questions of how we sell. Pre-Sales
usually takes place at target right clients, accounting planning, and deal organization.
A good Sales plan is updated during the project and consists of: quality opportunities,
develop and submit a proposal, finalize and sign a contract.

– Mobilization takes place at the start of each process iteration, staffing processes, tools,
and facilities. The main question at this step is: how we set up?

– Delivery processes are designed to coordinate work and how to manage: governance
and reporting, compliance controls, business continuity, quality reviews, continuous
improvement, client satisfaction.

– Closure is focused on answering the questions of how we share and cover innovation
success stories, credentials and lessons learned, and project closure processes.

First, it emphasizes that plans are created for different reasons. The daily schedule
is very precise, the iteration plan is less accurate and lists user stories for each iteration,
while the release planning is the least accurate of all and only contains a prioritized list of
desired features for the project. Secondly, such three-level planninghelps view the project
from different perspectives. As we know from our projects, the development process is
not amorphous. It is filtered with planning throughout each phase and each level instead
of a long and all-or-nothing plan from the start. Although long-term planning is more
open-ended, you still can set main goals and push for them - keep those objectives in
mind throughout each release and each iteration [12].

Project planning success depends on a large number of factors. Therefore, it is
necessary to build and analyze the systemof key performance indicators at all steps on the
lifecycle, from the idea to the final product. A product owner, business stakeholders, and
development team (scrum master, business analyst, UI/UX designer, developers (front-
end/back-end), quality assurance engineers) need to have information on the project’s
current status. It is necessary to provide the key information about project management
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and realization: the process kick-off, product backlog, release plan, sprints, minimum
viable product (MVP), etc.

3 Research Methodology

Using Data Analysis for Managing IT Projects can be divided into two parts:

– The Best Practices Approach: historically integrated analysis of the best practices and
failures of the projects;

– The Historical Data Science Approach: analysis of historical data for project planning
depends on the requirements specification artefacts and user stories by using data.

According to Project Lifecycle Support, we have analyzed agile software product
delivery processes of such IT projects from Latvia Accenture Technology Center (LATC)
(accenture.com) [11]. The documentation is developed as a support document for LATC
to secure a common agile framework to indemnify a successful run using Agile focused
on six key pillars: happy growth, services marketing, change management, consulting,
technology center amplified, client whitespace.

The delivery process consists of seven steps on the way from governance to the con-
trols: governance and reporting, compliance controls, the business community, quality
reviews, continuous improvement, client satisfaction, financial controls (Table 1).

Table 1. Delivery process

Stage Description

Governance & reporting It is critical to have the right framework to monitor delivery performance and
support the teams executing projects. Governance models outline the
connections for various leadership groups to connect and discuss the work in
a portfolio. The Early Warning (EW) system is designed to find the risky
opportunities and contracts and determine where further action is needed.
Need to ensure that proper risk assessment is conducted already during the
opportunity stage

Compliance management Compliance management is the process of assessing and monitoring
compliance against Accenture and engagement policies such as client data
protection, records management, identify and track corrective actions to avoid
or mitigate engagement risks

Business continuity Business Continuity Plan (BCP) is a plan of action taken to ensure the
continuation of essential project business processes and services in response
to an interruption caused by any internal or external factor. It is a set of
documents that defines the strategy of recovery in case of crisis. It considers
the following aspects:
-People - safety and security of our people
-Infrastructure - the ability of the office to support service delivery in case of
a power failure and ensure security
-Technology - the impact of technology assets on service delivery

(continued)
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Table 1. (continued)

Stage Description

Quality reviews Quality is a critical way how we protect our reputation internally as well as
our external Brand. This involves informal coaching as well as structured
reviews. We expect quality assurance to be applied to all areas of
work/services we deliver and across all stages of the project lifecycle -
starting with proper risk assessments from the opportunity stages through
quality assurance and continuous risk monitoring and mitigation by adopting
best practices

Continuous improvement Productivity improvements are part of the value proposition to our clients. To
deliver more value to our clients and Accenture, we should strive for more
efficient delivery over time. A continuous improvement process is an ongoing
effort to improve products, services, or processes. Lean is a principle-based
approach that focuses on reducing the lead time, accelerate the velocity and
reduce the cost of operation by continuously identifying wastes
(non-value-adding activities) in the process (value stream) and eliminating
them: Map the AS-IS process, Identify Value and Waste, Eradicate Waste,
Identify Automation opportunities, Identify Automation opportunities

Client satisfaction Client Team Satisfaction Survey (CTSS) allows us to understand our client
team’s (company on-site team’s) assessment of the services and value we
delivered, how well we delivered to the client’s overall expectations, and the
overall strength of the relationship

Financial controls Cost to serve helps us ensure that money we spend to deliver service meets
our contractual obligations to our clients. Whenever you ask yourself, “Does
my project meet financial targets?” you need to clarify your project Cost to
Serve and then compare it with what was agreed with On-site or Client
(Target Cost to Serve). “How can I do this?” – you may ask? Well, let’s break
it down together!

Based on The Agile Software Delivery, the massive data with target as an integral
evaluation of the project success allows for the complex correlations between separate
different features. This approach, which is presented in “Fig. 1”, allows describing all
complex correlations between various project features, consider the importance of the
feature, and zero the importance of those features that have a weak effect on the target.
It means that the IT Project Manager should consider such features as a low-priority.

In the research, we are working with not so big dataset. In our case, there are not
enough data, but there are too many features. The features do not cover all multidimen-
sional data space, and it is necessary to use the special approaches for very small data
sets processing, where the main challenge is to avoid overfitting.

The machine learning approach’s main goal is to create such models that summarize
the data from the training dataset in a way when the model trained on the new data
could predict the target in the right way. On the one hand, we should try to develop such
models which appreciate the basic interaction with data and models adjust excessively
to the training data, and as a result, to do non-correct predict on the new unknown data.
On the other hand, using very simple models (Under Fit) leads to losing the possibility
of predicting complex patterns in the data (Fig. 2).
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Fig. 1. ML system roadmap for agile software development and delivery

Fig. 2. Model for assessing the data analysis approach

It is common knowledge to have smaller samples for training, andmore features lead
to more accurate and consistent models. The disadvantage of this approach may result
in the complexity of presenting different projects in one vector space. Because there are
no identical projects, and there is another problem associated with a small number of
observations in multidimensional space. Considering the information mentioned above,
classical ML models such as linear models, random forest, or boosting will not always
give good results, but certainly, they will be more adequate than using deep learning
based on such types of datasets.

4 Results

We have a dataset with only data 37 samples. The complex models will realize very
complicated and less related real predictions, which are almost perfectly explained in
the train datasets, but probably poorly predicted the test dataset.

In our case, we use an approach where we try not to use complicated models with
many parameters (such as artificial neural networks). The approaches of using different
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forms of regularization are generally accepted. For linear regression, it is possible to use
L1 and L2 regularization. [13, 14] (Fig. 3).

Fig. 3. Models for L1 and L2 regulations

In our research, the very important step of multidimensional project vectors is the
initial preprocessing and features selections for this stage, and we have used a statistical
approach based on Bayesian statistics Automatic Relevance Determination (ARD) [15,
16]. As a result, we received smaller dimensional vectors with features that were of
greater statistical weight, and in this case, the use of classical ML models gave an
adequate result.

Y = W • X + e, (8).
where, e - is a random normal error and the coefficientsW are equal [1, 2, 3, 4, 5, 0,

0,…, 0], that is, only the first five coefficients are nonzero, and the signs from the 6th to
the 30th generally do not affect the real value ofY . We only have data - X and Y -, and
we need to calculate the coefficientsW :

# prepare the data, separate target and form Xtrain ta Ytrain.
Xtrain = data.iloc[:,1:-1].
Ytrain = data.iloc[:,-1].
#Check the size of our massive.
Xtrain.shape, Ytrain.shape.

Using the ARDRegression(), we will see which features are important and affect the
target:

ard = ARDRegression().
ard.fit(Xtrain, ytrain).
ard.fit(Xtrain, ytrain).
# The higher of coefficient value, so it is more important for
the target.
print (ard.coef_).

And the results are:

[ 1.92557895e-03 -9.51988416e-04
-2.13868725e-04 -7.21210062e-04
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1.51514818e-02 4.13840050e-01
5.14818026e-01 8.82658008e-04
9.09728493e-04]

Based on the ARD process model’s created model [17, 18], we can analyze the
results, which show that in our case study, the coefficient of determination R2 has a set
of points r2_score equal 0.9 (Fig. 4). In our research, we can see the efficiency of the
Lasso regression analysismethod [19, 20], t-distributed stochastic embedding algorithm,
and random decision forest method (max_depth show the depth of separate tree in the
forest) [12] not so high as using ARD.

Fig. 4. ARD regression algorithm for correlation of targets and number of projects

Based on our research, we can see that application SyntheticMinorityOver-sampling
Technique and other synthetic addition data generationmethods will increase the level of
our results. Variance reduction and increase the opportunity of prediction can be possible
by using different models with hyperparameters.

According to The Historical Data Science Approach, it is necessary to analyze the
previous project data from the company’s analytical systems: Jira, Confluence, MS
Teams, code repository (GitHub, GitLab, etc.), the Project Process Maturity Assess-
ment, Project Subject Matter Expert Reviews, automation assessments, Delivery Qual-
ity Assurance Reviews, and another useful source of information. The project processes
are proposed as an acyclic graph-theoretical model, specifically Probabilistic Graphical
Models (PGM). Such a network may represent probabilistic relationships between esti-
mates and inputs; it can be used to calculate the probabilities of evaluation of successful
realization with the different inputs that will be considered with their weights.

As for small-scale datasets, statistic algorithms based on the Bayesian interpreta-
tion of probability, such as Bayesian Paradigm and Ridge Regression and Automatic
Relevance Determination (ARD), deliver a posterior estimation and distribution of the
variance components as coefficients of weights with a low level of dispersion.
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5 Conclusions

In this research, we concluded that while operating with a small-scale dataset and com-
paratively sizeable quantity of modifications of increasing IT-readiness criteria, it is
necessary to implement methods and algorithms based on the Machine Learning app-
roach to avoid overfitting and predicting false data. An important step in the transition
from simple regression problems to multiclass classification (for example, 3 classes)
using traditional regularization linear models will allow obtaining a satisfactory result.
To increase the efficiency of implementing IT projects, it is also advisable to use auto-
matic determination of relevance using Bayesian statistic algorithms. Combining such
synthetic algorithms as forecasts from multiple models and implementing the SMOTE-
Simple Genetic Algorithm would be a perspective direction for the future increasing the
level of quality our algorithms.
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Abstract. Ergonomics is a scientific discipline that today brings together several
major scientific disciplines that deal with the rationalization of workspace design.
It tries to unite these fields into one comprehensive one: to adapt the environment,
especially the working environment, to humans so that it consumes as few bio-
logical reserves as possible when using it. This environment should therefore be
pleasant for people, not negatively affect their physical and mental strength. In the
past, the ergonomics of workplaces were not much addressed. First, a machine,
tool, or workplace was created, and only then has an operator sought them. One
had to adapt to the machine in order to use its help. The relationship between a
person and his workplace began to be resolved only with the emergence of the
first ergonomic companies. This work describes the Rula analysis and the rela-
tionship between ergonomic analysis and REFA time analysis. The application
of individual methods is followed by evaluating results and determining individ-
ual problems at workplaces. Based on the identified shortcomings, proposals are
made that partially or entirely eliminate these shortcomings. The effectiveness
of the designs is retrospectively tested by ergonomic methods and subsequently
evaluated.

Keywords: Ergonomics · Tecnomatix jack · Rula · Analysis · REFA · Time
analysis ·Workplace introduce

1 Introduction

In recent years, health and safety at work have become an increasingly relevant topic.
The case study describes the procedure for optimizing the workplace using a simulation
model. There is a very close relationship between health and work, as the amount and
method of work performed by him is further developed based on the employee’s health.
In the work environment, operators are often exposed to the negative influences that
cause occupational diseases. Therefore, the employer is obliged to classify individual
job positions and observe the necessary measures to ensure greater safety and health at
work.

The constant expansion of science and technology brings new technologies,
machines, or methods of work. There is a certain imbalance between a person’s abilities,
skills, and abilities and the requirements for the activities and demands that the new tech-
nology requires. It is essential not to overlook this imbalance, as all new technologies or
work methods must be performed and operated. Ignoring it can cause an overload of a
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person, which leads to either his fatigue, failure, or even a crash of the entire systemwith
possible health damage. Moreover, ergonomics is the task of not overlooking a person’s
limits but to respect all his abilities and limitations when designing a workplace [1, 2].

2 Literature Review

The concept of ergonomics was created by combining two Greek words “ergon” - work,
“nomos” law. We can therefore say that ergonomics is the doctrine of the laws of human
labor [3].

There are many definitions of ergonomics, one that was adopted by the International
Ergonomic Association (IEA) in 2001:

“Ergonomics is a scientific discipline that optimizes the interaction between humans
and other elements of the system and uses theory, knowledge, principles, data, and
methods to optimize human well-being and system performance” [3, 4].

According to ČSN EN 614–1: 2006, the definition of ergonomics is as follows:
“Ergonomics is a scientific discipline that optimizes the interaction between humans

and other elements of the system and uses theory, knowledge, principles, data, and
methods to optimize human well-being and system performance” [5].

According to Jacobs, the main tasks of ergonomics include [6]:

• Creating organizational and technical conditions for effective human work,
• Increasing work well-being and reducing unpleasant workloads,
• Limiting the conditions for human error and failure,
• Achieve efficient production without the risk of health damage to operators,
• To adapt work equipment, procedures, and the environment to human abilities to
perform his work tasks as efficiently and without harm to his health [6].

A workspace is a place in the workplace or a part thereof that is defined by an
employee or multiple employees, which is used to perform a work task [7]. Each
workspace designed to perform work is equipped with elements that affect the oper-
ation of the entire work activity. The individual elements and their use are governed by
the relevant normative regulation [7, 8].

2.1 Ergonomic Analysis

TheRULA analysis, full nameRapidUpper LimbAssessment, helps to assess the degree
of risk of upper limb disease for a given procedure. The risk of damage to the upper
limbs is determined by the position, muscle use, weight of the load, the duration of
the operation, and the operation’s frequency. Indicates the degree to which the risk of
damage to the upper limbs must be reduced. The load on the operator’s upper limbs,
neck and torso is expressed by scoring according to a scale. It also determines whether
the position is acceptable or changes will need to be made. Another possibility is to pay
more attention to the task, such as performing an analysis that calculates the risk factor
from the joint’s angle, the rotation of arms, wrists, neck, and legs [9]. In most cases, the
RULAmethodology is used to assess the position, force, and movement associated with
sedentary tasks. The four main applications of RULA analysis include:
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• Measure musculoskeletal risk, usually as part of ergonomic analysis
• Compare musculoskeletal loads of current and modified workplaces
• Evaluate results such as productivity or equipment suitability
• Educate employees about the risks caused by various bad work attitudes [8].

In the first part of the RULA methodology, it is first necessary to assign individual
points to the right or left-hand positions. In the upper arm, the arm’s angle in the work
process plays the most significant role. An example is an angle that makes more than
90°, so this position is rated 4 points, as it is non-physiological. If the arm is supported,
1 point is deducted from the score. For the forearms and wrists, the principle is similar,
but in addition, it distinguishes whether the movement does not take place through the
center of the body or to the side. Subsequently, it is necessary to specify the type of
load and the intensity of the work. The given principle is also followed in evaluating the
position of the neck, torso, and legs [8–10].

In the second part, an evaluation is performed, where a gradual matrix search in the
tables leads to a specific result. The evaluation for the upper limbs’ position is performed
in the table marked with the letter “A”, when the score is determined by searching. The
muscle, strength, and load scores must be added to this score. The result for the upper
limbs’ position is a score of C [10, 11].

The ratings for neck, torso, and legs are given in the tablemarked “B”. This evaluation
is searched for similarly as in the previous step, i.e., matrix. After adding the muscle,
strength, and load scores, the resulting value for the neck, torso, and legs is marked with
a score of D. The total score is determined by a matrix search in the table for scores C
and D. As a rule, C and D scores higher than 9 are automatic to the 4th category. These
categories are explained below [10, 12].

In total will be included in one of 4 categories (Table 1):

Table 1. Color categories in RULA methodology [13].

Categories Risk and urgency of the measure

1–2 The work is acceptable; no changes are needed

3–4 The work is slightly risky; it is possible to make slight changes

5–6 Marked in orange - risky work; changes made are desirable

7 Hazardous work; urgent requests for changes

2.2 Software for Ergonomic Simulation

Tecnomatix Jack is an ergonomic tool for simulating and optimizing the work environ-
ment. This software works in a 3D environment and enables comprehensive control,
simulation, and evaluation of the impact of work on humans. It is used in medicine,
ergonomics, and also by health and safety operators. They use it to assess the work-
ing environment to protect operators’ health, fatigue, and safety. It can also be used to
optimize work performance [13–15].
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The software helps designers, ergonomists, experts through various assemblies to
see the operator’s reach, what the operator in a given position sees, whether it fits into
a certain space. Jack is capable of detailed ergonomic analysis and simulation of future
workplaces and workplaces operations. If the human factor is included in the analyses,
the workplace can be freely optimized before its creation, thus saving many costs and
the operator’s health [12, 13].

2.3 Time Analysis

The REFA work system applies as a general model of work. Defined system terms can
describe the working system. Work analyzes, resp. Work studies are ways of describing
and evaluating work systems. The work system is in its function operating units of
power and, at the same time, the building blocks of processes [1, 2]. The REFA toolkit
is particularly successful when it contains change projects initiated by the company’s
management concerning a closed and agreed target system, using up-to-date information
and communicationmedia tailored to the relevant use case, and in particular the following
factors [2, 12, 14]:

• Adjustment of work
• Process modification
• Data and time management (process data management)
• Quality management
• Cost management
• Management of remuneration and working hours
• Employee participation

3 Research Methodology

The study included the task of optimizing the production workplace depending on
ergonomics. The procedure was the mapping of problematic workplaces – an execu-
tion of time surveys before optimization. Subsequently, the creation of a simulation
program. Evaluation and subsequent verification of new time values.

The analyzes mentioned above were performed on the male 95th percentile and the
female 5th percentile. According toNV361/2007Coll, range zoneswere assessedwithin
the workplace, RULA analysis, and evaluation. Everything for predetermined working
positions - reach into KLT boxes (into the blue box on the left, into the gray KLT box on
the work table, reach into the blue KLT box on the right) - everything was assessed for
the upper positions of KLT boxes, then the basic working position at the working table
and placing parts in the trash for operators.

3.1 Description of Analyzed Workplace

The workplace consists of two worktables (Fig. 1), including the upper space intended
for placing KLT boxes of various sizes. A technological jig is also mounted on one
worktable, intended for easier execution of assembly operations on the final product,
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which is the BMS stabilizer. There are then two smaller tables on both sides of the
workplace on which the KLT boxes are located.

First, the basic working positions for the position of the operator were performed.
An operator stands at a desk and holds a product, see the picture below.

In the following section, three workplace operator positions are selected for the
workplace, which is the most demanding to perform. All human models are taken from
the GERMAN anthropometric database and are always the 95th percentile for men and
the 5th percentile for women.

Fig. 1. Model of the selected workplace.

3.2 Measurement of Current Workplace

The analysis was performed by taking a snapshot of the work operation. From the
analysis, it is possible to read the required time per unit produced te= 43s. Calculations
obtained this time from the measured times during the 45-min measurement. During
this time, the production of 8 pieces was measured. There were 2 minor fluctuations
in production speed. The second measured piece was made faster, which was probably
because the storage space was freed, and the operator did not have to wait for it to be
released.

The available zones analysis showed that all KLT boxes are out of their reach zone
for men in the 95th percentile, and it is not possible to get into the boxes without a
tread or a large incline. Subsequently, the RULA analysis was performed, which is a
suitable tool for the initial ergonomic screening of the workplace. After performing the
RULA analysis, the working position was rated 7 (Fig. 2) points, so it falls into the worst
category, where there is a very high risk of health problems, and immediate changes in
the workplace are needed.
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Fig. 2. The result of the current state.

Subsequently, according to NV 361/2007 Coll., the working position was evaluated,
thanks to which the biggest transgressions against ergonomics were revealed. The most
problematic area is the left shoulder, which is in an unacceptable working position
(flexion and abduction). The KLT box should be moved lower.

3.3 Outputs of Analyzes

According to the RULA analysis results, it is clear that the most stressed parts of the
musculoskeletal system are mainly the back muscles, especially their lower half, and
again the area of the cervical spine and upper limbs. In general, this position is very
unsuitable for long-term and repeated stresses, and immediate changes must be made
without the operator having to make similar movements.

In unsuitable positions, the operator is forced to keep stretching, which keeps him
from working. REFA analysis revealed that the operator is forced to spend 7% of his
working time stretching.
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The results of repeated analyses also show increased activation of the lower back
muscles, and a large load is placed on them in this position. However, it should be noted
that the lifted object (part) has a very low weight. For this reason, the overall load on
the lower back is still the norm and should not lead to more serious injuries, even with
frequent work (Fig. 3).

Fig. 3. Stressed positions.

4 Results

The whole study is based on the topic of the dissertation. Specifically, the methodology
of ergonomic improvement and time plans was used. First, the original workplace was
mapped. The layout of the workplace was drawn into a simulation program, and the
current state was modeled.

An example of the results is the SF4 workplace, where 3 operations are performed.
After evaluation for the 95th percentile (Table 2), it is necessary to adjust the workplace
ergonomics. In particular, 2 operations is very critical. For the analysis to be as meaning-
ful as possible, it was necessary to subject the workplaces to an analysis for percentile
5. This is an operator of very small stature.
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Table 2. Evaluation of current workplace.

Percentile 95 Operation 1 Operation 2 Operation 3

RULA 4 7 4

Back Unsatisfactory Unsatisfactory Unsatisfactory

Hands Unsatisfactory Unsatisfactory

Percentile 5 Operation 1 Operation 2 Operation 3

RULA 5 6 7

Back Unsatisfactory Unsatisfactory Unsatisfactory

Hands Unsatisfactory Unsatisfactory

A new workplace model has been created in the Tecnomatix program that meets
the company’s investment costs and at the same time improves in the form of Table 3.
The proposed condition was created for the 50th percentile. The proposed condition was
created for the 50th percentile.

Table 3. Evaluation of new workplace.

Percentile
50

Operation 1 Operation 2 Operation 3

RULA 2 3 2

Back Satisfactory Unsatisfactory Satisfactory

Hands Unsatisfactory Satisfactory

The most problematic movements of the hands and back were evaluated. From the
proposed solution, it is necessary to deal with operation 2. However, this value is no
longer critical. In the next procedure, the preparation will be adjusted so that it is more
suitable for handling.

Verification of the production cycle can be seen in Fig. 4. By improving the
ergonomics of the workplace and rationalizing work processes, the production cycle
was shortened by 10 s.

The main benefit for the practice is the use of ergonomic methods in conjunction
with the Tecnomatix Jack software. So far, ergonomics in workplaces has not been
much addressed, so the work can also guide what direction to take when creating a new
workplace or what methodology to use when innovating an existing workplace.
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Fig. 4. Evaluation of REFA analysis.

5 Conclusion

As part of the study, a snapshot of the work process was prepared using the REFA
methodology,whichwas used to understand the operation of theworkplace, the assembly
process, and the time required for the operations performed. The RULA method was
chosen to assess the workload, work intensity, and assess the body’s working positions,
which was subsequently confirmed by the Tecnomatix Jack program.

Simultaneously with the time analysis, a RULA analysis was performed, which
identified problematic workplace places.

From the above ergonomic analyzes, it is clear that long-term work in the workplace
shown could cause health problems that would lead to back, neck, and upper limb pain.
It is, therefore, appropriate to consider adjusting working conditions using the solutions
outlined above. Adjustments should take into account both short and large operators; it
is essential to reach a compromise.

Another possible solution to improve working conditions at the workplace and thus
increase the ergonomics of the entireworkplace is the acquisition of rubber pads to soften
the concrete surfaces on which operators would stand in their activities’ performance.

Problems that have arisen during observation and analysis must be rectified as
soon as possible. REFA time analysis results revealed that after adjusting the work-
place ergonomics, the operator is not limited by stretching during the work task. This
eliminates unnecessary movements and simplifies the work process.

The dependence of productivity onworkplace ergonomicswill be verified for another
study. A methodology for how to increase productivity depending on the ergonomics of
the workplace will be determined.

The performed analyzes were a significant contribution to the detection of ergonomic
shortcomings and based on them a new work procedure was developed with a number
of rationalization solutions in the workplace.
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Abstract. The ongoing implementation of Industry 4.0 in all segments of society
will improve many aspects of human life and initiate many changes in business,
production processes, and supply chains from raw materials to finished prod-
ucts. The implementation of new business methods leads to the transformation
of production models and production processes, consumption, transport, and sup-
ply. Industry 4.0 enables the adaptation of production processes in the indus-
try to full intelligent automation. In other words, it enables the introduction of
self-automation, self-configuration, self-diagnosis and solution, knowledge, and
intelligent decision-making, owing to the innovations and their implementation
in robotics, smart sensors, 3D printers, Internet of Things (IoT), and Big Data
technology. The essential quality shift in the implementation of Industry 4.0 in
production processes is the implementation of AGV service robots (automatically
guidedvehicles) in the automationof transport operations in theproductionprocess
itself (such as transport of raw materials, semi-products, and finished products),
on assembly lines, storage of finished products and supply of finished products.
The implementation of service robots in the production process is amortized very
quickly if they are in operation for 24 h, while the investments can pay off in
2–3 years, and the system operates for about 15 years. The availability of work
itself is about 98.5%. The implementation of service robots optimizes production
time and costs, thus providing high productivity. The paper presents the annual
application of service robots in logistics and the application of AGV service robots
with different structures in production processes.

Keywords: Industry 4.0 · Smart factory · Service robots · Automatic guided
vehicles · Transportation · Logistic · Production process

1 Introduction

Industry 4.0 represents a vision of advanced industrial production, which is already
partially implemented by applying new technologies to automate production processes,
data exchange, and processing. A new value chain is formed with the implementation of
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Industry 4.0 that primarily relies on CPS – Cyber-Physical-Systems, which is another
name for the Internet of Things, and its associated services, most often realized through
CloudComputing [1]. The analysis and discussion of Industry 4.0 have the task of raising
awareness of participants about its implementation, comprehensiveness, and speed of
technological change and its multiple impacts [2]. It is well known that a large number
of both industrial and service robots have been installed in the production processes
in all branches of industry, especially in the metalworking and automotive industries.
We have to mention that the first-generation industrial robots were installed in the pro-
duction processes, which were separated with fences to not harm the workers in the
production process [3, 4]. The development of new technologies, primarily robotic, sen-
sor and information-communication technology, and their implementation, leads to the
development of collaborative robots and AGV service robots (automatic guided vehi-
cle) [5, 6]. Their implementation in production processes represents the most significant
qualitative change in the automation of transport operations, production, assembly lines,
and warehouses [7, 8]. The implementation of service and collaborative robots in pro-
duction processes has achieved many advantages such as: improving product quality,
increasing homogeneity, reducing demand for the workforce in performing routine and
reproduction processes, reducing production costs, reducing maintenance costs, satisfy-
ing the requirements of the global market such as stricter quality standards [9]. Robotic
technology and its implementation in production processes and all segments of society
present one of the Industry 4.0 foundations.

2 Literature Review

As it is well known, the following revolutions have been recorded in the world [10]:

• the first industrial revolution that occurred with the invention of the steam engine in
1784,

• the second industrial revolution with the discovery of electricity in 1870,
• the third industrial revolution with the application of IT systems and the Internet in
1969,

• today we are in the fourth industrial revolution, i.e., Industry 4.0.

The evaluation of the industrial revolutions is shown in Fig. 1.
The difference between the third industrial revolution and the fourth industrial rev-

olution, i.e., Industry 4.0, is as follows: physical labor and automated production are
characteristics of the third industrial revolution production process, whereas Industry 4.0
engage intellectual labor and automatic design [3]. Development and implementation of
these technologies at the very beginning have increased the application of innovations in
computer hardware, software, operating technologies, and information technologies that
are becoming more sophisticated and integrated, enabling the transformation of society
as a whole, thus leading us into a global economy. The implementation of Industry 4.0
in production processes is leading towards the smart-intelligent production process that
has its characteristics, as shown in Fig. 2.

The production process of Industry 4.0 has its characteristics such as intelligence,
awareness, connectivity, and manageability. The production process is equipped with
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Fig. 1. Industrial revolutions and their evaluation in the world.

Fig. 2. The smart production process of Industry 4.0 and its characteristics.

advanced sensors that allow access to information about the state of production and the
environment, and it is also equipped with powerful computers that allow autonomous
decision-making and the process of self-organization based on an algorithm [13].

3 Research Methodology

Based on [18], it is known that the continuous robot market is expanding. The trend
of industrial robotics has been increasing further in recent years. The need for robot
applications is certainly increasing basedon the labor shortage aspect and the reduction of
theworkingpopulation since the lowbirth rate and agingpopulation, includingdeveloped
countries: the need for quality service without errors and exemption from aspects such
as hard work, a simple repetitive work, and poor working conditions. [19]. For security
reasons, much space is needed to install conventional robots. However, by developing
collaborative robots, implementation becomes possible next to the workers without any
safety fences, and the installation hurdles regarding space are reduced. So we can state
that the possibility for robotization is still increasing. We analyzed the trend of service
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robot implementation based on statistics on the application of service robots from the
UN Economic Commission for Europe (UNECE), the Organization for Economic Co-
operation and Development (OECD), and the International Federation of Robotics (IFR)
[20].

4 Results

The reference [3] concludes that the trend of application of innovations from the men-
tioned technologies of Industry 4.0 is continuously increasing in the world. The automo-
tive industry holds first place in the implementation and application of innovations from
Industry 4.0. Such order is a great global competition in the world because all compa-
nies invest heavily in research, development, and implementation of Industry 4.0 core
technologies to remain competitive in the global market [11]. All production processes
require flexible automation in all industries and the reduction of production and sales
time of permanently high-quality products. It is expected that the introduction of inno-
vative technologies in the industry will lead to greater flexibility, increased productivity,
increased product quality, and customer cooperation in order to increase sales of finished
products [12]. There has also been an exponential evolution in robotic technology, as
shown in Fig. 3.

Fig. 3. The trend of evolution of robotics.

Based on Fig. 3, we can conclude that industrial robots (first-generation robots) have
a very low degree of autonomy, they are locked in a cage for worker safety, they employ
automatic execution of tasks and explicit programs, and need to have defined tasks for
execution [13, 14]. The first evolution occurred in terms of automatic path planning,
implicit programs, with task-specific commands and environment data. Due to new
technologies, the implementation of patents in robotics is coming to a new evolution.
Robots can communicate with the environment, have automatic program generation and
autonomous agents, understand human procedures, and imitate human abilities [15].
Owing to the implementation of patents in robotics, there has been an evolution of both
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industrial and collaborative robots and service robots. As they aremost commonly called,
service robots are classified into two groups according to their role in the community,
i.e., service robots for personal/home use and service robots for professional purposes
[16, 17]. Logistics robots implemented in production processes are classified in the
group of service robots for professional use, which also include: military service robots,
field robots (agriculture, livestock, and forestry), service robots for medicine, service
robots for professional cleaning, service robots for inspection and maintenance, service
robots for rescue and surveillance, underwater systems, mobile platforms for general
use, public relations service robots, and other service robots [12].

The application of service robots in the world is shown in Fig. 4, which demonstrates
the trend of applying service robots in the world from 2005 to 2013. The statistics
shown in the diagrams were obtained from the International Federation of Robotics
(IFR), the United Nations Economic Commission for Europe (UNECE), Organization
for Economic Co-operation and Development (OECD) and references [19, 20].

a – service robots for professional use             b – service robots for logistics

Fig. 4. The trend of implementation of professional service robots and service robots for logistics
for the period 2015–2020 and estimate of application to 2023.

The trend of application of professional service robots (Fig. 4.a) has grown six times
in just five years so that in 2019 the application amounted to 173,000 robot units. An
exponential increase is expected in the coming period as well, so that in 2023 (according
to the reports of the International Federation of Robotics – IFR) the application of about
537,000 robot units is expected. Of all professional service robots, the application of
service robots for logistics holds the first place, as shown in Fig. 4.b. The trend of
application of service robots for logistics is exponential so that with 19.400 robot units
applied in 2015, the application increased to 75.000 robot units in 2019. It is estimated
that the application will increase in the future, and the application of about 259.000
robot units in production processes of logistics is expected by 2023. To create a factual
representation of the application of service robots for professional use, Fig. 5 shows the
percentage ratio of applications for 2019 [19].

As can be seen, of the total amount of service robots used for professional purposes,
service robots for logistics hold first place with 43%. The second place is held by service
robots for the public environment with 12%, followed by service robots for defense with
11%, service robots for inspection with 9%. We must note that the medical application
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Fig. 5. The representation of professional service robots in 2019.

of robots is only 5%, which should raise concern because the number of applications
in medicine should be far more significant. If we compare the percentages of robot
applications for logistics for 2019 (43%) to 2013 when only 10% of robots were applied
for logistics [18], we conclude that the application has increased 4.3 times in seven
years. The answer to this trend is the implementation of Industry 4.0 in the industry’s
production processes where service robots are mainly used, i.e., the automotive industry
with the highest implementation of Industry 4.0. Service robots of the latest generation
must be aware, or in other words, it must be equipped with smart sensors that allow
access to information about the state of the product they are manipulating or working
with and the environment in which they perform operations. It needs to be connected by
M2M communication that enables interaction and data exchange with other machines in
the environment and with other cyber-physical systems. Control technology must allow
robots autonomous adaptation based on an internal or external command. The robot
must be intelligent and equipped with a powerful computer that allows autonomous
decision-making and self-learning processes based on algorithms. The industrial robots
conceived in this way will accelerate the implementation of Industry 4.0 in production
processes. Many automotive companies are driven by the implementation of Industry
4.0 in production processes. Companies engaged in the development and production of
service robots for logistics have developed various designs of service robots. Due to
paper limitations, we can present only two solutions to implement service robots for
logistics. Company MiR – Mobile Industrial Robots has developed a service robot for
logistics MiR500 and MiR1000 to optimize internal transport in companies for heavy
loads on pallets up to 1000 kg. Before implementing service robots for logistics, transport
in production processes was performed manually, as shown in Fig. 6 a) [3, 21].

MiR service robots are collaborative and autonomous. They maneuver safely around
all kinds of obstacles. If a person comes out in front of them, they will stop. Advanced
technology and sophisticated software allow the robot to navigate independently and
choose the most efficient route to its destination.

When an obstacle occurs on the path of the service robot, the robot automatically
moves around it and redirects its path to avoid stopping or delaying the delivery of
materials. The service robots are equipped with the latest laser scanner technology and
provide a 360-degree visual image for optimal safety. The 3D cameras on the front have
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a-manual transport b-transport with MiR service robot for logistics

Fig. 6. Transport in the production process with service robots for logistics of company MiR.

Fig. 7. Optimization of the path of a service robot for logistics in the production process of the
company MiR [3, 21]

a range of 30 to 2000 mm above the floor level, while two sensors at each corner ensure
that the robot can see pallets and other obstacles, which robots usually have a hard time
seeing. The method of order processing for robot transport is shown in Fig. 7.

The working machine communicates with service robots for logistics. For example,
when a machine M4 gives an order for the transport of the finished product, we can see
that three robots can perform the given order. Software optimization is performed, and a
decision is made that the robot which is the closest to the given machine M4 and whose
path is the shortest should perform the task. This example is robot 3, which takes the
processing order and performs transport, as shown in Fig. 7. During operation, service
robots consume energy from the battery. After the battery is discharged, it is necessary
to recharge it. Battery charging connectors are installed in the workspace, so the service
robot can reach the connector and turn it on to charge the battery (the robot can perform
1000 cycleswith one charging).When the battery is charged, the robot is ready to process
the following order.

Another example is the company “KUKA”, which developed a service robot for
logistics “KMR iiwa”, shown in Fig. 8.

When an order for transport is given in the production process, optimization is
performed through ERP (Enterprise Resource Planning) to verify which service robot
is free and the closest to execute the production order. After path optimization, ERP
gives the robot the command to execute the task, and the service robot starts execution.
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Fig. 8. Service robot “KMR iiwa” – safety cooperation between people and barriers with a laser
scanner [22, 23].

However, suppose it encounters obstacles along the way that may be different, such as
workers in the production process, other service robots performing other tasks or some
other obstacle. In that case, the robot stops or bypasses the obstacle because the safety
of the service robot is provided with a laser scanner, as shown in Fig. 8. We must note
that many companies in the world are developing both industrial and service robots, but
due to limitations, we cannot present their designs and implementation methods. We can
easily conclude that service robots for logistics, using all the above technologies that
form the basis of Industry 4.0, are entirely prepared for implementation in the production
processes of Industry 4.0. This is the path that will lead to smart production processes in
industries. Service robots for logistics perform tasks exclusively in industrial automation
to make it more flexible.

5 Conclusions

The implementation of the technologies that form the foundation of the fourth industrial
revolution, Industry 4.0, such as robotics and automation, cloud computing, intelligent
sensors, 3D printers, and radio frequency identification – RFID, changed the production
processes and supply chains. Industry 4.0 relies on advances in the use and exchange of
information, thus giving companies the ability to connect almost all devices and drasti-
cally improve their efficiency. Using a large number of smart sensors in the production
process, we always have information about production devices and machines based on
which we make decisions when to replace devices and machines, thus conducting per-
manent maintenance. It seems to many that Industry 4.0 serves only large companies
that perform large and complex operations in production processes, but this is not the
case. Small and medium-sized companies can also benefit from what Industry 4.0 offers
because by using these technologies, they can process and store data more efficiently
and improve the way they design, manufacture, and deliver the products.

The development of new technologies is guiding us towards the automation and
modernization of production processes and the implementation of Industry 4.0, thus
creating the conditions for the application of service robots that are becoming more
demanding and complex. The trend of applying service robots is continually growing,
as shown in the paper, which will continue in the years to come. Besides, the trend of
implementing service robots for logistics in production processes is growing exponen-
tially, as shown in Fig. 4b. Service robots for logistics are the most commonly used
service robots, and in 2019 the ratio was 43% of the total amount of installed robots.
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AGV logistics service robots have advantages over other robots, such as increased reli-
ability, increased productivity, reduced labor costs, controlled movement with±10 mm
accuracy, reduced damage to the elements they transport, increased flexibility and safety,
and the reprogrammed trajectory of robots. The implementation of Industry 4.0 in pro-
duction processes depends on the implementation of robotic technology in production
processes because robotic technology is one of the pillars of Industry 4.0. Both industrial
and service robots are installed in production processes. The paper has shown that the
highest application of service robots for logistics is in the production processes, thus
leading us to smart production processes and smart factories, which is the ultimate goal
of Industry 4.0. It is expected that in the coming period, the implementation of robots
and Industry 4.0 will have a growing trend worldwide.
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Abstract. The use of a single computer-aided control to automate production and
its preparation creates a common technical base when the adjustable online model
of the profile gear grinding operation allows compensating for the lack of online
sensors built into the gear grinding system. In this case, the automation of design
and production within a single integrated CAD/CAM/CAE system appears to be
a single technological process in which not only general but also phased results
are defined. This becomes possible by optimizing the entire (and not only partial)
sequence ofwork performed. The introduction of negative feedback from the built-
in online sensors of technological information (when such sensors are available)
allows, based on monitoring the grinding system state and output parameters, to
correct the setting of the CAE-system which is used not only offline but also in
the online mode of CNC machine work. When the adjustment of the CAE system
is regulated by deviation, this approach to control makes it possible to increase
the efficiency of automated grinding systems. The paper provides a fundamental
solution to the problem of making adjustments to the control program of a CNC
machine based on the results of measuring the state and output parameters of
the grinding system. Given as an example, a step-by-step sequence of actions
to determine the parameters of grinding of complex-shaped machine parts (for
example, gear wheels) makes it possible to understand the algorithm of operation
of an intelligent self-training grinding system.

Keywords: CAD/CAM/CAE · Product life cycle · Product design · Process
design · Self-training grinding system

1 Introduction

The world economy is going through the fourth industrial revolution of its develop-
ment. A distinctive feature of this “Industry 4.0” revolution is the widespread use of
automation and computerization of technological processes and technological systems
to ensure the efficiency of various industries (not only mechanical engineering) and the
so-called sustainable economic development. The role and significance of complex pro-
duction automation can hardly be overestimated when the risk of human-made disasters,
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climatic changes in the environment (global warming), pandemic (COVID-19), etc. In
these conditions, computer automation of production in mechanical engineering tech-
nology and other economic branches plays a paramount role for the world and domestic
economy.

There are two definitions of the term “automation” for manufacturing processes
and manufacturing systems. According to the first automation definition, manual labor
and manual control are replaced by machine labor and machine control, respectively.
According to the second automation definition, it is developing new manufacturing
processes and manufacturing systems that cannot be implemented manually.

Mechanical engineering technology is a complex engineering and scientific disci-
pline about the manufacture of machines of the required quality, in a given quantity,
and at a given time, with the lowest labor intensity and cost of their manufacture. The
production process of making machines includes all actions at the stages of production
and its technical preparation. Production planning of modern production is a process
that consists of a product design (computer-aided design or CAD) and a process design
(computer-aided manufacturing or CAM) as well as a production schedule. The CAD
and CAM allow significantly reducing production costs and are currently carried out
within the integrated CAD/CAM/CAE system, the structure of which corresponds to the
product design (CAD) and process design (CAM) stages in the product life cycle.

At the first stage (CAD), the product computer-aided design is performed based on
the product geometric 3D model. The result of this stage is a geometric information
model (plan) of the product, which can be represented by a set of design documentation,
to wit: working drawings of parts, assembly drawings of a product structure, hydraulic,
electrical, and other schemes.

At the second stage (CAM), computer-aided process design (planning) for product
manufacturing (machining and assembling) is performed. The initial information for
automated process (e.g., grinding operation) design is the product information geometric
model developed at the previousCAD stage. The process design stage (CAMstage) is the
automated preparation of control programs based on the computer-aided programming
system’s post-processor. Thus, the created CNC control program results from sequential
actions along the CAD/CAM/CNC chain and indicates the end of the pre-production
stage. This is the so-called open-loop control scheme, i.e., without feedback and provided
by CAD/CAM/CNC means and experienced technologists.

Obviously, with the technological systems’ actual operation developed at the CAM
stage (implementation stage), the process’s basic parameters (state parameters and output
parameters) will not equal the corresponding designed values. In this regard, an urgent
task is to develop a methodology for correcting decisions made at the pre-production
stage. One of the possible ways to solve this problem is developing self-training techno-
logical (grinding) systems,which becomes possiblewhen using such areas of automation
as adaptive and intelligent control systems.

2 Literature Review

The appearance of onboard measuring systems on CNC machines [1] makes it possi-
ble to use measuring information to correct technological operations’ progress on the
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machines tools. When analyzing the state of the issue, several intelligent numerical
control directions for metal cutting were established, including adaptive and intelligent
automation systems.

There are researches connected with CAD/CAM/CAE integrated system advantages
[2], new operation features (e.g., tool deflection) [3], and application examples [4]. There
is a study in which analysis features can be automatically converted to a script code for
finite element analysis through feature mapping [5]. Therefore, an attempt was made
to consider these three systems (CAD, CAM, and CAE) as components of a single
integrated system for the production preparation stage. However, the information flow
direction in the CAD/CAM/CAE integrated system is not accompanied by its return
via feedback to have a possibility of correcting previously made decisions. In other
words, it is not possible to make adjustments to the previous stages of the multistage
path CAD/CAM/CAE based on the actual data obtained during onboard measurements
on a CNC machine.

There are examples [6, 7] when the CAE system, as part of the CAD/CAM/CAE,
is used to correct the machine tool control program based on the CAE system’s cutting
process simulation.However, there is no channel to consider the actual cutting conditions
measurement data to correct the CAE model.

A new approach for the design of intelligent systems is proposed, including the state-
ment that the control intelligence is hierarchically distributed according to the principle
of increasing precision with decreasing intelligence (IPDI), evident in all hierarchical
management systems [8]. This principle allows considering production management
as a single process covering the stages of production preparation (the upper level of
the hierarchy) and production itself (the lower level of the hierarchy). However, in [8],
nothing is said about the flow of information from the lower level to the upper one for
correcting decisions made at the upper level.

Finishing operations, such as grinding ones, are the most difficult to automate than
metal cutting operations, especially in freeform surface grinding of the dental crown [9]
and profile grinding [10]. First of all, this is caused by the high temperature, e.g., in the
grinding wheel’s contact zone and the workpiece to be ground, e.g., in surface [11, 12]
and gear [13, 14] grinding. Temperature models, both analytical [15] and computer [16,
17] ones, are based on the differential heat conduction equation [18].On- and offlinemea-
surements in these works are done, but only for experimental verification of models, i.e.,
not for the correction of these models.

There are studies on the material removal rate in a special virtual media [19], on
the grinding wheel dressing condition control based on AE signal with a fuzzy model
[20], and on the quantitative grinding wheel loading evaluation from the AE signals
[21]. A knowledge-based analytical tool is established through the correlation between
grinding power and grinding conditions [22], and a model to evaluate specific energy
consumption in grinding is proposed [23]. However, the established information links
or embedded models do not have a constantly working feedback between the calculated
(according to the information link or model) and measured parameters in all these cases.

Thus, the analysis of literary sources showed that the lack of effective online sensors
of information about the performing grinding system state is compensated by modeling
and simulating the grinding system state. Besides, the grinding system state simulation
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is carried out in the CAE system at the pre-production stage. However, it is known that
any modeling (including using finite element analysis) is relative, and its quantitative
results must be corrected, for example, by applying feedback from online information
sensors embedded on the operating equipment. There is no information in the literature
on implementing such an approach to self-training of a grinding system when a working
model is adjusted (self-trained or self-learned) based on a comparison of the simula-
tion results (parameters found by the model) with the measurement results of the same
quantities.

The study aims to find a generalized solution to this problem for any technological
systems, i.e., not only grinding ones. A specific example of the development of computer
subsystems for designing an operation, monitoring, and technological diagnosis is given
on the example of the profile gear grinding.

3 Research Methodology

The emergence of the flexible manufacturing system (FMS) is the current state-of-the-
art automation level in the sphere of manufacturing technology. An FMS deals with
high-level information processing (information flow) and material flow and consists of
CNC machines, cells, industrial robots, inspection machines, computer-aided handling,
and storage systems. Conventional manufacturing consists of several stages, which are
consistent with the product life cycle, namely, (1) the product design, (2) process plan-
ning, (3) implementation, and (4) production management. With the development and
improvement of control computers, all these stageswere gradually integrated into a single
integrated manufacturing system based on the so-called CAD/CAM kornel (Fig. 1).

Fig. 1. Computer-aided manufacturing processes containing CAD/CAM kernel.

For a long time, CAD/CAMkernel idea remained a general trend in developing auto-
mated production in mechanical engineering. Simultaneously, two more manufacturing
automation trends developed simultaneously: computer-aided engineering (CAE) and
model reference adaptive control.

Finally, the moment came when these two trends merged due to the lack of reliable
sensors of primary technological information, on the one hand, and due to the complexity
of the physical processes occurring during machining and assembly, on the other hand
(Fig. 2).
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Fig. 2. Integrated CAD/CAM/CAE system shows CAE-system position in CAD- and CAM-
systems (offline).

New CAD/CAM/CAE kernel mainly corresponds to the product life cycle stages
[7]. Besides, the CAE system may contain the product testing and the process assessing
means. However, as it was shown in the literature review, new technologies of automated
production should be flexible and take into account the individual characteristics of the
parts to be machined, especially complex-shaped parts made from difficult-to-machine
materials. Figure 2 shows that the CAM system output is a control program for a CNC
machine, which is generated by a post-processor and fed to this machine, for example,
the gear grinding CNCmachine Höfler Rapid 1250. Obviously, the technological param-
eters assumed (predicted) at the pre-preparation stage (grinding system state and output
parameters) will not coincide with the operating grinding system’s actual online param-
eters. As follows from Fig. 2, it is impossible to bring these parameters to equality by
making adjustments to the CAE system in automatic mode without human intervention.
However, it is possible to introduce an unusual (i.e., novel, previously absent) negative
feedback, as well as new blocks and connections between them, as shown in Fig. 3. In
this case, the actual online values of the grinding system state and output parameters
can be compared automatically with their calculated values that are available in the
CAE system and obtained either by analytical calculations or by online modeling in the
appropriate FEM or FDM system (e.g., in the FEM-system COMSOL Multiphysics).

Technological parametersQ
′
w and V

′
w in Fig. 3 characterize the intensity of the stock

removal (Q
′
w) during grinding, for example, gear grinding, and the current resource

consumption (V
′
w ) of the grinding wheel. The value of these parameters is formed

considering the actual parameters of grinding (hereinafter gear grinding).

Fig. 3. Integrated CAD/CAM/CAE system shows novel feedback introduced to implement the
grinding system’s online self-training.
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Self-learning of the gear grinding system presented in Fig. 3 is carried out in a closed
(through negative feedback) loop. Three additional subsystems are directly involved in
this: designing, monitoring, and diagnosing ones (Fig. 3).

4 Results

The choice of the grinding parameters for roughing, semi-finishing, and finishing oper-
ation stages is performed according to the following method. The value of specific
grinding work of es = 50 J/mm3 is previously set (further, this value can be corrected
in the online mode of self-training of the gear grinding system). For this, the following
steps are performed.

Table 1. The Q
′
w – parameter assigned for gear grinding operation stages.

Parameter Rough stage Semifinish stage Finish stage

Q
′
w , mm3/(mm·s) 8.6–5.0 5.0–1.0 1.00–0.25

1. Set the specific material removal rate Q
′
w depending on the stage of grinding

followingTable 1. For example, set for the grinding first stageQ
′
w = 8.6mm3/(mm·s).

2. Choose the maximum possible axial feed Vf . For example, for the first grinding
stage, it is Vf = 116.667 mm/s, i.e., 7000 mm/min.

3. According to the nomogram (not given here), determine the relative temperature,
which corresponds to the specific grinding unit. For example, in this case, the relative
temperature is TH/es = 10.478 [(°C · mm3)/J]. The absolute grinding temperature
is obtained as the product of the relative temperature of 10.478 [(°C · mm3)/J] by
a specific work of es = 50 J/mm3. In this case, the grinding temperature is TH =
10.478·50 = 523.9 °C. Thus, we have TH = TH

(
Vf , Q

′
w

)
= 523.9 °C.

4. Compare the obtained temperature TH with the critical level of the grinding burn
temperature, e.g., with TCR = 550 °C. Because 523.911 °C < 550 °C, the found
value of the axial feed is fixed. If it would be TH > TCR, the parameter value Q

′
w is

reduced.
5. For a given value of the indicator Q

′
w = 8.6 mm3/(mm·s) and the fixed value of

the axial feed 116.667 mm/s (7000 mm/min), the link is determined by the formula
Q

′
w = tv Vf . That is tv = Q

′
w/Vf . In this case, we have tv = 8.6/116.667 =

0.07371 mm. Because the grinding stock allowance is calculated in the normal
direction to the workpiece surface, it is necessary to determine the normal grinding
depth when determining the number of strokes. You can use the following simplified
relationship between these cutting depths: tn = tv sin α, where α is the pressure
angle of the basic rack. In this case, at α = 20°, the normal grinding depth is tn =
0.02521 mm. Thus, the gear grinding parameters for the rough grinding stage are as
follows: tn = 0.02521mm, tv = 0.07371mm, andVf = 7000mm/min. For example,
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the grinding stock allowance of 0.77 mm is removed sequentially in three stages of
grinding: in the first stage, z1 = 0.5 mm; in the second stage z2 = 0.25 mm; in the
third stage, z3 = 0.02 mm (the allowance is measured in the normal direction to the
workpiece surface).

6. Determine the number of strokes for the first stage of grinding, i.e., i1 = z1/tn1. In
this case, we have i1 = 0.5/0.02521 = 19.832. Round the number of strokes found
to the nearest whole number. In this case, we have i1 = 19. Recalculate the normal
grinding depth of tn1 = 0.026 mm (instead of tn = 0.02521 mm). Recalculate the
grinding temperature taking into account the adjusted value of the vertical depth of
0.077 mm. The grinding temperature will be TH = 541,025 °C (instead of TH =
TH

(
Vf , Q

′
w

)
= 523.9 °C).

7. Determine the specific material removal V
′
w (the volume of material to be removed

per unit of the grindingwheel activewidthB) according to the formulaV
′
w = Btv. For

example, for the first gear grinding stage, itwill beV
′
w =24·0.077=1.848mm3/mm.

8. Generate the initial data for the CNC machine with the indication of the calculated
grinding temperature.

Similarly, choose the grinding parameters for the second (Table 2) and third stages
to remove the grinding stock allowance (z2 = 0.25 mm, z3 = 0.02 mm).

Table 2. Gear grinding parameters were calculated for the second (semifinish) operation stage.

Number of stroke tn, mm tv , mm Vf , mm/min Q
′
w , mm3/(mm·s) V

′
w , mm3/mm TH , °C

1 0.015 0.043 7000 5.016 1.032 349.68

2 0.015 0.043 7000 5.016 1.032 349.68

3 0.015 0.043 7000 5.016 1.032 349.68

… … … … … … …

17 0.015 0.043 7000 5.016 1.032 349.68

Within the final grinding stage, the axial feedVf can be reduced to obtain the required
roughness, reducing the roughness if the roughness requirements are high. For high
accuracy classes of gears, the values of axial feed Vf are chosen based on the required
cooling of the workpiece as its final size is formed to eliminate the effect of thermal
deformation on machining accuracy, including changing the grinding cycle structure.
Namely, omission of the working stroke means the only up or the only down grinding,
sector grinding, etc.

The specific material removal rate Q
′
w (Fig. 4) and the specific material removal V

′
w

(Fig. 5) are also used as grinding system state parameters in the computer-aided gear
grinding designing, monitoring, and diagnosing.

The found distribution of parameters Q
′
w and V

′
w over the gear grinding passes is

the initial technological information for a CNC machine’s control program, in this case
for the gear grinding CNC machine Höfler Rapid 1250. Besides, the data in Fig. 5 is
used to determine the grinding wheel dressing moments. When changing the grinding
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Fig. 4. Program changing the Q
′
w parameter vs. gear grinding stages and strokes.

conditions (e.g., grinding allowance value, specific grinding energy), the found grinding
parameters are recalculated and, as a consequence, the control program changes. Also,
there is a possibility to control the actual engagement between a grinding wheel and
a gear being ground to increase the axial feed Vf when the so-called “air grinding”.
The latter occurs at the rough stage of gear grinding with an uneven distribution of the
grinding allowance along the gear wheel’s periphery.

Fig. 5. Program changing the V
′
w parameter vs. gear grinding stages and strokes.

5 Conclusions

The introduction of negative feedback from the built-in online sensors of technological
(process) information (when such sensors are available) allows, based on monitoring the
grinding system state and output parameters, to correct the setting of the CAE system,
which is used not only offline but also in the online mode.
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Given as an example, the step-by-step sequence of actions to determine the param-
eters of grinding the complex-shaped machine parts on the example of gears makes it
possible to understand the algorithm of operation of an intelligent self-training grinding
system.

The new provisions for the automation of technical systems (both processes and
constructs) developed in the paper are universal in nature, regardless of the specifics of
production processes.
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Abstract. The research aims to choose a strategy for transport companies’ behav-
ior in the context of the development of Industry 4.0. It is proposed to use a
mini-maximum model as an optimization function. This model proposes to make
a management decision based on the accounting of primary capital investments
for trucks purchase and costs associated with rolling stock operations. The arti-
cle presents an initial algorithm for accelerating decision-making by creating your
software product for specific transportation conditions. This approach allowsman-
agers to search faster for the optimal transport option of any production, which is
necessary for the concept of industry 4.0. The article provides an example of cal-
culating the creation of a rolling stock fleet for goods transportation into the retail
chain of supermarkets in Kharkiv. This approach is universal and can be used to
choose the best option for delivering goods between enterprises when transporting
raw materials, agricultural goods, mail, etc. The approach is universal for making
a correct management decision for different types of routes and allows managers
to form the necessary fleet of vehicles with minimal investment and the highest
productivity.

Keywords: Route · Costs ·Model · Transportation · Risk

1 Introduction

Building and organizing a reliable transportation system is important for the success
of any production process in the era of Industry 4.0. In particular, the transportation
management system (TMS) should be based on the concept of smart transport and
intelligent transport systems (ITS) [1]. Of particular note is the key role in the transport
process and logistics of the Internet of Things (IoT) [2].

When transport process organizing that corresponds to Industry 4.0 concept, it is nec-
essary to consider main costs that are associated with capital investments in the purchase
of rolling stock, as well as the cost of transporting goods, taking into account chang-
ing conditions of supply processes: exchange of information between delivery subjects,
creation a flexible route taking into account changes in delivery conditions (weather,
restrictions, risk) [3]. Simultaneously, the important point is to consider possible risks
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for carriers, which are expressed in increased costs with an incorrectly chosen behavior
strategy. Now transport services, which logistics operators introduce, should be orga-
nized with minimal losses and, if possible, use robotics [4] or autonomous vehicles [5].
Logistics processes for smart transport should be organized based on behavioral strate-
gies using data obtained by a specialized software product and the physical Internet
[6].

Therefore, information support when choosing a strategy for the carrier’s behavior
in servicing the customer should allow for the prompt adoption of a correct decision
considering the risk factors of increased costs. The research aims to present an initial
mathematical tool for estimates risk factors during transport process planning.

2 Literature Review

The Industry 4.0 concept [7] provides flexibility in choosing a transport company’s
market behavior strategy. This is evidenced by the latest opinions of experts [8] in the
field of modern transport logistics, who are convinced that the concepts of IoT [9] and
blockchain technologies [10] give opportunities to make more flexible management
decisions.

Smart approaches for building efficient supply chains are based on the carrier’s design
of a risk structure [11], which allows the best strategy to be chosen because of minimal
losses. Thus, the implementation of transport company capabilities using investment and
risk accounting in the supply chain is shown in the example of the Australian courier
firms. The described concept is based on using the partial least squares’ method used to
build a mathematical model [12].

The choice of enterprise behavior strategy can be based on simulation results using
modern software products. The study [13] shows the flexibility of the manufacturing
process using simulation in the FlexSim environment. This concept allows managers to
increase productivity and reduce losses from possible risks significantly.

The strategy of transport companies’ behavior-based recently on neuro-network
modeling [14–17] or for organizing routes based on results obtained by Petri net-
works (PN) has been widely applied [18]. However, the last research (PN) practically
does not consider various risks [19, 20]. Problems associated generally with the use of
mathematical modeling in logistics processes are described in studies [21, 22].

The author shows how using the Monte-Carlo method to optimize a fleet of rolling
stock [23]. A carrier must first proceed from its production capacity when choosing a
behavior strategy. Create a structure of the vehicle fleet that corresponds to transport
conditions and fully satisfies the demand for transport service [24–26].

Integrated criteria are often used to select a carrier or industrial production strategy,
which involvesminimizing thefinancial performance associatedwithfleet operation [27–
29] or optimizing production processes [30]. Cost savings are possible by effectively
planning the entire supply chain [31]. In particular, to reduce idle time of trucks in
anticipation of reverse loading [32].

Researchers are increasingly focusing on risk management in the Industry 4.0 era
[33]. The logistics principles presented by the authors in solving problems in heavy
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production (metallurgy) [34, 35] can be transferred to some extent to solve issues in
transport [36].

It is especially difficult to choose a correct behavior strategy in conditions of con-
siderable uncertainty. The number of random factors influencing the transport process is
usually more when delivering bulk cargo (cereals, products of heavy metallurgy, coal, or
ore materials) [37–39]. Operations of transport companies characterize a slightly lower
uncertainty level during goods delivery with small batches [40, 41].

Application and initial implementation of innovative technologies into transportation
systems (Petri networks, neuro-networkmodels, IoT, aswell as blockchain technologies)
are based on a good mathematical apparatus that allows researchers to establish the
necessary patterns [42–44], as can be seen from the literature review in most cases. This
allows the carrier to take a more flexible approach to its customer service strategy [45,
46]. At the same time, the risk of unjustified losses is reduced.

3 Research Methodology

The choice of the most effective strategy of the carrier’s behavior is made considering
the invested capital for the purchase of trucks, which are necessary to satisfy customers’
orders in freight transportation in conditions of complete uncertainty. This takes into
account possible risk situations arising in the transport services market.

This approach is based on applying the indicator of guaranteed costs that the carrier
can incur from the implementation of a particular investment project, that is, the chosen
behavior strategy. Therefore, management decisions take into account the minimum cost
indicator:

Cstrategy = mini maxjCij, (1)

where Cij - value of specific annual costs for transport service by i-type of the truck on
the jth route, UAH.

Each strategy corresponds to a specific value of the transportation prime cost of
planned volumes based on transportation prime cost per one ton of cargo. The set of
values of transport service prime cost during transportation annual volume of cargo is
determined by:

Pr C = {
Pr Cij

}
, i = 1,m...j = 1, n, (2)

where PrCij - the prime cost of transport service when transporting the annual volume
of cargo by the ith type of truck on the jth route, UAH.where PrCij - the prime cost of
transport service when transporting the annual volume of cargo by the ith type of truck
on the jth route, UAH.

Values cannot be determined at the first stage of choosing a strategy because they
are considered unmanaged factors. Therefore, when calculating, the carrier will use the
prime cost of transporting one ton of cargo based on the standard operation of trucks on
routes:

Pr Cij = Pr Ct
ij · Van, (3)
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where Pr Ct
ij - the prime cost of transport service when transporting one ton of cargo

by the ith type of truck on the jth route, UAH/ton; Van - annual value of the transporting,
ton.

The prime cost of transportation per one tone is calculated according to classical
dependencies considering possible technical and operational indicators of rolling stock
operation on planned service routes.

Calculation results can be presented as a table of the following template (Table 1).

Table 1. Transportation service prime costing matrix.

Truck type Route

1-th … n-th

I-th PrC11 … PrC1n

… … … …

m-th PrCm1 … PrCmn

Each pair of Ki and Cij corresponds to a certain value of the specific annual costs,
which are calculated according to the formula:

Cij = NORM · Ki + Pr Cij, (4)

where NORM - standard capital investment efficiency ratio, NORM = 0.1; Ki - capital
investment for buying an ith type of truck, UAH.

Matrix of specific costs (formula 5) can be composed based on having sets {Ki} and{
Pr Cij

}
(Table 2)

Cstrategy = ||C(
Ki,Pr Cij

)|| = ||Cij||. (5)

Table 2. Matrix of specific costs (criteria for the choice of carrier behavior strategy).

Capital investment for buying a
truck

Prime cost of transport service on the route maxiCij

PrC1 … PrCn

K1 C11 … C1n max(K1,C1n)

… … … … …

Km Cm1 … Cmn max(Km,Cmn)

The final choice of carrier behavior strategy during transport service must be made
by criterion (1) and according to Table 2 (last column).

Carrier can create a software product using the following algorithm to faster choosing
a rational strategy (Fig. 1).
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Fig. 1. Algorithm of software to choose a rational carrier behavior strategy.

This algorithm allows managers to compare the expected costs of carrying out the
transportation process with the results obtained according to the minimax model (1).
If carriers do not receive the required value, they can quickly set new conditions for
selecting a strategy. Simultaneously, both values of capital investments and information
on rolling stock operation on each route can change. Information about the external
environment parameters is altered, which corresponds to the concept of Industry 4.0 and
allows organizing the provision of transport services (production) more flexibly.
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4 Results

This approach was tested when choosing a strategy for transport services for supermar-
kets. According to Google Maps, Kharkiv has one of the most extensive retail chains in
Ukraine [47] (Fig. 2).

Fig. 2. Grocery Supermarkets in Kharkiv.

‘Silpo’ grocery network was chosen for evaluating the best strategy.
Results of simulation are given in matrix for selection of rational strategy (Table 3).

Table 3. Matrix of specific costs to choose transportation strategy for ‘Silpo’ grocery network.

Capital 
investment 
for buying 
a truck,
UAH

Prime cost of transport service on the route, UAH

maxiCij7000000 7500000 6900000 7400000

6000000 7600000 8100000 7500000 8000000 8100000
4500000 7250000 7150000 7750000 7650000 7750000
4200000 7920000 7420000 7320000 7820000 7920000
3500000 7350000 7750000 7250000 7850000 7850000

Four modes of carrier conduct were considered as a condition:
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1. Acquisition of domestic on-board vehicles (type I);
2. Purchase of foreign-made on-board vehicles (type II);
3. Purchase of vans of the domestic manufacturer (type III);
4. Purchase of foreign vans (type IV).

The maximum value is selected for each row (Table 3). The last column specifies
the best behavior strategy based on the minimum value.

In this case, it is preferable to organize transport services for groceries ’Silpo’ trading
network using second-type trucks with the third type’s routes.

Themain parameter based onwhich carrier chose an own behavior strategy is a prime
cost. The factors influencing prime cost belong to the group of technical and operation
parameters of vehicles that work on a route. These factors can take values randomly.
This is due to the conditions for the operation of rolling stock. Such external factors
as are environment and weather are considered in the model not directly. The proposed
mathematical approach considers these factors due to road conditions that influence the
values of vehicle speed.

The proposed model gives a flexible tool to make rational decisions in different and
very quickly changing market conditions because of considering such factors as type
and brand of trucks, type of fuel using for transportation, a risk to receive the minimal
value of profit, and some others. But the model didn’t use a self-learning algorithm. This
task for the next researches.

5 Conclusions

The presented approach allows managers to quickly choosing carriers’ behavior strategy
during the transport service of any production processes. Simultaneously, the ability
to quickly take into account changing environmental factors guarantees flexibility in
decision-making. This fully complies with the concept of Industry 4.0 when organizing
production or providing transport services.

This approach is universal and can be used to choose the best option for delivering
goods between enterprises when transporting raw materials, agricultural goods, mail,
etc. The approach is universal for making a correct management decision for different
types of routes and allows managers to form the necessary fleet of vehicles with minimal
investment and the highest productivity.

Further research is considering additional factors in the study algorithm that reduce
the level of uncertainty in the transport process.
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Abstract. The following article makes a case study with an SAP ERP system,
which integrates with an externalWeb Service usingAPI access. Algorithm imple-
mentation is demonstrated with all transactions used in SAP ERP. However, it
should be noted that a limited version of SAP ERP S/4HANA version release
2.00.044. It was pointing to the capabilities test between the external system and
the ERP system. During the experiment, the ABAP programming language and
the built-in SAP ERP background job are used and configured as needed. The
received data is stored in the SAP ERP data warehouse, modified to save the
new data. The main result is to provide integration capabilities. Utility to use the
Web Service and the ERP system’s integration technique to enable the capability’s
regular use. The experiment shows that the SAP ERP system can be integrated
from an external source and store data to improve future business processes and
increase its business values. The approach allows for the development of future
frameworks and the expansion of ERP systems between external systems.

Keywords: Enterprise resource planning systems · Algorithm implementation

1 Introduction

The global success of enterprise resource planning systems (ERP) has attracted
researchers from the IT discipline and all major business research disciplines, including
accounting, logistics, and manufacturing. The advent of ERP systems has increasingly
moved computerized business information systems from the IT domain to the business
realm, from systems design and programming to business configuration, process map-
ping, and engineering. The efforts and weight of critical success factors in the ERP sys-
tems have shifted from system design to system implementation, and implementation
teams are now typically led and dominated by traditional business roles rather than IT
staff. ERP systems put their logic on organizations and oftenmake employees think about
integrated processes and change accounting, production planning, and control [1, 2].

ERP systems are often confused with other used solutions and software products that
help solve various business problems. For example, due to ignorance, ERP systems are
considered analogies or alternatives to a CRM system for accounting and tax programs.
ERP systems’ main difference allows us to manage all of a company’s resources, not
individual parts [3, 4]. ERP systems have available data that is evenly distributed and
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available throughout the system in one place. This data ismostly transaction data contain-
ing various information about the customer’s order about suppliers. In various analyzes,
this data is used and is very important to make predictions in support of business goal
achievements. Mostly, performing additional analyzes requires different other data not
available in ERP systems. There is a need for an integrated approach that would allow
the insertion of external data into ERP systems. As it is already known today, the data
is extensive, and a lot of it immediately means that this data is needed in an automated
way because, with manual work, it is no longer possible to process it nowadays. Here
also appears one of the main processes autonomous, used everywhere, from uploading
images to social networks and automatically publishing on other social networks. Using
data available from social networks to prepare a suitable advertising offer for a potential
customer interested in purchasing a product [5].

In this article, an experiment with autonomous data-driven integration into ERP
systems is performed, and the SAP ERP system is chosen for ERP systems, based on
preview proposals [6]. Initially, a BPMN business process is created that explains what
data and what business processes are going on in the X company from the company’s
point of view. As a next step, a flowchart explains the algorithm’s actions and the parties
involved. Then the solution in the UML diagram is discussed in more detail. These steps
are followed by explaining the ABAP programming solution and the experiment, at the
end of which autonomous data-driven integration into the SAP ERP system is obtained.
SAP ERP transactions are also marked, which are used in the development process.
Integration is performed betweenWeb Service API access from the outside of SAP ERP
systems. The received data is stored in the SAP ERP data warehouse, and the experiment
runs in SAP ERP S/4HANA version release 2.00.044.

Research questions are raised:

1. Is it possible to connect the existing algorithm to the ERP system?
2. Does the existing algorithm indicate the existence of autonomy?

The rest of the paper is organized as follows: Sect. 2 discusses the algorithm, Sect. 3
autonomous data synchronization solution, and Sect. 4 provides conclusions.

2 Literature Review

When developing an algorithm, the problem that the created algorithm has to deal with is
always considered, and by logically arranging each step, one can understand the essence
of the algorithm and how the specific problem is solved. In this case, several issues affect-
ing data-driven integration of ERP systems are evaluated, called data synchronization
shortcomings [7]. Some of the common problems with data synchronization are:

• The complexity of data formats – from the very beginning, with the advent of the
system. The data is presented in a relatively pure form that changes over time, and the
organization grows, leading to problems such as the relationship between the target
systemand the source system, aswell as data conversion problems during transmission
between systems [8];
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• Work in real-time – now is the real-time era where users want to know the current
status of the system, customers want to see the current status of the order in the online
store, track the current status of the package by its tracking number, monitor current
account balances, and so on. Accordingly, there is a need for real-time interaction and
system synchronization and post-construction, which could not only be updated but
also ensure a continuous real-time production process [9];

• Data security – security rules and policies may vary depending on the system used.
However, even if data security (storage, access rights) is ensured in the source system
correctly, this policy should be transposed into the target systems aswell as attention to
information flows (e.g., enter one or the other encryption during data transfer between
systems) to prevent possiblemisuse of information. This issue is crucial whenworking
with stamped information and personal data [10];

• Data quality – anothermajor obstacle is data quality. The datamust not be inconsistent,
and the integrity property must be satisfied. It is good practice to store data in one
place and then redirects it to target systems, which helps to eliminate inconsistencies
in the data and ultimately leads to more efficient management and maintenance of
helpful quality data [11];

• Performances – measured against preset established standards of accuracy, com-
pleteness, expense, and speed, performing a given task [12]. Today, one of the most
significant challenges facing the IT sector.

The following algorithm solution deals with real-time work, performance, and data
quality; other problems are not considered.

3 Research Methodology

3.1 BPMN

BPMN is an essential part of an organization’s overall architecture; by integrating it
with several aspects of ERP systems used to run a business, a coherent and effective
mechanism for documenting the relationship between people and processes andmethods
can be achieved, facilitating both deployment and ongoing operations. For example,
Fig. 1 represents the organization’s business process model.

It can be seen that the delivery of the product is carried out with the help of several
parties involved. The manager identifies that the company is missing a specific prod-
uct. The manager selects the quantity of the product and orders the request from the
warehouse manager. The second, in turn, receives a request notification and checks the
availability of the product. If the product is in stock, the employee closes the process,
enters it into the data system, and delivers it to the manager. If the product is not in
the warehouse, the warehouse manager sends a product request to the logistics worker.
The logistics worker enters the required product information into the database using an
autonomous data synchronization tool and delivers it to the product manager within two
weeks via its channel. Whether the product came from the company’s warehouse or the
logistics manager, the manager checks it. If the correct product is delivered (manufac-
turer, product type, expiration date, certificate), the manager credits the assembly and
delivery payment. If something is wrong after testing the product, the manager finds
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Fig. 1. Company X business process.

out the reason for the uncertainty and makes the necessary adjustments. As a result, a
company that has aligned its operations with its strategy is agile, controls its processes,
operates efficiently, and with well-trained staff can play alongside large companies.

It then receives the data at a specific URL that is sewn into the programming code.
The URL is from an external Web Service with access to external data useful and used
in the SAP ERP system. It is checked whether the data has been restored so that no data
duplication is found if the data is not restored, the algorithm terminates. However, if the
information is available and updated, it is collected and then forwarded to verify that it
is structured correctly. If the data is incorrectly structured or uneven, it is pre-processed
through the subprocess and sent back to the data validation. If the information is correct,
it is forwarded to the data warehouse where it is stored. Once the data is stored in the
data warehouse, the SAP ERP system generates reports on the database’s changes, and
the algorithm terminates. The corresponding algorithm is developed as an automated
process that executes every day at noon.

3.2 UML

In Fig. 2, the UML diagram shows the supplier, products, delivery, employee, and cus-
tomer. As well as an example of the data types of each object that are used, it is relatively
simple, but the complexity starts themoment the orders reach a large quantity. It is neces-
sary to execute the existing algorithm synchronously to check and store the data correctly
to be in the right and specific amount. As an example, it can mention the correct use of
data types according to stored values.

3.3 Integration

In Fig. 3, the main task of this ZAA_BAKA is to create an autonomous data
synchronization solution. The ERP system from SAP was chosen for this purpose.

The challenge was to find approaches to implementing autonomy and synchroniza-
tionwith external platforms, sites, or files. It was determined that themost suitable exper-
iment would take place with an external Web Service API [4] from which the data was
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Fig. 2. UML of the SAP ERP integration example, data warehouse representation.

Fig. 3. SAP ERP integration ABAP editor report ZAA_BAKA.

decided to transfer to the SAP ERP system. There are many different options, devices,
ready-made software in this SAP ERP system that are needed to use and customize
different parts of the system. The system uses so-called transaction codes or transac-
tions that can be used to move and edit the necessary details; for example, in transaction
SE38 programs are created, in SE11, everything related to databases is created. The
programming code is available in Fig. 4.

There are several privileges to use SAP ERP reports, and of course, there are also
some disadvantages, see Table 1.

As a first advantage, it can seamlessly access data directly from the source to get
up-to-date information. It is always pointing out the original data source. In this way,
without distorting the data and preventing them from disappearing during the process.
The second is a cost-effective application because the reports are already available in
the SAP ERP system, and there are many different instructions on how to handle them.
The third advantage is that it can merge the resulting information with other SAP and
non-SAP data sources. In this case, the integration process is vital to be able to do it at
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Fig. 4. ABAP programming code.

Table 1. SAP ERP reports advantages and disadvantages.

Capabilities Possess

Up-to-date information +

Cost-effective +

Merge the result +

No need to replicate data +

Available in SAP ERP system +

Performance issues −
Depends on the report design and volume of data −
Transactional data is not aggregated −
Data format complexity −

all. This capability also indicates that the SAP ERP system is not a completely closed
system that cannot be accessed and accessed from other data sources. A fourth privilege
capability is that there is no need to replicate data in different non-SAP relational tables.
All data is available in one place, one of the best features of the SAP ERP system. As
an absolute privilege, this report option is already available in the SAP ERP system
and is ready to use and with a unique configuration and modification options. However,
marking disadvantages that are available in the SAP ERP system reports. There are
encountering performance issues when there are not enough resources to operate with
large amounts of data from other information systems, which is also not rational to place
them in the SAP ERP systems’ data warehouse. The second drawback depends on the
report design and the volume of data, limited to a certain amount. The next drawback is
that transactional data is not aggregated, which is only logical that they need to be done
manually according to a particular business process’s needs. The latter is the data format
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complexity, which complicates the data storage capability, but it would be an irrational
duplication of information from external resources.

As already mentioned, several advantages and disadvantages should be noted that
three disadvantages have an explanation that justifies why such capabilities are not
fully used in the SAP ERP system. Performing an autonomous data synchronization
solution solves problems like real-time, performance, and data quality. The solution can
eliminate all three problems in real-time, reduce ERP systems’ performance by placing
an external service and ensure data quality with ERP systems’ help before data storage.
The following section explains the autonomous data synchronization solution that is
integrated into the SAP ERP system.

4 Results

Before explaining the solution step by step, initially familiar with SAP ERP transactions
that will be used:

• SM36 – SAP ERP systems background job processing (create, schedule, and resched-
ule). A background job is a mechanism that runs behind the usual digital operations.
It is run in parallel, and dynamic processes and activities are not interrupted. The
advantages of background jobs are that it reduces manual work; it can be scheduled
as per each user and scheduled in the night. Background jobs are classified into 3
categories - high/medium/low priority [13];

• SM37 – SAP ERP systems background job monitoring. Monitoring background work
is critical because it can be canceled due to any mistake once schedule the job [14];

• SE38 – ABAP editor is the standard SAP ERP systems transaction code available
inside R/3 SAP systems. It helps developers to handle and execute reports (programs),
versions, attributes, metadata, or text elements (with or without debugger) [15];

• SE11 – SAP ERP database tables are generated using transaction SE11 in the data
dictionary and stored data inside the SAP ERP program. It includes master data,
transaction data, configuration data.When a database table is formed, any data entered
must remain until it is physically extracted or altered by something [16].

The synchronization was performed using the programs created in transaction SE38;
the transaction exists to create and view various programs. The operation is written in a
closed programming language called ABAP. Autonomy was realized through a built-in
program called a background job. A background job is not an interactive process that is
performed in addition to the usual interactive activities. It works in parallel and does not
interfere with interactive processes and operations, and it is configured in transaction
SM36. It can be analyzed using transactionSM37by reviewing the activity log and status.
The experiment started with an established program transaction, SE38. The application
needs to be activated and run before it can be used in the future. No data may be output to
the program but to display part of the result. It can be said that the data synchronization
from the external API has been successful, and it is possible to workwith the data already
on the SAP ERP systems side. The main goal is to move all the data in the database to
further keep them there for the future and further use it for various tasks. To move them
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in a table, first need to create them, which can be done in transaction SE11. Accordingly,
a table called ZARA_BAKU_TABLE is created. It consists of two columns, ID and
ZAADATA. The first to store identification records and the second to store the data
itself. Columns are defined in a unique way to avoid type conflicts. From the add-on
program’s startup results, 10,366 records were imported with the external Web Service
API, which was successfully added to the database. To better understand the process, it
is depicted in the concept in Fig. 5.

Fig. 5. The autonomous data synchronization solution between SAP ERP system and Web
Service.

Once the program is created and the tests are completed, it can be started working
with the standalone part. Since the background job is a built-in device that allows us to
perform the necessary part of the experiment, there is no more programming. There is
a small configuration where needs to specify the settings that will be made as required.
The background job configuration occurs after transaction SM36, and all the necessary
settings must be made there. The settings are not over; the next step is time and how
often the program is started. Background job definition with scheduling the start date,
the time at which the application is running, and the frequency were added. In this case,
the program was updated daily at 12.00. Next, to check how the configuration went and
whether the program started at all, check its status. It is necessary to refer to transaction
SM37. In the workmenumaking this transaction, it needs to be select a job that is already
created. Then pick the criteria by which needed to be applied a summary of the work.
After checking the job overview form, it can be seen that the work exists with status
Released. The job is ready to work according to the configurations.

The following example describes in great detail how an SAPERP system can provide
application development that can connect to an external Web Service and set up that
application’s background job so that it can work independently. Over time, this option
allows management to increase business value.



Autonomous Data-Driven Integration into ERP Systems 231

5 Conclusions

The SAP ERP system’s synchronization approach is implemented with an integrated
approach, which contains a connection between the SAP ERP system and an external
Web Service that uses API access. The solution uses the ABAP programming language
and tests the code with standard output during the experiment to show that it is accepted
from the Web Service to the SAP ERP system. As a result, information is obtained, and
data integration reflects the experiment’s progress and implementation. As mentioned
above, this answers the first research question. Yes, it possible to connect the existing
algorithm to the ERP system.

The SAP ERP system’s automation approach is already built-in into the system and
was configured to meet the existing solution’s needs. After configuration, the autonomy
took place synchronously; data was read from the web service at a specific time each
day. Is the answer to the second research question, “Does the existing algorithm indicate
the existence of autonomy” found? Answers should be marked as yes, but automation
should occur every minute, not once a day. Since this was designed as an experiment,
then it can be assumed that autonomy has worked appropriately.

The implementation of the solution has been carried out according to the planned
plan; it can be further used in several cases where it is necessary to integrate the systems
andobtain various data. This solution canbe supplemented andmodified; it canworkwith
complex data, create documents at once in the program, and save everything in several
database tables. Autonomous data-driven integration into ERP systems is done with
gloss showing excellent performance when working with an external Web Service that
uses API access. In future work, integration with other ERP systems will be developed
to compare the integration’s complexity using the same Web Service.
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Abstract. Emerging Industry 4.0 technologies are changing very fast, and in
few years, technologies reach a new level of maturity, or new technologies are
introduced. This makes it difficult for manufacturing companies to keep track
of the fast development and evaluate a future introduction of new technologies
related to the Fourth Industrial Revolution. Therefore this work aims to realize an
Industry 4.0 technology radar for industrial organizations based on the Gartner
Hype Cycle Curve. This tool aims to analyze new emerging technologies that
could affect manufacturing firms, enabling selecting the most suitable ones. The
technology evaluation considers three parameters: a technology maturity level,
enterprise value, and deployment risk of technologies. The application of such a
tool highlights which technologies to include in the company’s future technology
strategy. The developed technology radar was applied in a real industrial case
study to prove its applicability and limitations.

Keywords: Industry 4.0 · Technology radar · Evaluation model · Maturity
model · Gartner hype cycle; emerging technologies

1 Introduction

After the era of lean management with many innovative organizational approaches [1],
the fourth industrial revolution introduced new technologies that enable the development
of new products and services, a more efficient manufacturing process, and better product
quality. Industry 4.0 is characterized by nine key technologies [2]: advanced manufac-
turing, additive manufacturing, simulation, augmented reality, horizontal/vertical data
integration, industrial internet of things, cloud computing, cybersecurity, and big data
analytics. However, in this new era, a lot of new technologies are actually developed
and implemented. Staying abreast of technological advances with solutions that ensure
efficient manufacturing processes and resource consumption, flexibility, and accurate
monitoring and corporate data analysis is part of many companies’ corporate strategy
[3]. With continuous progress across the entire spectrum of technologies used in man-
ufacturing, a key factor in the practical implementation of the most modern systems is
the availability of measurement and testing solutions that keep pace with technological
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evolution. Identifying and successfully implementing a promising technology before the
competitors could lead to finding a competitive advantage [4].

Several studies and research in the scientific literature focused on forecasting which
technologies will be adopted or implemented in the future [5]. Forecasting the promising
technological trends is not simple also due to the number of new technologies that are
developed and because it is not always known the real impact that those technologies will
have in practice. With continuous technological progress, choosing the most promising
technology is not always the best solution and does not guarantee an advantage. For
this reason, being able to identify new technologies is only one step to being able to
achieve a competitive advantage. Selecting, assessing, and adopting themost appropriate
technology suitable for a specific company is the real challenge that companies face
right now [6]. The newest inventions usually look “shiny” and incredible but are not
necessarily the best solution.

This work aims to develop a tool for supporting companies in identifying the most
advantageous technologies andobtaining a competitive advantage over their competitors.
This tool aims to assist the top management team in identifying, selecting, and assessing
emerging technologies based on their maturity level, deployment risk, and the value they
would provide to the company if implemented.

2 Literature Review

Today, companies face several challenges, such as rising competition, new competi-
tors’ entrance, shortening of the product life cycle, market uncertainty, and increasing
complexity of the supply chain. Besides, the pace of technological improvements is
growing exponentially, which means that having and maintaining a high technologi-
cal competence is a key factor for gaining ad maintaining a competitive advantage [7].
For this reason, many companies are investing a lot of time and resources for monitor-
ing, researching, and identifying emerging technologies, which could be key factors for
improving and innovating their business [8]. The absence and lack of exact information
about organizations, activities, and events outside your company’s business create an
environmental uncertainty, making it difficult to predict future changes [9].

Companies started performing studies to predict future changes called strategic fore-
sight for dealing with environmental uncertainty. It consists of understanding future
trends and adopting future-oriented insights for strategic operations and decision mak-
ing [10]. Strategic foresight is a systematic approach aimed to learn and understand
the future to guide the present day, an approach that could also be applied for scouting
emerging technologies [10]. For reaching a technological competence which consists of
knowing relevant technological innovation and emerging trends, the result crucial, and
for doing this, technological foresight results essential. More specifically, it is meant
to monitor the entire technological spectrum carefully for identifying technologies that
represent disruptive innovations [11].
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One of the models regarding technology management and analyzes the evolution of
the technology’s performance over time. It is the so-called “S curve” model developed in
1986byRichardFoster [12]. Technology scouting results to be a fundamental practice for
gaining and maintaining technological competence achieving a competitive advantage.
For performing this, “technology radars” are tools that permit identifying technological
development in an early stage. Due to the constant growth of new technology, companies
must continuously review their technological competence to remain informed and not
lose any chance of implementing emerging technologies [7]. Technology radars substi-
tute regular, occasional technology reviews made by external consultants or from the
internal research and development department. A technology radar is a complex tool,
and its contribution to innovation management goes beyond technological briefings and
analysis of a technology potential [13]. Technology radar results in being above all a
strategic instrument because they allow them to discover new promising technologies
or trends from their initial stage of life cycle and determine their strengths, weaknesses,
threats, and opportunities [13]. Rohrbeck and Heinrich identify the process of technol-
ogy radar as a procedure of four steps: (i) technology identification, (ii) selection, (iii)
assessment, and (iv) dissemination [13].

Scientific and consequently technology innovations are strictly related to many fac-
tors like scientific research, new ideas, effective communication of technological findings
and scientific knowledge, availability of new resources, and the introduction of new tech-
nology in the market [14]. This means that since every emerging technology is affected
by all these factors forecasting technological development is not a simple task. Forecast-
ing which technologies will be developed and will be successful will strongly influence
the formulation of corporate marketing strategies and offer strategical support for cre-
ating a technology strategy [15]. In this regard, Gartner Inc. introduced the “hype cycle
model,” proclaiming its ability to forecast technological development. The Gartner hype
cycle curve shows the common advancement of innovation, from excessive enthusiasm
through the disillusionment period to a possible understanding of its relevance and role
in a market or domain. More specifically, it shows the expectation or visibility and value
of technology concerning time [16]. Gartner Inc. publishes once a year an updated hype
cycle curve where they place emerging technologies that they believe have the potential
for becoming relevant in the future in their respective stage of maturity.

This work aims to develop a technology radar to enable companies to identify and
assess the potential of emerging technologies in the context of Industry 4.0. Up to now,
few works are showing a practice-oriented way for companies to do this.

3 Research Methodology

In this section, we present the research methodology used for this study. A model has
been developed to identify, select, and evaluate new emerging technologies so that
organizations can identify potential technologies to improve their operations and their
manufacturing process. This means that our method focuses only on manufacturing
or other manufacturing-related (operational) processes and not on technologies mainly
addressing organizational processes or similar. Figure 1 illustrates the five steps of our
technology radar model.
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Fig. 1. Steps of the applied methodology.

The first part of the model focuses on identifying emerging technologies, while the
second one is selecting the technologies that impact the manufacturing process. The
third step deals with the assessment of the identified technologies considering three key
parameters: (i) thematurity level, (ii) the deployment risk, and (iii) the enterprise value of
each technology selected. Based on this evaluation, the technologies can be classified in
a 3-dimensional technology radar into eight categories considering their level of high or
low maturity, value, and risk in three axes. Thanks to this classification, an organization
can then decide which technology might have strategical relevance for its business and
consequently decide to adopt it or start a pilot program to understand if that technology
positively affects the manufacturing process.

The following section shows more detailed information regarding each step of the
above-illustrated technology radar model. The proposed model has been tested and
applied in an industrial case study at a large devicemanufacturer for the printing industry.

4 Results

4.1 Step 1 - Technology Identification

The first section of the technology radar focuses on identifying new emerging tech-
nologies that will be considered for the evaluation. This part aims to create a list of
technologies to give the users a wide choice for the next step.

Since the research focuses on emerging technologies, it was necessary to identify
technologies that are not widely implemented for developing a long-term strategy to
gain a business advantage concerning the competitors. The technologies listed in the
Gartner hype cycle curve of the last three years have been used as a basis to make effi-
cient research and obtain valid results. Reporting only the emerging technologies of the
last year would be reductive since this phase’s goal, as explained before, is to create a
comprehensive list of technologies. Technologies are constantly changing, increasing
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their maturity level and improving their performances, but new technologies will also
be created and developed with time. For this reason, the process of technology scout-
ing needs to constantly scan the technological environment and continue after the first
technology radar evaluation to guarantee that when this process of assessment will be
repeated, all new technologies will be included in the analysis.

4.2 Step 2 - Technology Selection

While the first step of the technology radar is equal for every organization, starting from
the second one, the technology selection, every section will be different. In this phase,
we select the technologies that could affect the individual organization’s manufacturing
process from the list of identified technologies. This means that an assessment group in
the company must go through all the technologies identified and select only the ones
that impact the firms’ operation. Since the model was developed for being used by com-
panies from different sectors, not all technologies will be relevant to all organizations.
In this step, it is important to define assessment groups composed of at three to five
persons from top management, research, development, manufacturing, logistics, and
maintenance department.

The assessment group should report what technology could be used for manufactur-
ing and how it could affect the process, providing the users a better understanding of each
technology’s application scenario. It is important to notice that there is no information
about the requirements for implementing any technology for avoiding prevention in the
selection in this section. The more technologies are selected in this phase, the wider
the technology spectrum will be considered in the further analysis. This section aims
to encourage users to choose as many technologies as possible but excludes obvious
irrelevant technologies.

4.3 Step 3 – Technology Assessment

The phase of technology assessment is the most important and the most difficult and cru-
cial step of the entire technology radar analysis. In this section, the technologies selected
in the previous section are evaluated for quantifying their potential. For performing the
evaluation are considered three main attributes of every single technology:

• maturity level,
• enterprise value,
• deployment risk.

To each of these attributes is assigned a numeric value between one and five. For
achieving the final evaluation, both for enterprise value and deployment risk are identified
four parameters that the user should evaluate and give the final results.

Every technology’s maturity level evaluation is made based on the score assigned to
each technology’s corresponding position in theGartnerHypeCycleCurve.As described
before, the hype cycle curve released every year by Gartner Inc. identifies new emerging
technologies and for each one determines the maturity phase (1 – innovation trigger,
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2 – the peak of inflated expectations, 3 – thought of disillusionment, 4 – a slope of
enlightenment, 5 – plateau of productivity).

The second parameter, which is considered for the assessment of technologies, is the
enterprise value based on four indicators’ evaluation.

1. Manufacturing impact,
2. Operational impact,
3. Organizational impact
4. Digitalization impact.

They take into consideration different aspects of how technology affects and
consequently improves a company.

The last parameter considered for the technology assessment is the deployment risk.
This parameter considers four indicators for obtaining a final score:

1. Resource allocation,
2. Integrability,
3. Applicability,
4. Time to reach the plateau of productivity.

The first indicator considers the time, effort, and economic investment required for
the implementation of technology. The second indicator is integrability which refers to
how easily a technology could be implemented in the existing system manufacturing
process. The third indicator is applicability and refers to successful applications of the
technology and best practice examples. The last indicator considered is the time to reach
the plateau of productivity. This indicator’s assessment can be done based on Gartner’s
forecast of the last three years, serving as a guideline for users to evaluate this indicator.

The assessment tool has been developed as a Microsoft Excel spreadsheet to support
and facilitate the evaluation procedure. The scoring algorithm is automated and uses the
manually encoded values for the three above-mentioned parameters for maturity level,
enterprise value, and deployment risk.

4.4 Step 4 – Technology Radar

After assessing all the selected technologies, building the 3-dimensional technology
radar (Fig. 2). Most of the assessment models and technology radars in literature are
based on a two-dimensional structure. In this case, since the model developed considers
three parameters, for an effective and clear representation of the results, was adopted a
3D structure. Depending on the level of each parameter, we can classify the technologies
in eight quadrants. Every quadrant has the same dimension (every parameter can assume
a maximum value of 5 and a minimum of 1). Based on the position of technology in
these eight quadrants, a company is assisted in defining a strategy for handling each of
the technologies (Table 1).
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Building the sum of all three parameters, we can obtain a single assessment value
for each technology, making it possible to compare all of those taken into consideration
for the assessment and thus create a ranking (see an example of the industrial case study
application in Table 2).

Table 1. Quadrants of the technology radar.

No Quadrant Maturity level Enterprise value Deployment risk

1 Gather Information Low Low Low

2 Growth & Development Low High Low

3 Limited Growth High Low Low

4 Growth High High Low

5 Divestment Low Low High

6 Selection Low High High

7 Limited Growth & Investment High Low High

8 Growth & Investment High High High

Figure 2 finally shows the technology radar chart illustrating the results.

Fig. 2. Three-dimensional technology radar.
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4.5 Step 5 – Technology Review

As it was the first time at the case study company that the Industry 4.0 technology radar
tool was implemented, it was impossible to compare the results of this assessment with
previous data. Gartner Inc. releases a new Hype Cycle every year to identify the most
relevant new emerging technologies and positions them on the curve to determine the
maturity phase. When the next Hype Cycle will be released, the company should repeat
the analysis and compare the “old” and the “new” radar results.

Table 2. Results of case study application - Technology Ranking.

Pos. Technology Maturity level Enterprise value Deployment risk Total score

1 Digital twin 2 4.25 3 9.25

2 Augmented
reality

3 3 2.75 8.75

3 Autonomous
mobile robots

1 3.75 3.75 8.5

4 Enterprise
taxonomy

3 2.5 3 8.5

5 Smart robots 1 4 3.5 8.5

6 4D printing 1 3.25 4 8.25

7 Mixed reality 3 3 2.25 8.25

8 Nanoscale 3D
printing

1 3 4.25 8.25

9 Virtual reality 4 2.25 2 8.25

10 3D sensing
cameras

3 2.5 2.5 8

11 IoT platform 2 3.25 2.75 8

12 Flying
autonomous
vehicles

1 2.25 4.25 7.5

13 DigitalOps 1 2.75 3.5 7.25

14 Blockchain 2 2 3 7

15 Decentralized
autonomous
organizations

1 2.25 3.75 7

4.6 Discussion and Limitations

This research aimed to build a tool for evaluating emerging Industry 4.0 technologies
with a strong focus on manufacturing companies and processes. Even if it considers
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many information-based technologies, its implementationwould not be effective in other
industries, e.g., software companies.

The first section of the model that focuses on the technology identification is crucial
because if this initial phase of scouting a technology is neglected, it will not be considered
in the following phases of the analysis. Besides, since the model is based on the Gartner
Hype Cycle and every year a new one is released, the list of technologies, the value
of maturity level, and forecast time for reaching the plateau of productivity must be
manually updated.

Themost significant limitation of thismodel is the assessmentmethodology because,
except for the maturity level, the other two parameters considered for the assessment are
evaluated subjectively. This means that there is no objective evaluation method for eval-
uating both the enterprise value and the deployment risk. Furthermore, the assessment
strongly depends on the evaluator’s knowledge about the individual technologies. If a
user of this tool is not an expert in a given field, e.g., Augmented reality, it is not easy
to assess individual attributes. The authors recommend evaluating an interdisciplinary
group with experts from different company and external technology experts’ functions
to mitigate this risk.

Finally, this model aims not to make an exact and precise evaluation of emerging
technology but to support organizations in identifying promising technologies providing
an approach to encircle the most promising technologies as a basis for continuously
updating the own corporate technology strategy.

5 Conclusions

This work aimed to develop, apply, and validate a Technology Radar-based evaluation
model of emerging Industry 4.0 technologies. Through the developed model, we can
guide companies in a structured and systematic way through the identification, selection,
and evaluation of promising technologies.

The fact that the developed model is not completely based on members of an assess-
ment group’s subjective opinions but partly also on reliable results from renownedmodels
like the Gartner hype cycle curve is encouraging to use this model in practice.

The application of the technology radar model in the case study has shown that users
appreciate a structured guideline and framework that they can follow. Although there are
limitations based on subjective evaluations during the assessment, this can be tackled
by preparing, training, and adequately selecting the assessment group members.

Further research is still needed as themodel should be applied inmultiple case studies
and different industrial sectors and enterprise sizes. In addition, other researchers should
further develop the proposed model to reduce the limitations mentioned above.
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Abstract. This article investigates the applicability and compatibility of project
closeout processes defined in traditional project management frameworks in cases
of agile-developed ITprojects.Basedon a literature reviewanalysis of three project
management frameworks, the hypothesis is formed that traditional project close-
out processes are critical in agile developed IT projects. The developed hypothesis
suggests an unclear indication of how to trigger a project closeout, the inappli-
cability of scope fulfillment for closeout trigger, and critical transitions between
closed projects and ongoing agile software improvement and maintenance. All
three parts of the hypothesis are then individually evaluated by an online survey
with 85 participants. As a result of this survey, all three hypotheses are falsified.
For most project management practitioners in agile projects, closeout processes
are not critical, scope fulfillment is still the most relevant closeout trigger, and
the transition to a continues-improvement and maintenance process is seen as
principally uncritical.

Keywords: Agile project management · Tailoring · Project closeout; SCRUM ·
IT project management

1 Introduction

IT project management is a profession shaped by, on the one hand, project management
frameworks, best practices, and supporting Information Management Systems for the
project manager and on the other hand, by agile trends that emerged since 2001 by the
publishing of the agile manifesto [1] and the abstraction of the SCRUM methodology.
Since agile approaches spread into all IT-related industries. One very specific phase
in traditional project management is the project closeout, which is clearly defined in
different project management frameworks.

This end of the projects is at the same time completely not a part of agile approaches.
Agile development is an iterative process to develop software features as efficiently as
possible and does not consider any rules or definitions of a traditional project [2]. It
was introduced in the form of the agile manifesto to ease software developers’ lives and
increase their productivity by using short-term iterations, flexible product backlogs, and a
focus on “people and running code” over processes anddocumentation [1]. So twoworlds
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related in a single project may collide because one framework has clear expectations
and rules, and the other one does not consider the closeout at all. The gap between these
different but in IT projects coexisting frameworks is analyzed regarding the phase of
project closeout. This research and its result support the bigger goal of harmonizing agile
development using agile approaches and traditional project management according to
long-established project management frameworks. In addition to that, this bigger goal is
targeting to build up a basis of integrating such tailored project management framework
in industry-specific information management systems, eventually even supported by the
application of big data and data science approaches [3] optimizing project management
frameworks.

2 Literature Review

Based on an analysis of three different project management frameworks especially used
in the IT development industry, the definition of project closeout processes is analyzed
in the form of brief literature research. Based on this analysis and by putting these results
in contrast to agile mindsets, tools and methods, an assumption is postulated, whether
traditional project closeouts are a critical process in agile developed IT projects or not.
This hypothesis consists of three sub-hypothesis. These are then individually verified or
falsified by a quantitative survey with 85 participants.

2.1 Project Management Institute

The project management body of knowledge, also called PM-BOK, in its sixth version
is a 700-page guideline describing 49 project processes structured into 5 phases and
10 knowledge areas. [4] Within the knowledge area of “Integration Management”, the
process “Project Closeout” is defined as “…to formally complete the project, phase, or
contractual obligation…” and described in a six-page analysis containing input factors,
tools, and expected outputs. Advantages of using the described process are defined in
archiving proper information, finalizing the project work, and setting project-related
resources free for other tasks. Jung [5] recommends summarizing all these tasks in the
form of a workshop with all project participants and stakeholders. In a second part of
the PM-BOK, structured in process groups, the closeout process group is described in
three pages, also focusing on archiving of information and detailing output documents
like:

• Closeout protocol
• Change protocols
• Milestone lists
• Quality reports
• Risk matrix

All the available elements are based on highly traditional project set-ups and struc-
tured in strict phases with end-to-end planning activities in the project’s initiation phase.
Of course, this contradicts the iterative nature of agile approaches. To cope with this



Applicability of Traditional Project Closeout Approaches 245

lack of agile applicability, the PMI organization, in cooperation with Agile Alliance [6],
integrated an “Agile Guideline” handbook within the latest version of the PM-BOK,
including a “PM-BOK Guide Mapping” overview, which tries to map the 10 knowledge
areas toward agile approaches [7]. In his evaluation, Clayton gives a poor evaluation of
the Agile Guideline Handbook”, even calling it “non-helpful” because it fails to close
the gap between agile and traditional project management approaches.

As a conclusion, it can be summarized that the current PM-BOKprojectmanagement
framework, even supported by the Agile Handbook does not incorporate agile needs
but only serves the purpose of providing information about traditional project closeout
requirements.

2.2 International Project Management Association

The International Project Management Association (IPMA) also provides a project
management framework called Individual Competence Baseline (ICB) [8]. The IPMA
framework differs regarding its approach towards a framework. When PMI focuses on
the methods, processes, and tools, the IPMA structures skillsets of project managers,
divided into three domains: Project-, Program- and Portfolio Management. Although
Agility is a needed skill to act sustainably within a project in ICB’s latest version, there
are no further references about integrations of agile development frameworks, cultures,
or methods.

Based on an analysis of the ICB framework defines a project closeout as “…formally
complete the project, phase, or contractual obligations” [8]. Kuster et al. [9] describes
ten tasks as needed for successful project closeouts and mentions the transformation and
handover of resources as highly important.

As the basic guideline of IPMA does not cover agile approaches in detail, the orga-
nization also developed a short and, with its 60 pages very superficial document, called
ICB4 in an Agile World [10] describing agile needs and adaptations.

AswithPMI, the IPMAframeworkprovides traditional tasks and skillset descriptions
for project closeouts, not covering agile needs. Its AgileHandbook does not provide deep
insights into agile project closeouts.

2.3 CAMMP

In contrast to the above described widespread project management frameworks, let us
also include a more specific and adaptable project management framework into this
analysis. The “Customizable and Adaptable Methodology for Managing Projects” or
CAMMP developed by the Company SUKAD in 2004 [11] is not a real framework but
more like a loose methodical approach or collection of best practices [12], available for
organization-specific tailoring and adaptation. The CAMMP approach details project
closeout activities at the end of the “Delivery Phase” of projects. The main result of
the closeout is only defined as a closeout report. This should include lessons learned,
performance- and success evaluations, and plan deviations. As an additional metric for
success, besides cost, time, and scope fulfillment, CAMMP also includes the success of
the project management approach for consideration. Such evaluation of project manage-
ment readiness could also be incorporated into the larger goal of data-based optimization
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[13] and integration into Information Management Systems. Pfleger [14] even extracted
a checklist of closeout requirements for CAMMP projects.

Although the scope of closeout activities is quite large in CAMMP projects, there
seem to be not agile-specific requirements in place.

3 Research Methodology

3.1 Development of Hypothesis Based on Literature Research

After providing insights into themost commonand also onevery specificprojectmanage-
ment framework regarding the requirements and processes of project closeout activities,
we will conclude a hypothesis, whether these frameworks in their entirety are suitable
for the management of project closeouts of agile developed IT projects or not?

The first basis for this hypothesis is the highlighted fact that none of the frameworks
explicitly targets agile developed projects. PMI and IPMA created side documents to
movewith the trend of agile approaches. Still, even after publishing new versions of their
frameworks, the basic elements and contents of the project management processes and
requirements did not change. So let us conclude as a first step that none of the existing
frameworks focusses on agile-developed projects.

To evaluate if these existing “non-agile” frameworks are still applicable for agile
projects, we will summarize agile needs and compare themwith the current frameworks.

Agile and SCRUM-based development only describes a way of incremental soft-
ware development and, by being a process description, does not give any indication
about “how to stop” or how the end a project. Agile is, per definition, not a project
management framework but just a process description of how to program effectively.
Nevertheless, it has strict cultural rules, meeting structures, and roles that can conflict
with traditional project management approaches. So the fact that these two elements
need to work together, but in their definition as such do not take care of each other, is
the basis of the first part of our hypothesis:

1. As agile development is a process and not a project, there is no indication of ending
it. Therefore, it is unclear for involved agile developed projects, how to stop the
project, and which criteria to stop it.
The second fact of agile development that contradicts rigid traditional project plans
focuses on flexible product backlogs. Therefore, the scope of agile projects can vary
from one day to another. [1] So as the second part of the hypothesis, it can be argued:

2. Traditional “Scope Fulfillment” does not work anymore for agile developed projects
because of its constant change and flexibility.
The third part of the hypothesis again takes the closeout of a traditional project
and the transformation towards an ongoing maintenance and feature integration and
improvement process into consideration. In agile frameworks like SCRUM, the end
of projects does not impact agile approaches at all. However, in traditional projects,
the release of project resources and management stops is an integral part of project
closeout. That is why the third part of the hypothesis suggests that:

3. The transition between traditional projects towards an ongoing agile improvement
and maintenance process can often be unclear and critical.
An online survey will now validate these hypotheses.
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3.2 Survey Structure

Chapter one of the Online Survey captured brief demographic information ensuring a
correspondence of the participants to IT industry-specific demographic structure. This
chapter covers:

• Age distribution
• Experience in project management

Chapter two evaluates the impressions and satisfaction of participants working in
agile developed IT projects regarding project closeout phases and practices by covering
the following questions:

• Are project closeout criteria clearly defined right from the project starting phase?
• Which factor is most relevant in triggering project closeouts? Budget, Time, or Scope
fulfillment?

• Do you support the agile trend of fixing budget and time and adding flexibility
regarding scope fulfillment as long as a “product vision” is achieved?

The third chapter of the survey directly evaluates the need to adapt the established
closeout phases and approaches in agile developed IT projects using one very specific
choice question to evaluate the developed hypothesis and its alternatives. This rating is
enriched by the possibility to add a voluntary statement by the participant.

• Rate the clarity of the transition process in your projects from the closed project
towards ongoing maintenance and ongoing feature development.

4 Results

4.1 Representability of Survey Participants

85 persons participated in the online survey. With 35%, most of the participants actually
work within the Austrian IT industry. 21% represent the banking and financial sector,
10%coverConsulting and training. The other participant spread through different sectors
like logistics, engineering, science, and teaching and sales. As nowadays many banking-
related activities cover IT-related tasks and challenges, it can be concluded that a high
percentage of the survey participants work in IT-related professions or at least deal with
IT professionals.

The age distribution, presented in Fig. 1 below, shows that the age distribution of the
survey participants only poorly matches the actual industry age distribution [15]. Many
of the participants are young professionals in the IT sector who recently finished their
Master’s Program.

Regarding experience and expertise in project management, the survey participants
have been asked to evaluate themselves according to a Lickert-Scale from 1= “very low
expertise” to 5 = “very high expertise”.
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Fig. 1. Age distribution of survey participants.

The result, presented in Fig. 2 shows, that although participants are younger than
usual in the industry, most of them evaluate their project management knowledge
and experience as sufficient. This positive fact balances the weakness of differing age
distribution of participants compared to the industry in general.

Fig. 2. Self-evaluation of project management expertise.

Considering all influences, it can be concluded that a high percentage of the research
participants are fit for answering questions of such specific IT project management-
related survey.

4.2 Project Closeout Success and Satisfaction

To evaluate the current situation regarding project closeouts in agile-developed IT
projects, the problem statement was verified by investigating if it is clear from the
start of the development project how and when a project closeout will happen. To keep
the survey complexity as low as possible for participants, a simple yes/no answer was
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chosen for verification. As seen in Fig. 3, 66% defined this closeout criterion as avail-
able from the beginning. This can be interpreted as a not perfect, however quite good
situation. The definition of how and when the closeout will happen is not a big issue in
the IT industry. This proofs the first part of the hypothesis wrong.

As the trigger of closeouts seems to exist in agile-developed IT projects, it is inves-
tigated which element of project fulfillment is responsible for starting a project closeout
phase? Presented in the second diagram of Fig. 3, the fulfillment of scope is the biggest
trigger of project closeouts. This again falsifies the second part of the hypothesis defining
scope as flexible in agile developed projects based on a limited budget and/or time. An
additional yes/no question, including a possibility of personal statements, provides input
to the second hypothesis. In this question, the second hypothesis is directly stated, and
the question of agreement or disagreement is asked. The result of this question presents
itself as indifferent. 55% agree with the statement, and 42% disagree. The other 3%
used the personal statement. Using the personal statement mentioned that a clear project
vision is enough to define a clear scope of a project and therefore reach the vision as a
trigger of a project closeout phase. This unclear result again more or less supports the
falsification of the second hypothesis.

Fig. 3. Closeout triggers and success.
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4.3 Need of Project Management Framework Adaption in Agile Developed IT
Projects

To finally investigate the formulated hypothesis, that due to an ongoing sprint-based
update process, project closeout processes of traditional project management frame-
works are outdated, the participants needed to rate the clarity of the switch from the
traditional project into ongoing software maintenance and improvement. A low rate of
clarity would then indicate the correctness of the hypothesis and the need for project
closeout adaptation in agile-developed IT projects.

As shown below and highlighted with a red box, 75 out of 85 participants indicated
that the transition process is clear or at least uncritical for the success of the and/or the
quality of the project outcome. This falsifies the third part of the hypothesis (Fig. 4).
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Fig. 4. Need of framework adaptation.

In addition to this evaluation, the possibility of voluntary statements showed a specific
proposal for adaptation. Eight of the twelve voluntary statements mentioned a possibility
to clarify the transition by officially adding an “Ongoing maintenance phase” to the
project, recognizing that this process is by definition not part of the traditional project
anymore.

Examples of such statements are: (translated from the German language)

• “I don’t care howmany phases a project has; I just need a point to close it and continue
with an ongoing process of improvement…”

• “After the last phase of the project, another phase of “Maintenance Process” could be
defined.”

• “If an ongoing development phase is added as after the project closeout, the long-term
success of projects will be increased, and valuable project resources could be made
available for other tasks.”
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4.4 Limitations

A total amount of participants of 85 persons could be seen as a weakness of this research.
Especially because of the different age distribution in contrast to the industry-specific
distribution, highlighted in Fig. 1. Many survey participants come from a part-time
student background. Although exact numbers are not available due to the anonymous
character of the survey, a large portion of the participants relates to the University of
Applied Science FH Campus Wien. This is a weakness of the representability of the
survey. However, at the same time, it also can be suggested that agile practitioners may
be on average younger than the industry median because agile approaches and the issues
of combining agile with traditional project frameworks is a new and trending topic. This
assumption could at the same time support the representability of the survey participants.

5 Conclusions

Based on a literature review analyzing three project management frameworks and impli-
cations in contrast to agile development approaches, the hypothesis has been postulated
that classical project closeout criteria are not perfectly suitable for agile developed IT
projects. This hypothesis has been investigated using an online survey targeting agile
project practitioners. As a result of this survey, the hypotheses can be falsified due to the
following results.

The project closeout seems to be not a real issue for practitioners in agile-developed
IT projects. 66% of the survey participants know the specific closeout criteria from the
project start.

Triggers of such project closeouts are also different than expected in the hypotheses.
More than half of the participants mentioned “Scope fulfillment” as the most relevant
trigger. This also contradicts the hypothesis that in agile projects, the scope is highly
flexible, and therefore project closeouts are mainly triggered by limited time or budget.
The direct question about the need for change in nature of the “magical triangle of project
management” has been answered indifferently.

The last part of the problem statement is based on unclear transitions from the project
end towards ongoing agile improvement and maintenance processes. This part can also
be seen as falsified as 88% of survey participants mention this transition as “uncritical”.

The falsification of all three parts of the hypothesis clearly shows that traditional
project management closeout processes and approaches also work in agile developed IT
projects. There seems tobenoneed for agile tailoring.One reason is that projectmanagers
are experienced and flexible enough to understand and accept agile characteristics but
still manage to integrate them into rigid project management frameworks. The other
reason could be that although “labeled” as agile, many IT projects still follow very
traditional development structures. Like developing in sprints, but with a completely
defined product backlog. As agile development is not a black or white approach, this
variance in the “amount of agility” could also be why expected complications seem not
to exist.

The closeout phase is just a short single phase in traditional project frameworks.
Due to the high amount of failing projects in the IT industry which is rated as high as
64% in agile developed projects [16] and the realization that the closeout phase is less
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of a concern, it needs to be evaluated in which project processes the most critical task
are hidden. Further, it could be investigated whether an optimization approach based on
large amounts of project data could highlight if the usage of certain project processes is
useful or maybe even detrimental for project success in agile-developed IT projects.
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Abstract. The article’s objective was to develop a method for analyzing the oper-
ational reliability of means of transport, emphasizing destructive factors affecting
the disruptions in the continuity of supply. The introduction contains a diagram of
the occurrence of adverse events in the transport system. The concept of reliability
analysis of rolling stock based on two conditions (its fitness and unfitness) was
presented.We describe the proposedmethod in three stages. The first one is related
to activities aimed at extending the fitness condition of the rolling stock. As part of
this stage, destructive factors were classified, depending on the rolling stock life
cycle phase, with degradation parameters identified and characterized. The sec-
ond stage concerns diagnostic activities. An approach to assessing damage based
on the diagnostic indicator, which resulted in the so-called diagnostic matrix’s
suggestion, was developed. The last stage of the presented method includes repair
activities, based on which the concept of applying risk measures, including the
risk measure of rolling stock unavailability, was introduced. The results acquired
based on the presentedmethod are designed to provide data enriching the decision-
making process in transport activities, aimed at reducing the risk of failure to
perform the transport task. The method of analyzing the reliability of means of
transport presented in our work forms part of the author’s work on developing a
comprehensive analysis of the operational reliability of transport systems.

Keywords: Transport engineering · Car stock · Transport systems · Mechanical
engineering

1 Introduction

Road transport plays a dominant role in cargo transport in many different countries. It
is largely implemented by lorries in the form of road sets consisting of a tractor unit
and a semi-trailer. It should be noted that the road rolling stock is one of the elements
of the transport system, the reliability of which is of crucial importance for the correct
functioning of national economies. There exist many different approaches to reliability
concerning transport systems. One of them assumes that the reliability of the system
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equals the probability of performing the transport task. Transport disruptions may occur
in all parts of the transport system, i.e., road infrastructure, rolling stock, technical
facilities, organizational division, etc. However, issues related to infrastructure and road
rolling stock play a crucial role here. In connection in addition to that, the reliability
models were identified, which include:

• infrastructure failure models,
• rolling stock failure models,
• rolling stock reliability models,
• models taking into account the time and operating cycles of the rolling stock,
• load-endurance models of vehicle structures and infrastructure.

All these models can be either analytical, stochastic, or combined. If the system fails
to operate as intended, there has been a loss of reliability. It can adopt different forms,
including the partial loss of reliability, e.g., due to a failure of a subsystem of a vehicle,
which allows, although with some limitations, to continue the transport, or the total loss
of reliability that renders further transport impossible, e.g., due to destruction of means
of transportation in consequence of an adverse event. Figure 1 presents the diagram of
the occurrence of adverse events in the transport system.

Fig. 1. Diagram of occurrence of adverse events in the transport system.

The presented diagram shows the cyclicality of adverse events occurring during
the operation of the transport system. Most of them are left without consequences.
Nevertheless, some of them lead to a loss of system reliability of a long-term nature.
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In these situations, the inability to continue the transport task may lead to its complete
non-performance and the loss of the transported load. To prevent this, on the one hand,
research is carried out to prevent the occurrence of adverse events and, on the other
hand, to alleviate negative effects, e.g., by quickly restoring the system’s reliability they
occur. In the case of heavy goods vehicles, it is important to research both to increase
their operational reliability and restore this condition as quickly as possible in the event
of its loss, both of which are the present article’s objective.

2 Literature Review

Transport systems in the context of their reliability are a frequent topic of scientific
research. In some cases, the transport system is considered [1–5], and on other occasions,
it is divided. This division includes such elements as infrastructure, means of transport,
traffic control systems, organizational, legal, and institutional divisions. The important
issue from the viewpoint of the present publication, at least as far as road infrastructure
reliability is considered, is the occurrence of disturbances discussed, among other things,
in [6–9]. Furthermore, the concept of road infrastructure reliability inevitably links us
with the concepts of the durability of technical structures, such as bridges [10, 11]. Due
to the proposed analysis of the reliability of the transport system narrowed down to
one of its elements, i.e., means of transport, our review of subject literature focused
primarily on issues related to diagnostic and repair activities and the risk of failure to
perform the transport task related to rolling stock’s loss of reliability. The diagnostics
issues as an activity impacting the reliability of technical structures [12, 13] may include
both individual elements and entire systems present in means of transport [14–16].
Particularly noteworthy are the onboard and remote diagnostics mentioned below in the
present article, which were the research subjects [17–20] in the last few years. Carrying
out diagnostics and repair activities forms the starting point for determining the risk of
non-performance of the transport task [21, 22], which was the final part of the author’s
research. Based on the conducted analysis of the subject literature on the methods of
determining risk measures [23–25], we elaborated a concept of measuring the risk of
failure to perform the transport task.

3 Research Methodology

Maintaining the operational reliability of means of transport plays a crucial role in
maintaining the continuity of supplies. In reality, we observe certain operating cycles,
and we can simulate their course. These cycles typically include several conditions, i.e.:

• fitness condition and connected reliability of the means of transport,
• condition of partial unfitness in which it is possible to perform transport tasks, albeit
after taking certain limitations into account,

• condition of unfitness, preventing the implementation of tasks.

Different tasks are performed, depending on the current cycle of the means of trans-
port. In the first of them - the condition of fitness - measures are taken to extend it. These
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activities include, among others use of the means of transport according to their purpose,
ensuring structural strength and efficiency of systems at the production stage, servicing.

The second condition, partial failure, has the most complex characteristics and is
also the most common practice condition. What can be related to the complexity of
a technical structure in the form of means of transport? Partial unfitness adopts many
different forms, from a mild scenario to an extremely destructive one. Damage to parts
increasing the comfort of the driver, such as the radio, is of marginal importance in
the context of the possibility of performing the transport task, otherwise, when there
is damage, for example, to a refrigeration unit when transporting perishable cargo, the
vehicle can, at least physically, continue to perform the transport, but there is a serious
risk of loss cargo properties, which may lead to failure to perform the transport task.
Therefore this particular condition has a non-uniform structure, requiring us to introduce
a classification for different failures.

The ultimate condition - the condition of total unfitness - adopts two different forms.
The first one concerns the condition in which the means of transport cannot be restored
to fitness, or at least such actions are not economically justified, and the vehicle is
permanently excluded from further operation. The second form assumes the possibility
(and economic justification) for restoring the condition of fitness. For this purpose,
diagnostic activities are carried out.

Figure 2 presents a general outline of the transitions of means of transport between
the conditions of fitness and unfitness, along with an attempt to restore the desired
condition. Based on the presented diagram, we elaborated a method for analyzing the
rolling stock’s operational reliability, consisting of three stages, with particular emphasis
ondestructive factors affecting the disruptions in the continuity of supplies anddiagnostic
and corrective actions aimed at eliminating the disruptions as mentioned above.

Stage I: Activities Aimed at Extending the Roadworthiness of the Rolling Stock
Analysis and classification of factors that impact the possible transition to the condition
of unfitness:

• factors of a violent nature, e.g., road collisions, causing a sudden transition to the
condition of unfitness in the result of one or more features of the means of transport
transferring beyond acceptable standards,

• factors of a reversible nature, e.g., tire wear, predictable and characterized by the ease
with which they can be counteracted,

• factors of a slow nature, i.e., aging processes, wear processes, etc., in which case,
despite the awareness of their occurrence, it is difficult to determine the moment of
transition to the condition of unfitness.

At this stage, the classification of possible degradation factors was also proposed
within the adopted classification parameters and types of damage. This classification
was based on seven parameters:

1. occurrence of failure, types: rapid, gradual, cascade;
2. connection with other damages, types: dependent, independent;
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Fig. 2. Diagram of transition of the means of transport to the condition of their fitness/unfitness.

3. repairability, types: full, partial, impossible;
4. necessity to perform repair, types: immediate, recommended, optional;
5. detectability, types: high, low;
6. causes of occurrence, types: natural, artificial;
7. time-consuming repair, types: high, low.

The analysis and classification aimed to provide tools supporting the decision-
making process aimed at extending the fitness of the means of transport.

Stage II: Diagnostic Activities
Diagnostics are used to examine the current condition and identify possible faults.
Defects occurring in means of transport can be very diverse, and therefore there exists a
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wide variety of diagnostic tools. Based on the literature review,we identified the diagnos-
tic methods. These methods can be divided into traditional ones, i.e., functional control,
condition control, fault location, and mathematical methods, i.e., deterministic, stochas-
tic, and simulation models. The comparative analysis of the measured parameters and
their comparison to theoretical values is also a frequently applied method.

Diagnostics also supports the decision-making process related to servicing the oper-
ated rolling stock and allows us to assess whether the rolling stock’s condition was
restored.

Diagnostic systems should be considered according to two categories. Internal, con-
cerning onboard equipment and decision support systems, and external, i.e., stationary
(workshop-installed) and mobile (which can be performed in road conditions) diag-
nostics. An important part of diagnostics is the tests of accident-damaged means of
transport. On their basis, parameters such as the roadworthiness/unfitness of the vehicle,
the damage and the mechanisms of its occurrence, the possibility of repair, etc., are all
determined.

Stage III: Repair Activities
Repair activities are directly related to diagnostics. Their implementation is possible only
after the identification of damaged parts. As was the case in stage II, repair activities
can be divided into those performed in road conditions (mobile) and those performed in
workshop conditions (stationary). In the case of cargo transport, especially in the context
of perishable cargo, ad hoc repairs play an important role, enabling the continuation
of transport, taking into account the limitations resulting from less repair possibilities
under road conditions. Nevertheless, there are economic reasons for this, because the
disruption of the continuity of transport is often associated with failure to meet delivery
terms, which results in contractual penalties. The recent development of services in the
just-in-time system further strengthens the requirement to create a network of mobile
diagnostic and repair centers.

The methodology of analysis of operational reliability of means of transport and
its restoration methods presented in our work forms one of the elements of the author’s
work on the creation of a comprehensive assessment of operational reliability of transport
systems.

4 Results

The results will be discussed in stages proposed in the methodology. Stage I: What is
important is that not every defect leads to permanent damage to the vehicle. Therefore,
cyclical reliability assessments should be carried out by analyzing changes occurring
in the used vehicle. In addition, it is recommended to prepare forecasts of the impact
of individual factors, depending on environmental conditions. The impact assessment
of individual factors on the fitness of the rolling stock was classified according to the
phases of the life cycle of the means of transport and presented in Table 1.

Stage II: Damage assessment can be performed using a comparative analysis of
functional parameters f(x). According to the theory, each of the parameters can take
values within the defined min-max range. Moreover, the so-called diagnostic indicator
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Table 1. Assessment of the impact on the fitness in particular phases of the rolling stock life
cycle.

Stage The phase of the rolling stock life cycle Assessment factors

I Novelty phase - post-production Manufacturing defects

II The main phase Natural wear of a predictable nature

III Aging period Unpredictable aging and wear processes

I–III Following restoration to fitness Repair activities and their impact on the
means of transport

λ, which determines whether the parameter has exceeded the permissible values, may
adopt the value 0 or 1. In the case of fault diagnosis, it is assumed that the diagnostic
indicator λ = 1, when:

f (x)min > f (x) ∧ f (x)max < f (x) (1)

In the case of no failure, when the diagnostic indicator λ = 0, the following
relationship is satisfied:

f (x)min < f (x) ∧ f (x)max > f (x) (2)

The application of the above method enables the creation of a matrix of diagnostic
results, as presented in Table 2.

Table 2. Diagnostic matrix.

No. Diagnostic
indicator λ

Damages

f1 f2 … fi … fn

1. λ1 0 1 0 0

2. λ2 1 1 0 1

3. … … … … …

4. λi 1 0 1 0

5. … … … … …

6. λm 0 1 0 0

Stage III: We developed risk measures to obtain indicators enabling the assessment
of the risk of failure to perform the transport task. These measures were divided into
several issues. One of them is the calculation of the risk measure of the rolling stock
unavailability RMRSU, calculated as the ratio of the average rolling stock availability
time to the sum total of this time and the duration of diagnostic and repair activities, i.e.:

MRNT = 1 − T (z)

[T (z) + TDN ]
, (3)
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where: T (z)- the average service life of the rolling stock, TDN - average time of
diagnostic and repair activities.

The comprehensive analysis of the risk of failure to perform the transport task will
be further enriched with the risk measure of an undesirable event, as developed by the
author.

5 Conclusions

Developing an effective strategy to extend the roadworthiness of road rolling stock
requires in-depth knowledge of the phases of the life cycle of vehicles and the factors
contributing to the formation of degradation processes in technical systems.

The conducted research on car diagnostics allowed us for their division into sta-
tionary and mobile diagnostic activities. The latter is particularly important in terms of
maintaining continuity of supplies. One of the most common reasons necessitating diag-
nostic operations is the occurrence of damage, e.g., due to a collision. It is connectedwith
the intensive exploitation of these vehicles. The proposed diagnostic indicator enables
the assessment of the tested object’s suitability based on a comparative analysis of its
functional parameters. In the event of a condition of unfitness, it is necessary to carry
out corrective actions. Whenever possible, it is recommended to perform the repair in
road conditions, but if this proves impossible, there is a need to send a replacement unit,
which contributes to delays and, consequently, to failure to perform the transport task.
Considering the issues mentioned earlier, a measure of the risk of failure to perform the
transport task was elaborated, based on the average time the means of transport remain
in a fit condition and the average duration of diagnostic and repair activities.

Based on the method for assessing the reliability of means of transport presented in
the paper, we can conclude that it is justified to develop a comprehensive methodology
for evaluating the reliability of transport systems with a holistic approach, applying
system analysis.
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Abstract. In this paper, an Industry 4.0 oriented architecture of a manufactur-
ing scheduling decision support system is provided. This proposal is based on
an analysis performed about some other decision support systems architectures
found in the literature and based on another analysis that was carried out regard-
ing the results obtained through a questionnaire distributed through a wide set
of enterprises in the Iberian Peninsula. This analysis did enable us to realize that
the main characteristics considered fundamental to be integrated into the prosed
manufacturing scheduling decision support systemwere, in fact, of upmost impor-
tance, within the current Industry 4.0 requirements. Moreover, the main charac-
teristics proposed for integrating the manufacturing scheduling decision support
system’s architecture presented were also used to establish a comparative analysis
between the proposed system’s architecture and the ones analyzed from the lit-
erature. Besides, through this analysis, it was possible to realize that none of the
architectures analyzed from the literature covered the whole set of important I4.0
oriented characteristics proposed.

Keywords: Intelligent manufacturing scheduling · Decision support system
architectures · Industry 4.0

1 Introduction

Manufacturing scheduling (MS) decision support systems (DSS) are of upmost impor-
tance for companies, namely the industrial ones, and several types of systems have
been put forward and used over the last decades, based on different types of underlying
approaches and methods for solving theMS problems. MS DSS, either in their more tra-
ditional or conventional form, or web-based systems or platforms, aim currently, in the
context of Industry 4.0 or I4.0 [1], to fulfill the associated general recommendations [2],
bymakinguseof exponential technologies [3], and satisfyingdigitalworkplace requisites
[4] for reaching the expected readiness stage [5], for solving complex and dynamically
changing manufacturing problems occurring in the cyber-physical systems [6, 7]. Thus,
further integrating robots and other automated resources and devices [8, 9] and enabling
simultaneousmodeling and other I4.0 requisites [9, 10]. Furthermore, it is nowof upmost
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importance to follow some I4.0 architecture [11, 12] regarding the current need for dig-
italization [13, 14], based on the internet, and remote processing capabilities [15, 16],
along with other general I4.0 purposes [17].

Therefore, regarding manufacturing management functions [18, 19], combined with
sustainable practices [20], it is essential to apply proper optimization approaches [21, 22],
further applicable in other contexts [23].

Therefore, in this work, an MS DSS architecture is put forward to contribute to the
state-of-the-art and achieve the I4.0 requisites. For accomplishing this objective, one of
the fundamental tasks underlying this work consisted of a study to survey architectures
of existing DSS, namely to support MS, such as [21, 22]. It also turned out to be essential
to obtain a set of main characteristics considered fundamental ones inMSDSS currently
oriented to I4.0. Thus, several sources related to I4.0 main pillars or dimensions were
analyzed, for instance [1, 2].

In order to validate the importance of the fundamental characteristics identified
through the developed study, an additional study was also carried out, based on the
results of a survey that was put available through a widened range of companies in
Portugal and Spain, for which a set of 198 valid results were obtained.

The results obtained through the surveys allowed to give consistency to a proposal
of an architecture of an MS DSS, based on Artificial Intelligence (AI), along with other
I4.0 oriented features to respond to the current requirements imposed by the I4.0 [1, 2].

For exposing themain contributions of thework underlying this paper, it is structured
as follows: In Sect. 2, a brief description of some of the main DSS architectures directed
to I4.0 issues, and with a particular focus on MS, are presented. In Sect. 3, the proposed
I4.0 oriented MS DSS architecture is briefly described. In Sect. 4, an analysis and
evaluation of main characteristics underlying I4.0 oriented DSS are presented, and a
comparative analysis with the proposed architecture is performed, based on the related
systems analyzed and on the validation that was performed through the analysis of the
results obtained through the questionnaire. Finally, in Sect. 5, the main conclusions
reached through this work are summarised, and some open issues for future work.

2 Literature Review

In this section, a set ofDSS,mainly for supportingMS,will be briefly presented,with par-
ticular emphasis on proposals for more recent systems’ architectures and with different
types of interactions with other peripheral devices and systems, in order to allow further
integration of scheduling with other management functions, such as master produc-
tion, and orders and process planning, along with lot sizing, and materials management
and its acquisition, besides layout optimization, among other manufacturing manage-
ment functions, whichmay range from the product design phase to products distribution,
through complete and integrated logistic networks, along with reverse and reengineering
processes [18].

2.1 Integrated Networked Process Planning and Scheduling System

Integrated process planning and scheduling systems are described in [22, 23] and
extended in [24]. In the paper [24], a network system architecture for integrating process
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planning functions with production scheduling is proposed. In that, the integration of
these two functions with several additional modules and functions is also considered,
which allows, from the automatic acquisition of data from the production system to
access to a set of services, dispersed across the network, through the Cloud, to fully
accomplish production scheduling integrated with process planning [24].

2.2 Decision System for Setups Scheduling Based on Multivariate Data Analysis

In [25] an InteroperableDSS is presented based onmultivariate time series for processing
and visualizing data related to production scheduling with setups. In this system, the
authors included three main modules for data pre-processing and its acquisition from the
manufacturing system through various technologies, such as PLC/Smart object, RFID,
and a set of sensors. Also included in the systemwere user interfaces with pre-processing
of the data, to subsequently feed a scheduling module, based on an MS knowledge
base, available on the Cloud, which integrates an ontology to support the selection
of appropriate MS algorithms for each type of MS problem [24, 25]. Moreover, this
module connects to another module that enables post-processing of MS data, namely
about machines setups, along with other data, such as processing, waiting, machine
stoppages, and their causes, which are processed, analyzed, and visualized based on a
multivariate data analysis software [25].

2.3 Hybrid System to Support Scheduling in Distributed Environments

An architecture of a hybrid system to support MS in complex extended or distributed
production environments, based on a knowledge-based system (KBS), is presented in
[26]. In this paper, the distributed KBS includes helpful information to select MS meth-
ods in complex and distributed companies, including virtual enterprises. Collaboration
between the various companies and the sharing ofMSproblems andmethods is an impor-
tant asset. In the system’s architecture, a main central component includes an inference
mechanism based on two indexes to help classify the usefulness of the various types of
information related to problems, solve methods and the alternative solutions given by
applying different types of MS algorithms.

2.4 I4.0 Oriented Scheduling System Based on Dynamic Selection of Dispatching
Rules and the Kano Model

Another MS DSS, oriented towards I4.0 and based on a dynamic selection mechanism
for dispatching rules supported by the Kano model, is presented in [27]. Through this
system, a user can specify the MS problem’s characteristics to solve [26, 27], including
a set of one or more performance measures to be optimised, and an automatic solution
will be generated dynamically by the system. This whole automatic process and the
ability to refine solutions obtained for a given type of MS problem are controlled by
implementing the Kano method that provides this MS support system an essential and
differentiating value in the current I4.0 context [27].
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2.5 Hybrid Scheduling System Based on Multi-agents and Meta-heuristics

In [28], a hybrid system supporting production scheduling and adjustments to the pro-
duction systems’ configuration cantered on the human and based on multi-agents and
meta-heuristics is presented. The system allows quick and adjusted responses, in real-
time, based on the multi-agent system, and combined with a PSO (Particle Swarm
Optimization) algorithm, to solve both kinds of problems [28] jointly. Although this
may be minimal and thus, the system allows for human intervention to obtain opti-
mized solutions, being a system that adapts easily to unexpected events, adjusting itself
according to the priorities established by the human through a user-friendly interface.
The system also allows evaluating the performance of the developed algorithms and the
decentralized response capacity in case of several interruptions or failures [28].

2.6 Scheduling System Based on Self-organized Negotiation Mechanism
and Collective Intelligence

The authors in [29] propose an MS DSS based on a self-organized negotiation mecha-
nism and collective intelligence (swarm intelligence). Under the negotiation, mechanism
agents interact and collaborate to improve a global production program. Through this
system, several agents can reach an agreement on the exchange of operations on com-
petitive resources, using approaches based on artificial bee colony (ABC), to minimize
the total production time of a set of jobs to be processed in a given production system,
and which also aims at maximizing the occupation of the corresponding machines.

2.7 Road Anomaly Detection System

Another system, which, although not being an MS DSS, is also an interesting I4.0 ori-
ented DSS or recommendation system, based on AI approach, for instance on Machine
Learning, with an architecture projected to detect and plan information about road
anomalies [30]. In this system, the difference between the implementation of detec-
tion and identification of system road anomalies in a “conditioned” configuration and
the real world is analyzed, based on training data sets and analysis of the complexity of
the attributes, through the application of PCA techniques, and analyzing the attributes
in the context of each type of anomaly, using the standard deviation of acceleration to
observe how different classes of anomalies are distributed in the Cartesian coordinate
system. In this system, the road anomaly and vehicle data are collected during condition
activities using smartphones and a web application to identify anomalies on the roads
[30].

3 Research Methodology

In this, the authors propose an architecture of anMSDSS based on a set of characteristics
that were proposed as being fundamental ones, based on a study carried out through the
literature about fundamental I4.0 pillars or dimensions, along with the analysis of some
existing DSS architectures, as previously briefly described.
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3.1 Main I4.0 Oriented DSS Characteristics

From the analysis previously carried out and synthesized in the previous section about
some existing DSS, along with the study about main I4.0 pillars and dimensions, it
was possible to verify that there is a set of general characteristics that appear to be
fundamental and transversal to the various types of DSS architectures [31], namely to
support MS [32] in the currently I4.0 oriented context [33], and that are related to:

1. Horizontal and vertical integration of systems and processes [34, 35];
2. Storage, processing, and analysis of large volumes of diversified data (Big Data) [36,

37];
3. Use of AI-based technologies and approaches, e.g., based on Machine Learning

[38, 39];
4. Use of diverse digital technologies, such as IoT/ IIoT, RFID, and Cloud [40, 41];
5. Use of augmented reality (AR) technologies [42, 43];
6. Development of human-cantered decision support systems (HC-DSS) [44, 45].

3.2 Proposed Architecture

A proposed MS DSS architecture is briefly described in this section, based on six main
I4.0 oriented characteristics previously identified (Fig. 1).

Fig. 1. Proposed manufacturing scheduling decision support system’s architecture.

As can be seen from the analysis of Fig. 1, the proposed architecture of anMSDSS is
based on 4mainmodules or components: 1. PrePM -Data Pre-processingModule; 2. CM
- Central Module; 3. PosPM - Data post-processing module; and 4. DSM - Dynamic
Scheduling Module, which, in turn, is subdivided into modules LM - Learning Module
and ASM - Automatic Scheduling Module.

Besides, the following main interactions are also presented in this figure: A: User -
PrePM; B: PrePM - CM; C: CM - PosPM; D: PosPM - User; E: CM - DSM; F: User -
DSM; and G: LM – ASM.
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Through the MS DSS’s proposed architecture, the possibility of pre-processing data
related to MS problems, through a human-machine interaction (‘A’) is based on the
PrepPM module for data pre-processing. This module is considered a fundamental one,
as it intends to allow pre-filtering, analysis and validation of MS data, through an expe-
rienced user, which is considered very relevant, in order to allow the entire integrated
DSS, consisting of the various interconnected modules, to work effectively, and also as
efficiently as possible.

The central module (CM), as the name refers, is a central one, which communicates
with the remaining modules of pre and post-processing (PrePM and PostPM) and with
the dynamic schedulingmodule (DSM). Through the interaction with the other modules,
the CM allows to ensures the smooth functioning of the MS DSS, as a whole, as it is
responsible for several interconnections and interfaces between the various modules. As
well as for controlling the operation of the system as a whole, both in terms of processes
and subsystems linked internally in a company, plus, in order to allow interaction and
integration of processes at a more general level, namely with other business partners,
through of various digital technologies, such as IoT/ IIoT, RFID, Cloud, and the like,
which are considered fundamental not only to ensure proper integration, horizontally
and vertically, within a company but also at a broader level, for collaboration with other
business partners, for instance, at the level of integration and remote order processing,
which may also further imply Augmented Reality technology integration.

The DSM, composed of the learning module (LM) and automatic scheduling mod-
ule (ASM), is responsible for the entire MS process. The module executes, locally or
remotely, MS algorithms specific for solving each MS problem instance. Therefore, this
module is also of upmost importance and enables an interaction (‘E’) with the CM,
which interacts and exchanges information and processes with the PrepM and PostPM
through the corresponding interactions ‘B’ and ‘C’, respectively.

Through the LM, the system allows learning the most appropriate way to solve an
MS problem, based on stored historical information, regarding the previous solutions
of related problems or with some degree of similarity, as well as through help from an
experienced user who interacts (‘F’) with this module, which incorporates a set of ML
algorithms for that purpose. In this way, this user works as an ‘oracle’, whose primary
function is to provide ‘positive’ or ‘good’ examples, and ‘negative’, ‘bad’ or ‘invalid’
ones, which allow the LM to learn to solve MS problems effectively.

The other module that integrates the DSM, the ASM, further aims to solve,
autonomously and automatically, instances that belong to different types of MS prob-
lems that are already known by the DSS, as they have already been solved by the system
before.

Another module considered of fundamental importance to integrate the MS DSS
is the PostPM, which also communicates (‘C’) with the CM and interaction with an
experienced user (‘D’), in order to enable post-filtering, analysis, and validation of
solutions provided for MS problems, through the DSM. This module is also extremely
important, not just to pass valid final information or decision to the production system
that will produce the works according to the production program found, in a dynamic
way. However, also due to the importance it has regarding the feedback for the CM, and
subsequently to the DSM, constantly provided with new information, which is crucial
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for the good functioning of the MS DSS, as a whole, and concretely in what it refers
to the provision of “historical” data to enrich and improve the learning process, which
occurs in the corresponding LM.

4 Results

In this section, the set of fundamental characteristics considered for being incorporated
in the proposed I4.0 oriented MS DSS were subject to a validation of their effective
importance based on the results of a survey that was distributed through a wide and
diversified group of companies of the Iberian Peninsula (Portugal and Spain).

Moreover, based on this set of main I4.0 oriented characteristics, a comparative
analysis between the proposed MS DSS and the other DSS analyzed is performed.

4.1 Validation of the Importance of the Main I4.0 Oriented Characteristics

Following the literature review and study carried out on MS DSS architectures, as sum-
marized in the previous Sect. 2, and once performing a deep analysis of each one of the
main characteristics underlying the intended I4.0 main DSS architectures’ characteris-
tics, a questionnaire was developed and distributed through a widened set of companies
in the Iberian Peninsula (Portugal and Spain), based on the set of fundamental questions
related to the main characteristics identified as corresponding to the most relevant ones
to be met regarding the current requirements imposed by the I4.0, and the obtained main
results reached are presented next, in Tables 1 and 2, and in Fig. 2.

Table 1 shows the number of responses obtained for each degree of agreement regard-
ing the set of questions Q1 to Q6 posed through the survey distributed through a set of
256 companies from the Iberian Peninsula, from which a total of 198 valid question-
naires were obtained. In this questionnaire, “1” corresponds to an answer in which the
respondent is entirely at odds with the statement and “6”, the case in which it is entirely
in agreement with the statement, with the case of “3” being indifferent, that is, he or she
does not agree or disagree with the corresponding statement or has no opinion about the
statement.

Regarding the identification of the minimum and maximum values in the results
obtained for each question (Q1 to Q6) it is possible to verify, for example, that there was
no answer, among the 198 obtained, that corresponded to answer “1” (1 - Completely
disagree), in question 5 (Q5).

On the other hand, this same question 5 (Q5) was also the one that obtained the
highest number of responses of the type “3” - Indifferent, neither in agreement nor
disagreement, in a total of 91 valid responses.

Besides, some more values were determined regarding the descriptive statistical
analysis of the results obtained by the respondents, in order to clarify better the analysis
of these results obtained, by calculating the value of the responses’ weighted average
(RWA), and also of the responses’ range of variations (RRV), expressed in Table 2.
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Table 1. Number of valid responses obtained for questionsQ1 toQ6, for each degree of agreement
from 1 to 5.

Response 1 2 3 4 5

Question Q6 (Human-centred
decisions)

3 15 71 56 44

Q5 (Augmented
Reality)

0 27 91 45 35

Q4 (IoT/IIoT, RFID,
Cloud)

3 12 59 69 55

Q3 (Machine
Learning)

19 14 69 68 28

Q2 (Big Data) 12 28 67 66 25

Q1 (Integration) 2 10 59 75 52

Through the analysis of the results presented in Table 2, regarding the values obtained
for the range of variation of the survey results, it is possible to verify that the questionsQ5
(‘Augmented Reality’), Q1 (‘Integration’), and Q6 (‘Human-cantered decisions’) were
the ones that presented a greater range of variation in the response values, respectively.

Table 2. Responses’ weighted average (RWA) and range of variations (RRV).

Question RRV RWA

Q6 (Human-centred decisions) 68 46,0

Q5 (Augmented Reality) 91 45,5

Q4 (IoT/ IIoT, RFID, Cloud) 66 50,3

Q3 (Machine Learning) 55 44,4

Q2 (Big Data) 55 43,9

Q1 (Integration) 73 50,6

In Fig. 1 it is also possible to see these distributions of the numbers of responses
obtained. Regarding the values obtained for the weighted averages of the survey results,
it is possible to verify that the answers that obtained the highest score, therefore, a
more consistent validation, were the questions Q1 (‘Integration’), Q4 (‘IoT/ IIoT, RFID,
Cloud’), and Q6 (‘Human-cantered decisions’), respectively, although the rest did also
receive positive and good validation scores, with relatively close values.

From the analysis of the results obtained to the distributed survey, it is possible to
verify, regarding the mode identified for each of the groups of results underlying the
questions from Q1 to Q6, that:



270 L. Varela et al.

1. In question 1 (Q1 – ‘Integration’), there was a greater concentration of responses of
type “4” (‘Agreement’).

2. In question 2 (Q2 – ‘Big Data’), there was a greater concentration and practically
the same number for responses of type “3” (‘Neither agreement nor disagreement’)
and type “4” (‘Agreement’).

3. In question 3 (Q3 – ‘Machine Learning’), there was a greater concentration and
also practically the same number for responses of type “3” (‘Neither agreement nor
disagreement’) and type “4” (‘Agreement ‘).

4. In question 4 (Q4 – ‘IoT/ IIoT, RFID, Cloud’), there was a greater concentration of
responses of type “4” (‘Agreement ‘).

5. In question 5 (Q5 – ‘Augmented Reality’), there was a greater concentration of
responses of type “3” (‘Neither agreement nor disagreement’), with no response of
type “1” (‘ Completely disagree ‘).

6. In question 6 (Q6 – ‘Human-centred decision-making orOracle’), therewas a greater
response of type “3” (‘Neither agreement nor disagreement’), although it did also
occur a high number of responses of types “4” (‘Agreement’), and “5” (‘Completely
in agreement’).

Therefore, through the analysis of the responses obtained to the survey, it is possible
to conclude that, in general, it was noticed that there was no doubt, on the part of the
respondents, that all these characteristics considered when designing architectures of
MS DSS are important ones to be considered.

Additionally, it was possible to verify that the questions Q1 (‘Integration’), and Q4
(‘IoT, IIoT, RFID, Cloud, and similar technologies’) were those inwhich the respondents
most clearly agreed, in general (“4” – ‘Agreement’), as well as regarding the importance
of having a person at the center of the decision-making process (Q6 – ‘Human-cantered
decisions’), which did also reach a very good level of agreement.

Regarding the other two questions (Q2 – ‘Big Data’, Q3 – ‘Machine Learning’, and
Q5 – ‘Augmented Reality’), although all of them were also considered essential issues,
that is, essential characteristics to be considered in the architectures of MS DSS, the
Q5 (‘Augmented Reality’) was the one that obtained a relatively greater importance
confirmation, followed by questions Q3 (‘Machine Learning’) and Q2 (‘Big Data’).

4.2 Comparative Analysis of the Proposed Architecture with Similar Ones

In this section, the results obtained about the comparative analysis carried out between
the various architectures of DSS from the literature with the proposed one are briefly
described, and the main result obtained is shown in Table 3.

Based on the results expressed in Table 3, it is possible to verify that although, in
general, all the fundamental characteristics, which were analyzed, through the ques-
tions Q1 to Q6 considered through the distributed questionnaire. There is no existing
architecture of DSS that focuses on all 6 underlying issues or characteristics. Those that
focus on a more significant number of characteristics are the architectures underlying
the S1 [24] and S3 [26] systems, which focused on 5 characteristics, followed by the
architectures of the systems S2 [25], and S7 [30], with 4 characteristics and followed by
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Fig. 2. Histogram of frequencies about the number of responses by a degree of agreement in
questions Q1 to Q6.

the S4 [27], and the S6 [29], with 3 characteristics and, finally, by the S5 system [28],
with 2 characteristics.

Therefore, it can be concluded that just the DSS proposed (S8) focuses on the 6
characteristics considered relevant for supporting MS in the current I4.0 context.

Table 3. Synthesis of comparison of the proposed architecture with similar ones.

Characteristic
System

Integration
(Q1)

Big
Data
(Q2)

AI/Machine
Learning
(Q3)

IoT/IIoT,
RFID,
Cloud
(Q4)

Augmented
Reality
(Q5)

Human-centered
decisions (Q6)

Number of
focused
characteristics

S1 [24] X X X X X 5
S2 [25] X X X X 4
S3 [26] X X X X X 5
S4 [27] X X X 3
S5 [28] X X 2
S6 [29] X X X 3
S7 [30] X X X X X 4
S8
[Proposed]

X X X X X X 6

5 Conclusion

In this paper, an analysis and evaluation of some existing DSS architectures, along with
a proposal of an architecture of a DSS to support manufacturing scheduling (MS) was
provided, based on a study carried out for identifying a set of main characteristics that
are fundamental in the current I4.0 context.

Moreover, based on the study accomplished, it was also possible to validate the
importance of the set of characteristics considered in the scope of I4.0 through the
results obtained from 198 valid questionnaires that were put available to Portuguese and
Spanish Companies.
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Additionally, the main characteristics underlying the proposedMS DSS architecture
were further analyzed through a study that was performed to establish a comparative
analysis between the proposed architecture and the ones underlying the other system’s
architectures thatwere explored. This comparative analysis realized that no other existing
DSS architecture, among the ones analyzed, besides the one proposed in this paper, refers
to the whole set of 6 main I4.0 oriented characteristics considered.

It will be essential to develop the proposed MS DSS architecture to be implemented
and used in different industrial companies in terms of future work.
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Abstract. The concept of Industry 4.0 is inflected in many areas with the intro-
duction of automation, robotics, or modern storage systems with a key element
of digitization. An important area for implementing the elements of Industry 4.0
is internal logistics because the supply of production lines and material storage
are among the company’s key processes. The complexity and irregularity of pro-
cesses can be automated and changed into an autonomous form based on the
concept. The article deals with internal logistics and describes new approaches
to the evaluation of logistics processes based on the developed methodology. The
methodology design is based on theoretical foundations, and therefore the main
part of the article describes the main areas entering the new methodology. Inter-
nal logistics is structured into five main dimensions, which completely cover it.
According to the company maturity, dimensions are divided into six levels, where
the highest level corresponds to Industry 4.0 principles. The evaluation is based on
maximizing the criterion function and point evaluation from structured interviews
with company members. After partial results from each dimension, it is possible
to evaluate the current company level in internal logistics, which is the primary
goal. The methodology is therefore mainly of a diagnostic nature.

Keywords: Industry 4.0 · Internal logistics · Logistics audit · Readiness model ·
Manipulation

1 Introduction

Industry 4.0 has a wide scope and is not only about the implementation of new tech-
nologies in industrial enterprises and gradual automation replacing human power. Due
to its scope, there are definitions and views from academics, companies, consulting
companies, and practical associations. However, the respondents agree that the essence
of Industry 4.0 is digitization, expansion of high-speed Internet, development of smart
technologies, communications, and many other topics. Businesses that want to maintain
their competitiveness and market position must take their first steps towards digitization
today. Digitization promises lower costs, higher production quality, flexibility, and effi-
ciency. Investment in digitization is crucial for the growth of all industrial companies,
regardless of their size or industry. Industry and the whole economy are undergoing
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fundamental changes caused by information technology, cyber-physical artificial intel-
ligence systems in production, services, and all economic sectors. The impact of these
changes is so fundamental that they are referred to as the 4th Industrial Revolution. The
main historical milestones are: themain definition of Industry 4.0 is based on a document
presented at a trade fair in Hanover in 2013. The basic vision of this concept was created
in 2011.

Developments for Industry 4.0 based on digitization and automation present enor-
mous challenges for logistics and opportunities for further growth and development.
The field of logistics, therefore, has great potential within this concept. However, it is
essential and necessary to be more specific because this field is very broad. We focus
on other areas of internal logistics in the following sections. The maturity of companies
for Industry 4.0 is evaluated according to readiness models, which divide the company
into several areas and assess the readiness of the relevant processes into several levels.
The highest level corresponds to Industry 4.0.

2 Literature Review

The newly proposed methodology for internal logistics processes evaluation includes
fundamental topics such as Industry 4.0, internal logisticswithin the Industry 4.0 concept,
logistics evaluation audit, and readiness models assessing the readiness of companies for
the concept of Industry 4.0. An overview and knowledge of each area play an essential
role in the new methodology.

2.1 Internal Logistics and Evaluation According to the Logistics Audit

Logistics can be divided according to its application within the logistics chain and the
focus of material flows, where internal logistics focuses on logistics processes within
the company [1]. The internal logistics system is responsible for supply, production,
and distribution logistics [2]. Internal logistics takes over the cross-sectional function
and is fully responsible for the internal flow of material and information from incoming
goods, warehouse, order picking, production, assembly to outgoing goods, thus con-
necting internal systems. The primary operational functions of internal logistics are
manipulation, storage, transport within the company, product picking, and packaging
[3].

Internal logistics processes are evaluated based on a logistics audit. According to the
evaluated areas’ scope, it is divided into internal and external [4]. A logistics audit is a
standardized analytical and design process. It provides a detailed overview and diagnos-
tics of the current state of logistics in the company, points out the potential of logistics
changes, helps to find bottlenecks in the logistics system, and offers suggestions for
their elimination. The project character of this program makes it possible to implement
both immediate organizational interventions leading to rapid effects and fundamental
conceptual changes in logistics processes [5]. The logistics audit aims to provide man-
agement with comparative material on its state in the company and show the potential
for changes in logistics activities to achieve more efficient performance [6].
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Logistics audit methodologies were analyzed in detail, and this is the input for
determining the internal logistics dimensions evaluation proposal with the integration
of Industry 4.0. According to the Chamber of Logistics Auditors, the methodology
evaluates logistics in 25 key areas based on the auditor’s questions and subjectivity [7].
VDA 6.3 is a methodology for industrial companies where internal logistics is evaluated
in manipulation, transport, storage, and packaging [8]. The MMOG/LE methodology
is used mainly in the automotive field to evaluate manipulation, supply, packaging, and
material identification [9].

2.2 Models of Readiness for the Industry 4.0 Concept

Readiness models in the context of Industry 4.0 are used to measure the maturity of
an organization or business process related to a specific target state. Characteristic for
them is their use because based on the model application, it is possible to identify the
current state and readiness for the concept of Industry 4.0 comprehensively in the entire
company or various business areas [10]. Maturity models come in many modifications,
and these complex models should equip companies with practical knowledge, such as:

– what is Industry 4.0, and how it can effectively affect society,
– what is the level of readiness of the company and subbusiness areas,
– how the company can gradually and purposefully improve and increase the level,
– how to start implementing modern technologies, and where are the opportunities.

Capability Maturity Model Integration (CMMI) is a key model concept on which
most analyzed maturity models are based [11]. CMMI is a model that aims to help an
organization plan, define, implement, develop, evaluate, and improve processes [12].
CMMI models come in various modifications and include a graded evaluation principle
that defines five levels of maturity from the lowest Initial, through Managed, Defined,
Quantitatively Managed to the highest fifth level of Optimizing [13]. A similar inspiring
model is the Software Process Improvement and Capability Determination (SPICE),
which deals with process assessment, especially in the automotive field [14]. This model
works with six maturity levels from zero levels in a similar sequence as CMMI [15]. For
thematuritymodels within the Industry 4.0 concept, the analyzed dimensions are defined
as the main parameter. The model and its scope determine dimensions because models
can be macro or micro levels [16].Within macro models, the level evaluation concerning
countries, within micro models, the readiness of the subject itself - the enterprise is
evaluated, and these models are focused on in the article [17]. An important aspect is
the model intent, which can be descriptive, comparative, or prescriptive [18]. Models
also differ in design and are categorized into roadmaps, readiness, maturity models, or
evaluation frameworks [19]. The second key parameter for the models is the evaluation
method and classification into appropriate levels, which are usually four to six and are
ranked from the lowest level, including characteristics [20]. A total of thirty maturity
models were analyzed and compared, then gradually selected and classified for further
research [21]. Models that worked with dimensions of internal logistics were separated
in the form of abstraction, and these models with their main attributes are shown in
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Table 1. Although the main goal was to look up models designed for internal logistics,
the others served as inspiration for further analysis.

Table 1. Maturity models with main attributes for analysis.

Maturity model Source type Analysis
dimension

Method of assessing
maturity

Model intention

The Logistics 4.0
maturity model [22]

Acad. 3 From 1 (ignoring) to
5 (integrated)

Comp.

Acatech Industrie
4.0 maturity index
[23]

Acad. Pract.
Asoc.

4 From 1
(computerisation) to
6 (adaptability)

Comp.

Intelligent logistics
for production [24]

Acad. 7 Assessment into 5
levels (uses level 0)

Comp. Prescr.

Maturity levels for
Logistics 4.0 [25]

Acad. 4 From 1
(unconnected) to 5
(completely)

Comp.

A maturity model
for Logistics 4.0
[26]

Acad. 7 From 1 (ignoring) to
4 (integrated)

Comp.

2.3 Findings

The first part of the article deals with a search of the main areas, and it is, therefore,
possible to summarize the main findings and concepts:

– Internal logistics deals with material and information flow within the company, i.e.,
especially in the warehouse, production and assembly areas.

– Principles and technologies based on Industry 4.0 will be applied to internal logistics
as one of the suitable areas for implementation.

– Logistics audit systems do not reflect developments within the Industry 4.0 concept
and do not evaluate internal logistics processes with this in mind.

– Internal logistics activities that evaluate some logistics audits, such as warehousing,
and manipulation, are not evaluated comprehensively.

– Industry 4.0 readiness models have divided areas into different dimensions and are
used for level assessment (usually 4–6).

– The minimum of models (six within the search) is generally designed for logistics,
and if internal logistics is evaluated, levels are not described or characterized in detail.

3 Research Methodology

The proposed evaluating methodology for the readiness of companies for the concept
of Industry 4.0 in the field of internal logistics is based primarily on a literature review
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of logistics audits, readiness models, and internal logistics itself. This methodology was
developed in several phases, where the main steps and their specific content were deter-
mined. The first and most important phase was studying and evaluating the literature
and experts’ opinions who deal with this field. It is possible to create a comprehensive
view of its development and its activities in all areas. Even though this area has great
potential for the modernization of most processes, there is no comprehensive methodol-
ogy to evaluate internal logistics in detail. The already developed methodologies, which
were analyzed and compared, served as inspiration and a concept for creating a new
methodology focused on logistics.

In most cases, different dimensions were analyzed in specific areas, which were
evaluated at several levels. Then the method of evaluation and its representation was
always given. Another aspect influencing methodology design and form is the focus of
the authors who specialize in industrial engineering at the Faculty. In addition to the
academic area, the industrial area is also important, where professional interviews took
place within the framework of cooperation and workshops. Based on these two aspects,
the methodology was subsequently developed.

3.1 Description of Methodology and Its Main Parameters

The methodology is created mainly for medium-sized industrial companies that have
logistics. It does not consider the type of production or complexity of logistics processes
but the requirements and specifics of the company, including the current situation and
logistics systems. For this reason, the initial phase was the analysis of the main activities
in business logistics, which are manipulation, storage, supply, packaging, and material
identification. These activities represent relatively general dimensions, and therefore
they are further broken down into subdimensions and indicators. The application of
subdimensions specifies which area of the dimension the methodology will focus on. By
setting the main indicators, the methodology focuses directly on activity or technology
essential for evaluating the company. Another parameter is the level, of which there
are 6, and which describes the company’s maturity depending on a specific indicator.
Each level is complemented by logistical elements that make it easier to classify the
company appropriately. An essential part of the methodology is formulating questions
for a structured interview with a responsible person, which serves as an input parameter
for company evaluation. Questions are based on indicators and their characteristics
which are evaluated according to the answers. Based on its current status, a company is
classified at the appropriate level and evaluated in terms of Industry 4.0 readiness in the
field of internal logistics. The results are interpreted in an analytical and graphical form,
for example, within a logistics audit.

3.2 Determining Readiness Levels

Immediately after determining the newmodel structure, the levels of readiness are deter-
mined. There is a total of six levels, and they describe company maturity depending on
specific indicators. The set levels are evolving, and from their brief definition, it is under-
standable what the given level means. These six levels of readiness, i.e., levels from 0
to 5, are described in Table 2.
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Table 2. Description of readiness levels.

Level Level description

Level 0 Processes are not explicitly defined, and there is no connection between them.
Information systems and simple software are not used at this level

Level 1 Certified process management takes place here, which is controlled by the human
factor. It uses simple software and basic information systems

Level 2 Processes are fixed and controlled. The use of automated elements in standardized
processes is beginning. Data collection is partially digitized, and information systems
process data only within the company

Level 3 Most processes are automated with partial human cooperation. Digitized
technologies and information systems are used for data collection, connected to
external data sources, where mutual communication occurs

Level 4 Processes are digitized and automated, with limited human intervention. It uses smart
information systems that connect all areas, including external sources

Level 5 Processes are fully automated and human-controlled. The control of all systems is
autonomous. Online communication thanks to sophisticated information systems that
connect all areas of the company, including external sources

3.3 Determination of Dimensions and Subdimensions

Internal logistics is a broad area that dealswithmaterial flow and accompanying informa-
tion flow. The methodology has five primary dimensions: the main activities of internal
logistics, and are further broken down into subdimensions and indicators. Below in Table
3 is an example of the manipulation dimension, including subdimensions and indicators.
The second dimension is storage consisting of three subdimensions,which dealwith stor-
age technology, information security, andmaterial receipt and dispatch system. The third
is the supply dimension, which has three subdimensions, including supply technology

Table 3. Overview of the manipulation dimension.

Dimension Subdimensions Main indicators

Manipulation Manipulation technology Degree of automation

Environmental aspects

Guidance of manipulation technology

Information security Interconnection of systems

Management and information assurance

Data processing

Manipulation units Standardization

Identifiable

Degree of automation
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and information provision of material recalls. The fourth dimension is packaging, which
deals with packaging technologies and methods of packaging, types of packaging, and
packaging material, including packaging management. The last dimension is material
identification, which has two subdimensions: the identification method and information
provision.

3.4 System of Evaluation and Determination of the Level of Internal Logistics

An essential phase is the part of the methodology that focuses on a structured inter-
view with an authorized person from the company in logistics. Creating a structured
questionnaire requires the data determined when creating dimensions, subdimensions,
indicators, and levels. Questions are created using indicators, and answers correspond
with appropriate levels. With the help of the created questions and answers, the intervie-
wee can choose an answer fromwhich it is possible to put the company on the appropriate
level. This system aims to determine the final evaluation for each subdimension, its par-
ent dimension, and overall evaluation for internal logistics. The maximization criterion
function is used to assess the current state of the internal logistics level. This approach
was chosen based on a structured interview evaluating heterogeneous areas that influence
the overall level the most. The derived relationship is a function of values of individual
dimensions, see Eq. (1).

FKRITmax = f (d) (1)

The index “i” indicates each of the five evaluated dimensions, the variable “di”
indicates the point evaluation in the given dimension. Equation (2) shows the sum of the
maximum of 225 points.

∑n

i=1
di = 225 points (2)

4 Results

This subchapter provides an example of a final table, including questions for evaluat-
ing the manipulation dimension. It is a manipulation between the receipt and material

Table 4. Example question for automation indicator.
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warehouse or between the warehouse and finished products dispatch. The manipula-
tion dimension has subdimensions: manipulation technology, manipulation units, and
information security during manipulation. Table 5 deals with the subdimension of the
manipulation technique and includes three indicators that specify this area inmore detail.
Intersection with indicators is levels from 0 to 5, into which the company can be included
according to its maturity. These levels are then used as answers when asking questions.
Table 4 gives an example of a question, including its answers. The level of the answer
is known only to the evaluator, who evaluates it according to Table 5.

Table 5. Example of subdimension of manipulation technique.

Level Main indicators

Guidance of
manipulation
technology

Environmental
aspects

Degree of
automation

Logistic elements

0 Manipulation
technology is not
guided (without
any system)

Use of
non-ecological
diesel engines

Basic manipulation
technique
controlled
manually by man

0% Order picker, hand
pallet truck

1 The technology is
guided by standard
industrial methods

Implementation of
hybrid propulsion
units reducing
CO2, NO and
airborne particles

Mechanized
manipulation
technique
controlled
manually by man

0% Forklifts, reach
trucks, platform
trucks

2 Manipulation
technology guided
according to
signaling and
digital recording

Implementation of
electric drive units
and their partial
automation

Manipulation
technology
switches to
partially automated
standard operations

0%–25% Forklifts, belt
conveyors, tractors

3 Manipulation
technology guided
according to the
signaling of
wireless
technology with
partial
communication

Implementation of
electric drive units
and their majority
automation

Manipulation
technique is more
automated for
predefined tasks
with human
cooperation

25%–50% Automated carts,
tractors, trains

4 Manipulation
technology guided
according to IS
with partial online
communication

Implementation of
manipulation
equipment for
electric drives from
renewable sources

The technology is
mostly automated
and controlled by
IS. One is involved
in decision making

50%–75% Automated
forklifts,
autonomous AGV

(continued)
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Table 5. (continued)

Level Main indicators

Guidance of
manipulation
technology

Environmental
aspects

Degree of
automation

Logistic elements

5 Manipulation
technology is fully
IS-guided
according to
available
information,
including online
communication

Manipulation
technology for
alternative energy
sources

Manipulation
technology is fully
automated,
controlled by IS.
Human only
supervises, controls

75%–100% Unattended
autonomous
manipulation
technology (AGV),
collaborative robots

5 Conclusions

Expansion of product variability, the pressure to reduce production times and optimize
operating costs force companies to innovate established processes. Internal logistics is
one of the active factors involved in increasing a factory’s overall production perfor-
mance, as it has a direct impact on optimizing, reducing production time, utilization
of inventory, and increasing quality. That is why a methodology was developed that
assesses the current level and readiness of internal logistics for the Industry 4.0 concept.
The breakdown of these five dimensions into subdimensions and their indicators creates
a complex methodology with evaluation from the lowest zero levels to the highest fifth
level. The evaluation is carried out based on a structured interview with thirty-nine ques-
tions for representatives from the company who should know the Industry 4.0 concept.
The answers for calculating the readiness level are as follows. It is essential to mention
that currently, the methodology has only been developed and tested in companies. The
results and verification will be the subject of further articles, including a description of
the mathematical processing of the results. The methodology output will be the final
evaluation with graphical analysis.
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22. Oleśków-Szłapka, J., Stachowiak, A.: The framework of Logistics 4.0 maturity model. In:
Burduk, A., Chlebus, E., Nowakowski, T., Tubis, A. (eds.) ISPEM 2018. AISC, vol. 835,
pp. 771–781. Springer, Cham (2019). https://doi.org/10.1007/978-3-319-97490-3_73

https://doi.org/10.1007/978-3-662-48784-6
http://www.kla.cz/cs/metodika
https://doi.org/10.1007/978-3-319-38980-6_22
https://doi.org/10.1007/978-3-319-72905-3_3
https://doi.org/10.1007/978-3-319-97490-3_73


A New Approach for the Evaluation of Internal Logistics Processes 285

23. Zeller, V., Hocken, C., Stich, V.: Acatech Industrie 4.0 maturity index – a multidimensional
maturity model. In: Advances in Production Management Systems. Smart Manufacturing for
Industry 4.0, pp. 105–113 (2018)

24. Krajcovic, M., Grznar, P., Fusko, M., Skokan, R.: Intelligent Logistics for Intelligent
Production Systems. Commun. Sci. Lett. Univ. Zilina 20(4), 16–23 (2018)

25. Sternad,M., Lerher, T., Gajsek, B.:Maturity levels for Logistics 4.0 based onNRW’s Industry
4.0 maturity model. In: Business Logistics in Modern Management, vol. 18, pp. 695–708
(2018)
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Abstract. The article analyzes mobile technologies that are the most widely used
in a modern technical university’s educational process. It is noted that under cer-
tain conditions for test control on mobile devices, technologies that are limited
to the use of students’ mobile devices will be preferred. It is emphasized that
for the successful mobile devices use in the knowledge test control of students.
It is necessary to consider the features of practical classes on professional and
practical training of future engineers. Such features include the widespread use of
graphicmaterials at all training stages and holding a part of the practical training in
specialized classrooms without access to mobile Internet. The mobile application
SSUquestionnaire-m is described, which allows one to consider the features of
engineering training listed in the article and ensure participation of all students in
the classroom in control activities at the same time.

Keywords: Engineering education ·Mobile technologies · Fuzzy logic ·Mobile
learning

1 Introduction

In a technical university, the educational process’s rational organization is impossible
without the correct setting of control over students’ readiness to solve educational and
professional problems. Knowledge control results are one of the most significant means
of regulatingmany indicators of the educational process and, at the same time, ameans of
controlling the education quality. Quick and accurate assessment of students’ knowledge
is an urgent problem of the educational process both in the long-standing full-time and
correspondence learning and in the relatively recently appeared mobile learning form or
with the partial introduction ofmobile learning technologies in traditionally held classes.

By far, among the knowledge control methods, the most intensive growth of interest
is observed in knowledge test control systems. Actively using mobile and computer
technologies, test control successfully supplements and improves existing traditional
forms and control methods.

The paper notes [1] that testing on computers implements essential pedagogical func-
tions. Using the example of conducting training sessions in using the virtual environment
MOODLE, which has recently become widespread, the advantages of computerized test
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control have been identified and described. Interactive simulators [2], and 3D laborato-
ries [3], according to the authors, not only make it possible to organize better the process
of studying new educational material on the theory of machine parts interchangeabil-
ity but can also be an effective tool in summing up the results of students’ educational
activities. The approaches to introducing simulators and virtual laboratories into the
educational process outlined in these works can be applied when performing most types
of training sessions at all stages of control, from entrance testing to a comprehensive
summing up of training results.

With the massive use of smartphones, smartwatches, fitness bracelets, and other
mobile devices with all the essential computing characteristics of a computer by modern
youth, there is a noticeable trend towards the widespread use of the entire mobile devices
functions in the educational process. Already today, to solve most of the tasks that
students face, there are high-quality applications that are freely available for mobile
devices or installed by default on the gadget.

Everything indicates that, according to the results of the rapid development ofmobile
technologies and their introduction into the educational process, a symbiosis of test
control and mobile gadgets should take place. However, few examples of test control
on mobile devices are known that can confirm the success of the implementation of
these trends. Especially noticeable is the lack of such examples in the organization and
conduction of knowledge test control, skills in professional and practical engineering
students’ training.

The purpose of the article is to describe the experience of designing mobile applica-
tions, the use of which will take into account the peculiarities of future engineers training
- mechanical engineers when conducting testing on mobile devices. For achieving this
purpose, the following tasks were stated: to analyze the existing technologies of using
mobile devices in the educational process; to highlight and summarize the main features
of teaching engineering specialties students; to develop on this basis a mobile applica-
tion that allows pedagogically correct combine the new teaching technologies with the
specifics of engineering training at a technical university.

2 Literature Review

2.1 Technologies for the Application ofMobile Devices in the Educational Process

Domestic and foreign literature has recently seen an increase in the number of publica-
tions reflecting scientific research results and mobile technologies’ practical use to solve
pedagogical problems. They examinedmany theoretical issues and developed guidelines
to improve mobile devices’ implementation in the educational process [4].

The collection [5] has combined articles that analyze various aspects of mobile tech-
nologies application for learning. They describe mobile learning’s current state, provide
research results in improving mobile learning, describe the experience of implementing
mobile learning in different countries, and provide recommendations on themobile tech-
nologies used to improve teachers’ qualifications. A number of articles in the collection
offer their approaches to forming the functionality and design of mobile applications
intended for higher education. Particular emphasis is placed on the use of VR and AR
technologies in the educational process.
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The work [6] proposes the author’s approaches to introducing mobile learning in the
education system. The broad possibilities of using mobile gadgets during training are
described, and the restrictions that hinder their introduction into the educational process
are noted. It is shown that the use of mobile devices does not lead to substantial changes
in the main structural and pedagogical components of the learning system but makes
it possible to supplement the existing e-learning model with the main components of
mobile learning.

The reference book [7] contains works that consider mobile device application’s
admissible spheres in the educational process, particularly for a control knowledge test.
Attention is paid to the testing method and questionnaires on mobile devices. The short-
comings of personal computers, the expediency of their replacing for students with their
gadgets for university studies, and mobile devices’ functions are listed, which allow
them to recommend them for implementation in the educational process.

The authors of a number of works distinguish certain types of mobile technologies.
Particularly, in the research papers [8, 9], authors applied the technologies of augmented
andvirtual reality for training engineering students.Additionally,RafaelBallagas, speak-
ing at the UbiComp 2004 conference [10], listed a set of features that allow you to
define BYOD (bring your device) technology as a separate type. This technology began
to advance especially actively after its introduction by Intel in 2009. Scientists in work
[11] presented the possibilities and limitations of BYOD technology based on this tech-
nology’s practical application throughout the year for various pedagogical practices in
higher educational institutions. At present, such varieties are known as BYOP (bring
your phone), BYOT (bring your technology), and (BYOPC: bring your own PC) [12].

In parallel with BYOD technology, GYOD (give your device) technology has been
actively developed recently. It also has several varieties: become popular CYOD (Choose
Your Own Device) [13], COPE (Corporate-Owned Personally Enabled) [14], and some
others. Their common feature is that the university acquires mobile devices for edu-
cational classes. For GYOD technology, mobile devices’ uniformity, achieved through
centralized procurement and service, is one of its main advantages.

The main difference between the basic BYOD and GYOD technologies is who owns
the mobile devices that students use when completing learning tasks. A common draw-
back for both technologies is not always the sufficient providing of students with mobile
devices. For BYOD technology, this is because some students may not have technical
devices with specified characteristics. GYOD technology limitation may be the educa-
tional institution’s budget, which will have to be increased to provide mobile devices to
all students. In the conditions of a domestic technical university, an obstacle may also be
that mobile devices are issued to students only for their stay at the educational institu-
tion. When completing diploma and course projects, controlling knowledge, and other
independent work types, problems will arise associated with the unequal characteristics
of technical training aids.

The review shows that all the considered mobile technologies have advantages and
disadvantages. BYOD technology involves the use of students’ existing gadgets. The
effectiveness of the implementationwill be higher ifmeasures are taken aimed at improv-
ing the security of the use of mobile devices. The ability to involve all students of the
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study group in solving educational problems regardless of what gadgets they possess is
also essential.

The purpose of the article is to describe the experience of designing mobile appli-
cations, the use of which will take into account the peculiarities of future engineers
training - mechanical engineers when conducting testing on mobile devices. For achiev-
ing this purpose, the following tasks were set: to analyze the existing technologies of
using mobile devices in the educational process; to highlight and summarize the main
features of teaching engineering specialties students; to develop on this basis a mobile
application that allows pedagogically correct combine the new teaching technologies
with the specifics of engineering training at a technical university.

2.2 Features of Mobile Devices Use in the Classes of the Engineering Disciplines

Afeature ofmobile education for engineering specialties students is that the starting point
for the assimilation of educational material in engineering disciplines is various kinds of
three-dimensional graphicmodels, plane projection drawings, diagrams,models, graphs,
and other graphic elements. As a result, graphic images, including large ones, are used
as the initial data and results of implementing educational tasks. They introduce students
to a wide range of professional knowledge about how structures work. Standardization
in graphic design and a close connection between students’ information in the technical
university are then applied. Therefore, it is essential that, during control events, students
also have access to graphic information about the object, similar to that used at the
training stage. Otherwise, the tested students will not fully familiarize themselves with
the test items’ contents and correctly formulate their answers.

According to the standard [15], which regulates technical documentation formats in
Ukraine, graphic information can be drawn upon drawings of different sizes (Table 1).
The standard is based on the A0 format with a surface area of 1 square meter. Other
formats are its derivatives.

Table 1. Formats of technical documentation

Formats

A0 A1 A2 A3 A4

Sheet size, mm 1189 × 841 841 × 594 594 × 420 420 × 297 297 × 210

File sizes, MB

1 figure 75 35 17 9 5

3 figures 220 100 50 27 10

It is often difficult to view images in A0 format or those close to them in the area
on the screen of mobile devices. Mobile devices’ resources are limited here and are
inferior in functionality to personal computers with a screen diagonal from 15" to 25"
or more. The screens of most laptops, netbooks, tablets, or e-book readers are, as a
rule, significantly smaller than the monitors of personal computers (screen diagonal no
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more than 15"–17"). At the same time, students for various reasons but rarely use these
gadgets in the classroom. Unfortunately, when planning a lesson, you cannot focus on
such devices.

Our observations show that engineering specialties students have smartphones more
often than other students. MOVR research data [16] show that the share of sales of
smartphones with screen sizes from 5.5 to 6 in. increased from 7.5% in 2015 to 43.3% in
2017, and more than 59% of the volume of Internet traffic falls on devices with a screen
larger than 5". However, in the case of smartphones, when planning work with graphic
materials, you need to focus primarily on mobile devices with the worst screen settings.
Today, these are smartphones with a diagonal screen size of 3.5"–4".

It is difficult for a student to view an image of even a relatively small A3 format on a
smartphone screenwith a diagonal size of 3.5"–4". For example, Fig. 1 shows illustrations
for the educationalmaterial that students of specialty 133 “Industrial Engineering” study.
It explains the design of two technical devices: a turret and a tool changer, which are
part of a metal cutting machine’s technological system.

(а) reduced drawing and computer model

(б) enlarged fragments of the drawing and computer model

Fig. 1. The smartphone screen displays a drawing of a turret [17] and a computer model of the
tool change mechanism of a metal cutting machine.

In Fig. 1 a, their images were reduced to fully fit on the screen of a smartphone with a
diagonal of 4". Obviously, from such reduced illustrations, it is impossible to understand
the design and operation principle of the devices shown. The only way to complete the
training task, in this case, is to enlarge the image to such a size that you can distinguish
between individual, even the smallest details. Figure 1 b shows enlarged fragments of
nodes images of a metal cutting machine. The selected scale, in this case, allows you to
see all the necessary elements, including the symbols on the drawing. However, to see



294 A. Alexeyev et al.

other sections of either of the two illustrations, the student must either change the scale
or constantly move the picture, making some fragments visible and hiding the others.
This manipulation makes it difficult to understand what is displayed on the screen and
makes the whole perception unrealizable.

The problem also lies in the fact that graphic format files are usually significant. Table
1 shows the approximate sizes of graphic files that advise drawings printed on sheets of
standard-size paper. If you load several such files into the memory of a smartphone or
tablet, then the requirements for the mobile device’s resources increase sharply, which
is not always permissible since such high-tech devices may not be available to students
will become critical during classes. Reducing the size of files by reducing the image’s
resolution leads to a loss of visibility and the inability to zoom in to consider small
details.

Another significant feature that should be considered when planning classes in the
disciplines of professional and practical training of students of engineering specialties is
performing practical tasks in specialized educational laboratories or industrial premises.
Students need to learn how to design, operate and produce engineering products.

It is possible that when holding classes in specialized rooms, it will be technically
difficult to provide reliable mobile telephony, for example, due to interference caused by
the operation of laboratory or industrial equipment. Additional measures will likely be
required, in particular, to make mobile communication free of charge for students. As a
result, in the absence of a connection to the mobile network, the network resources use
will be limited or completely blocked. A partial solutionmay be the separate study of the-
oretical and practical training material. For example, to hold classes in different rooms:
the practical part – in the training laboratory or the workplace, the study of theoretical
material and test control – in the classroom with access to the network through mobile
operators or Wi-Fi. If this is impractical or unrealizable, then the teaching materials
should be changed to consider mobile applications’ specifics when working offline.

3 Research Methodology

This goal was achieved through the following research methods: theoretical - analysis of
psychological and pedagogical, scientific, technical, andmethodological literature on the
research problem, educational literature analysis, educational standards and programs
of professional and practical training of engineering students to summarize theoretical
issues, functions, features of mobile devices use to study engineering disciplines; empir-
ical - observations, interviews, questionnaires, teachers and students analysis, expert
assessment to collect data on the practical state of the problem.

The transition from an oral exam to test control changes the nature of the interaction
between the instructor and the student in testing knowledge procedures. The student
needs to formulate a unique answer from a limited set of words, letters, numbers or
graphic symbols during the test tasks. In most well-known testing methods, the answer’s
correctness is determined only by its coincidence with the reference. The student has
no tools at his disposal that allow him to express difficulties in formulating the answer.
Depersonalization in assessing knowledge does not make it possible to establish how
confident the student is in the answer but how much he guessed it, relying only on luck.
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As a result, it is not excluded that a mistake will be added to the control result due to the
student’s need to think out the answer, going beyond the limits of his own knowledge.

For minimizing such a mistake, it is proposed to use an expert system based on the
apparatus of fuzzy logic when creating an application for modular control of engineering
students’ knowledge [18]. In terms of ordinary logic, the student’s answers can be linked
to the test control results onlywith the help of two extreme statements: 1) “if the student’s
answer does not coincide with the reference answer, then the student does not have
the necessary knowledge”, 2) “if the student’s and reference answers coincide, then
knowledge is sufficient”. For fuzzy logic, in addition to such limiting theses, any other
intermediate statements are allowed that can relate a certain degree of coincidence of
the student’s answer with the answer that is set in the test as correct.

When doing a test task using the SSUquestionnaire-mmobile application, the student
can additionally report how confident he is of the correct answer. The expert system
transforms the student’s decision and gives an assessment depending on whether this
answer coincides with the reference or not. If the answer is correct and the student
expressed maximum confidence, he is affixed with the highest possible points. When,
with the correct answer, the student expressed considerable doubt, then points are not
added to his assessment. In other cases, the final assessment depends on whether the
answer was correct, and what degree of doubt the student expressed. If the answer is
correct, the number of points will be higher, the lower the level of doubt indicated.

Conversely, if the answer is incorrect, the number of points increases if the stu-
dent shows more doubt. Expressing the degree of confidence in the answer, the student
thereby provides the expert system with data to mathematically accurately differentiate
his academic achievements and give an assessment that does not allow other interpre-
tations. Ultimately, the use of fuzzy logic eliminates from the assessment the guessing
error associated with the need for the student to give unambiguous answers, even if they
cannot be formulated based on his knowledge.

4 Results

4.1 Application Interface

SSUquestionnaire-m mobile application allows you to consider a number of training
features in the disciplines of professional and practical training of engineering specialties
students. The application use requiresmobile deviceswith theAndroid operating system.
The interface language is determined by the settings of the operating system installed on
the mobile device. Depending on the selected system language, the program interface
will automatically be installed in Ukrainian, English, or Russian. The application is
multi-screen.

1. The start screen (Fig. 2, left figure). It has two input fields: “ID” and “Digital code”.
In the field “ID” indicates the user ID. If you set the instructor’s password in it,
then the next buttons will be available: “Results”, “Coding” and “Refusal,”. When
you click the “Results” button, the “Test Results” screen (Fig. 2, the central figure)
opens to view and edit the records of the remote database. Pressing the “Coding”
button will open another screen (Fig. 2, the right figure) and it will be possible to
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start developing the test. If a different identifier is entered instead of the instructor’s
password or the “Refusal” button is pressed, it is assumed that the student data has
been entered in the “ID” field.
The digital test code contains encrypted information on the rating scale, the correct
answers, and a decoding key. You can enter the code manually using the virtual
keyboard or camera (optical sensor) of a mobile device. To do this, point the camera
at the QR code (a two-dimensional matrix representation of the digital code printed
on the test form). Click the “Scan” button – the QR code will be recognized pro-
grammatically and the received digital code will be automatically put in the input
field.
This completes the input of the initial data necessary for passing the test. After
clicking the “Continue” button at the bottom of the screen, the “ID” and “Digital
code” fields are checked. If they contain valid values, the next screen will open, and
the application will go into test control mode.

Fig. 2. Application screens (from left to right): “Start”, “Test results”, “Coding”.

2. Testing screen (Fig. 3).When passing the test, the student must answer the questions,
marking with a finger those that he considers correct. To express doubt during the
test task, it is enough to move the “slider” pointer to any of the positions: from
the far left – not sure, to the far right – pretty sure. The fuzzy-logic expert system
built into the application will adjust the score based on the slider pointer’s selected
position. After completing all the test tasks and clicking the “Show result” button, a
new screen opens (no figure). It displays the student’s mark obtained from the test.
Identification data is also provided here: student ID, digital code, and test variant. If
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the test control is carried out in the room, there is access to the mobile network, then
the control results are also recorded in a remote database.

Fig. 3. Screen “testing”.

3. Screen test results. It displays information from a remote database of test control
result and navigation buttons. The screen displays date of control, student ID, digital
test code, assessment, numbers of correct and incorrect answers for each database
record. To navigate through the records, the buttons “Forward”, “Back”, “Start”,
“End” are provided. The selected record can be deleted from the database or saved
to a mobile device.

4. Coding screen. It makes it possible to design a test that includes from 3 to 15 test
tasks. The screen contains 15 input fields for coding reference responses. The number
1 here means that the answer is correct, and the number 0 – the answer is incorrect.
The combination of zeros and ones determines the reference response of the task.
The number of test tasks is determined by the number of correctly filled coding fields.
For selecting a rating scale, an additional input field is provided. It is required to
indicate the maximum mark that the student will receive for all correctly completed
test tasks (according to a 100-point system). After the initial data for designing the
test is entered, you need to click the “Get a digital code” button – the code will be
automatically generated, displayed on the screen, and saved in a text file on themobile
device. The “Get QR code” button allows you to generate a matrix representation
of a digital code and record it on a mobile device as a graphic file in.png format. If
the device does not support this function, then you should use any of the known QR
code generators, for example.

4.2 Carrying Out the Test Control

Before starting testing using the SSUquestionnaire-m mobile application, the instructor
must have a set of tests at his disposal, the composition of which is determined by the
tasks assigned to testing.

Based on the engineering education peculiarities (Sect. 3), the text of the assignment
and illustrations revealing their contents are proposed to be written in a standard paper
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format (if the image does not fit on a sheet of A4 format paper, it is allowed to reproduce
it separately, for example, using multimedia). The digital and QR code can be included
in the descriptive part and printed at the beginning of the test form along with the
information about the subject of controlled educational material, type of control, variant
of the assignment.

A barcode scanner application should be installed first to scan a QR code on amobile
device. If the first scan is not on the device, then a link for downloading from the Google
Play store will be automatically offered.

Figure 4 shows a diagram of a mobile test control using the SSUquestionnaire-m
application. The application features allow you to carry out all control activities in rooms
without access to Wi-Fi or the mobile web. Simultaneously, the presence of the Internet
can be considered an option, expanding the application’s capabilities in terms of remote
control of students’ knowledge and simplifying the statistical processing of test results.

Students passing control remotely must be clients of the mobile network and have
a mobile device installed with the Android operating system. Forms with test items are
delivered to them in electronic form, for example, as a pdf-document. The control results
are stored in a remote database and available to the instructor both on his mobile device
and on a personal computer with access to the Internet.

Fig. 4. Mobile test control scheme.

Students who do not have the necessary technical devices can participate in testing
along with everyone in the classroom. To do this, it is enough for such students to write
down their answers on a piece of paper and indicate the confidence degree in them (for
example, in numbers ranging from 0 to 9). After completing the control common to all,
the instructor checks the answers on his mobile device. Checking does not require much
time but allows you to stay within the BYOD technology and at the same time carry out
test control in one session.
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If control is carried out in an audience without access to a mobile network, control is
performed. However, the control results are not recorded in the remote database. After
the received mark is visible on the mobile device screen, the student must show it to
the instructor, for example, raising a hand with the device held and turning it with the
screen towards the instructor. Further, the instructor records the mark received by the
student and, at the same time, checks the compliance of the completed assignment with
the given option (according to the last four characters of the digital code that appear on
the same screen).

5 Conclusions

In the educational process of modern technical universities, mobile technologies are
widely used. The most widely used technologies are BYOD, GYOD, and some of their
varieties. All of them have both advantages and disadvantages. When introducing test
control on mobile devices, BYOD technologies require lower initial financial costs for
the education classrooms’ technical equipment. They will be preferable if you ensure
simultaneous participation in all the students’ control activities in the classroom.

The developed SSUquestionnaire-mmobile application allows one to consider some
specific features of holding classes in the professional and computer training disciplines
of engineering specialties students. It is not required to restrict the number and size of
graphic illustrations in test tasks when using it. It is also allowed to hold test control
entirely offline. The advantage of the application is the integrated fuzzy-logical system.
It allows the student to answer with a certain degree of confidence in their answer’s
correctness, and with that, receive a more accurate grade on the test. The application’s
properties allow one to organize test control in such a way as to ensure that all students
in the classroom participate in a test at the same time. However, to stay within the BYOD
technology, the acquisition of additional training equipment will not be required.

The introduction of the SSUquestionnaire-m application removes only part of the
mobile devices’ restrictions in the knowledge test control of mechanical engineering
students. Therefore, work in the direction of its development and control methodology
improvement should be continued. As priority tasks, it is planned to develop automation
tools for statistical processing of control results and expand the application’s capabilities
to develop tasks that reduce the probability of guessing.
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Abstract. Informatization of Ukrainian higher education institutions is a key pri-
ority of the state education policy, one of the directions to improve HEI’s IT
infrastructure. The paper aims to develop an integrated quality assurance informa-
tion system to enhance institutional aspects of higher education institutions’ study
programs. Therefore, there is an urgent need for all stakeholders to develop, at
the university level, a service-oriented architecture to assure the quality of higher
education with mandatory elements, for example, student survey results, student
ratings, university teachers’ rating, educational programs, results of uniqueness
verification for scientific research and qualifying papers, review of educational
programs for higher education applicants etc. It will allow to unify the approaches
to electronic resource management and accelerate the integration of multi-level
HEI quality assurance resources into a single portal. The paper presents a qual-
ity assurance information system, which allows processing students’ feedback to
provide HEI’s authorities’ decision making.

Keywords: Quality assurance management in HEI · Students’ feedback ·
Engineering study programs

1 Introduction

The primary purpose of using IT in Quality Assurance (QA) management in higher
education institutions is to increase the applicants’ satisfactionwith their learning process
by using management information systems (IS).

The use of IT in management is aiming to ensure the quality of HEI education, and
it should guarantee:

1. In the area of education: developing innovative distributed learning andmethodolog-
ical environment at the university; using service-oriented systems in the educational
process; implementing an e-learning management system for all students.
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2. In the area of science: presenting scientific research capacity of a University in
a global information space using open source databases; providing access for
researchers and students to the scientific information resources; managing the
implementation of joint research projects as part and parcel of an international
consortium.

3. In the area of university management: gathering, storing, and processing information
about the participants in the learning process, data collection and analysis; provid-
ing the automated follow-up to the decision taken; improving planning process to
guarantee quality in education at HEI.

These issues include governmental authority versus institutional autonomy, lack
of an internal quality assurance mechanism for individual institutions as performance
evaluation [1]. Many Ukrainian and foreign HEIs are trying to solve the problems of
implementing the educational process’s quality assurance management by using certain
computer programs that allow scheduling classes, checking scientific articles for unique-
ness, determining the applicants’ satisfaction with their learning process. Nevertheless,
the techniques are not efficient enough; there is currently still no single system approach
to management in the HEI strategy. Integrated information systems have affected how
both students and universities perceive education that focuses onmanagement and learn-
ing [2]. Different types of software development make it impossible to exchange data
accurately, effectively, and consistently. That is the reason why HEIs, as a rule, buy or
create an integrated management system that allows synchronization at different levels
of quality assurance in HEI. To achieve the goal of successful implementation of an
internal quality assurance system at the university, it is necessary to solve the following
issues:

– to develop the models of management activities and learning strategies to support the
quality of university education using information database;

– to establish and maintain IS architecture for student ratings, curriculum, degree
qualifications profile, study programs;

– to create and introduce new techniques andmethods of quality assurancemanagement
at the university based on integrated IS;

– to reduce the time of information assessment and processing in decision making;
– to create a system to predict the university development using key performance
indicators (KPI).

The researchers’ data gathering instrument is the Graduate Tracer Study developed
by the Commission on Higher Education [3]. To decide on the architecture of integrated
IS (buy or develop), it is necessary to reveal all the required business processes for quality
assurance of education [4].

The paper aims to develop an integrated quality assurance information system to
enhance institutional aspects of engineering study programs at HEI.

The paper has the following structure. Part 2 describes a comparison of institutional
quality assurance systems; part 3 investigates research methodology for QA using infor-
mation system; part 4 examines the development, monitoring, and revision of the SP
using QA information system; the conclusions is the last part.
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2 Literature Review

The change of higher education structure, development of quality assurance systems and
mechanisms enabling the dimension of study program flexibility related to the necessary
specific subject competencies [5] represent arguments for the development of institu-
tional design (ID) models, which based on the relationship between institutional rules,
learning process, and learning outcomes. As a process, ID is a curriculum development
cycle; a needs assessment, labor market analysis, design, development, implementation,
and results.

“Institutional designer” is a person who designs educational courses to fulfill the
needs and requirements of external and internal stakeholders.Aneeds assessment focuses
on determining the current state and the desired state, and the type of business process
to bridge that gap [6].

TheEuropeanFoundation forQualityManagement (EFQM)was founded to promote
self-evaluation as a key business process improvement. The EFQM Excellence Model
is a diagnostic tool, with a set of criteria generally accepted across Europe, which can
be used by HEI to evaluate their strengths, weaknesses, opportunities, and threats and
to monitor the progress of strategic actions [7–9]. For HEI, it provides a framework for
continuous improvement (Fig. 1).

Fig. 1. EFQM excellence model.

Criterion 1. Leadership: How top management of HEI creates additional values
for students who are personally involved in the QA management system and motivate
students to increase their capitalization.

Criterion 2. Policy and Strategy: The systems guarantee that the needs of stake-
holders (employers, students, alumni, academic staff, local authority, parents, etc.) are
incorporated in the strategy. The strategy tasks should be developed, deployed, and
communicated.

Criterion 3. People: academic staff, a guarantor, a support team are engaged in the
student learning process.

Criterion 4. Partnership and Resources: Interconnection of information (databases,
e-library, e-repository), material (labs, equipment, technology), and financial resources.
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Criterion 5. Business Processes: The methods are used for managing and improving
processes, including learning, teaching, R&D process, revising of SP, implementation
process of SP.

Criterion 6. Student Results: The KPI of students’ perceptions of the organization
and other HEI performance indicators for external stakeholders, including image and
the reputation of the HEI’s educational services.

Criterion 7. Staff Results: The measures of staffs’ perceptions of HEI and other indi-
cators of HEI performance, such as satisfaction, motivation, recognition, involvement,
and achievement.

Criterion 8. Stakeholders Results: Themeasures of the organization’s performance to
satisfy the expectations and society’s needs (local, national, or international community,
accreditation bodies).

USA BQA (Baldrige Quality Award) Criteria Framework is a tool intended to be
used by organizations to evaluate their performance and monitor the strategy progress
and process changes (Fig. 2).

Fig. 2. BQA criteria framework.

HEI has to continuously improve its study programs to stay competitive in the
dynamic and changing education and labormarket environment.QualityAssurance (QA)
is defined as planned and systematic actions implemented within the quality system to
provide adequate confidence that educational services will satisfy given requirements
for quality (National Qualification Framework and/or Standards of High Education).
Quality Management (QA) provides a systematic approach or a QA model linked with
educational quality improvement [10]. An example of a systems approach is a defini-
tion of quality of education as an “ability of students’ knowledge to satisfy specified
requirements of accreditation bodies, professional societies, employers, etc.” [10].

Process input-output satisfaction model with goal and specification clarifies what
HEI are required to do and what students and stakeholders can expect in the future. QA
protects the interests of all students. QA is required to meet all the expectations of Study
Programs. QA indicators are intended to help HEI demonstrate that SP’s expectations
are being met using regulations, procedures, and practices of HEI.
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The institutional design of the Process input-output satisfaction model with goal and
specification is based on the system approach and includes several elements (Fig. 3):

Fig. 3. Institutional design of quality assurance procedures at Kherson State University.

1. goals and specifications of the study programofHEI represent its expected outcomes;
2. to achieve these goals, HEI needs to provide all necessary resources, including

human, material, information, and infrastructural resources;
3. the resources need to be accumulated to manage and improve the academic and

business processes of the study program;
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4. the management and improvement of educational processes and achievement of
goals can bring satisfaction for the stakeholders under regular monitoring of the SP
with the intent of continual improvement.

The evaluation andmonitoring of SP can usemultiplemethods or their combinations;
among them are audit, self-assessment, benchmarking, etc.

Learning analytics (LA) and tools for intelligent analysis of data accumulated in
the IS used by HEIs provide an opportunity to increase the effectiveness of monitoring,
management, quality assurance, and evaluation of training for each study program and
decision-making. LA tools help managers of HEIs identify courses and programs that
more closely match the students’ needs and preferences, considering the requirement of
the labor market and feedbacks of all stakeholders [11]. Some of the tools are standalone
software tools, while the others are modules included in LMS. Each LA tool is based
on a model with a set of indicators, the data of which is extracted from the LMS used at
the university.

3 Research Methodology

The development of feedback evaluation is a complementary tool towards heightening
the comprehensiveness of existingquality assurancemechanisms [12]. Focus groups help
ensure that multiculturalism, diversity, and inclusion are central to the HEI’s discussion
agendas. A strong correlation between technical/engineering SPs and good quality assur-
ance results was found by authors [13], probably because quality expertise is particularly
developed in these disciplines.

The key stage of development, monitoring, and revision of the SP includes the
following steps (Fig. 4):

1. Initiation – project team (PT).
2. Determining the needs for a study program SP (project team, employers, graduates,

Google surveys).
3. Analysis of requirements and requests, Professional Standard (PT, specialist pro-

file regarding the employers and graduates’ views – list of competencies: LinkedIn
electronic competency platform, etc.).

4. Determining a list of program competencies for graduates of SP – PT, an
occupation profile.

5. Compiling a list of learning outcomes (LO) – PT, list of LO.
6. Compiling a list of educational components (EC) – PT, a draft list of the EC.
7. Defining an educational certificate attestation type – PT, attestation types.
8. Determination of the internal quality assurance system features in higher

education (PT, rating, polls, revising of SP, checking for plagiarism).
9. Consultations on the institutional capacity to provide the SP (scientific, financial,

academic, logistical base) – PT, HEI administration, management decisions.
10. Development of educational components – PT, staff, descriptions of EC (syllabus,

etc.).
11. Feedback of students, teachers, graduates after educational activities – types of

educational activities, learning outcomes at ECTS.
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12. Revision of SP (program competencies, program learning outcomes, educational
components).

Fig. 4. The procedure of development, monitoring, and revision of the SP.

4 Results

ESG 2015 Standard means that Institutions should monitor and periodically review their
programs to ensure that they achieve the objectives set for them and respond to students
and society’s needs. These reviews should lead to the continuous improvement of the
program [14]. Any action planned or taken as a result should be communicated to all
those concerned. Programs are reviewed and revised regularly, involving students and
other stakeholders. The information collected is analyzed, and the program is adapted
to ensure that it is up-to-date. Revised program specifications are published [15].

Measures/procedures
1.1. Monitoring at the level of an individual study component (study program in whole)
which provides for:

1. Formation of KPI of quality of study component of the study program:

– quantitative (student achievement results, the average quality of education, the number
of expelled students);

– qualitative (feedback from students, teachers, etc.).



308 V. Kobets et al.

2. Determination of indicators’ threshold values for which, if achieved (for example, a
low percentage of students’ quality of education), make it mandatory to monitor the
study component at the higher education institutional level.

3. Preparation of a report dealing with the results of course revision.
4. Monitoring the implementation of an action plan to improve the training component.

Informing all stakeholders about changes to the study program based on the results
of the review:

– informing students, staff, educational service departments, and external stakeholders
about study program monitoring;

– getting feedback after reviewing the annual monitoring reports on a study program;
– publication information about monitoring of study programs.

The relationship between students’ satisfaction with the learning process and the
quality of their education for students ofmathematical and engineering study programs at
Kherson StateUniversity is determined usingGoogle forms.Data are obtained according
to the results of processing 432 questionnaires of applicants for the higher education of
Computer Science, Physics and Mathematics Faculty (Table 1).

Table 1. Feedback of students (1 semester 2019–2020), Kherson State University.

Code Study program Rating of disciplines
(RateDisc)
min = 1
max = 5

Rating of staff
(RateStaff)
min = 1
max = 5

Quality of education of
bachelors (QE)
min = 0
max = 100

121 Software engineering 4,04 4,29 40,5

122 Computer science 3,67 4,03 37,9

126 Information systems
and technology

4,30 4,58 42,9

014 Secondary education
(mathematics)

4,42 4,44 46,2

014 Secondary education
(physics)

3,83 4,19 37,5

014 Secondary education
(Informatics)

4,39 4,55 46,7

014 Secondary education
(labor training and
technology)

3,60 3,61 21,7

Let’s consider dependency between the rating of disciplines (dependent variableRD)
and the rating of staff (explanatory variable RS) RD = bo + b1 · RS + u using Table 1
data:

RD = 0.177+ 0.909 · RS + u
(
R2 = 82%

)
(1)
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Each unit of RateStaff increases by 0.909 RateDisc (statistically significant,
t(b1) = 4.74 > tcr = 2.57). These dependencies are presented in Fig. 5. R2 means
that the variation of RS determines 82% variation of RD.

Fig. 5. Quality assurance for SP.

If we transform absolute values (Table 1) in the relative index, we can get regression
of the following form

lnRD = 0.06+ 0.92 · lnRS + u
(
R2 = 81.2%

)
(2)

It means that each 1% increase in staff rating will increase by 0.92% rating of
disciplines.

At the same time quality of education of bachelors (only good and excellent grades)
as a rule depends only on a rating of staff:

QE = −60.27− 1.74 · RD + 25, 07 · RS + u
(
R2 = 89.9%

)
(3)

Each unit of RateStaff increases by 25,07 quality education forBachelor ofComputer
Science, Physics, andMathematics. In our opinion, students’motivation to study courses,
which cover specific subject competencies, is determined by the teacher’s personality.
Based on the feedback results at KSU in 2020–2021, it is planned to make more optional
disciplines.

A key role of IAS andGoogle forms: collect, store and visualize all the data related to
students and their achievements, studyprograms and individual courses (especially learn-
ing outcomes), schedule of classes, and statistics important for university management,
financial and quality assurance.

5 Conclusions

The key stage of development, monitoring, and revision of the SP includes initiation,
analysis of requirements and requests, determination of the program competencies for
the graduates, determination of the internal quality assurance system features in higher
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education, study program review, and revision. Programs are reviewed and revised reg-
ularly, engaging students and stakeholders. The information collected is analyzed, and
the program is adapted to ensure that it is up-to-date.

Using our developed quality assurance information system, we got that each unit of
staff rating increases on a rating of staff increases on 0.91 rating of disciplines. The rating
of staff directly impacts the rating of courses, which cover specific subject competencies.
The teacher’s personality determines students’ motivation to study field. Based on the
feedback results at KSU in 2020–2021, it is planned to make more optional disciplines.
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Abstract. The research aims to develop a mobile learning engineering applica-
tion, presenting the form deviations according to ISO 1101. This application aims
to improve the quality of tolerances and dimensional control and 3D Modelling
courses for engineering students, covering the following lines of studies: design,
robotics, industrial and mechanical engineering. The previous studies focused on
mobile learning’s impact on student achievement show that the method could be
one of the promising educational technologies. The educational applications used
on mobile devices develop a friendly environment and generate a positive effect
on learning. The authors conducted a detailed analysis of the educational applica-
tions presenting geometrical tolerances available in Google Play. This paper also
presents the advantages and disadvantages of the published applications. In 2018
we published the educational android application ISO Checker. They are using
this mobile application integrated into the engineering courses students transmit-
ted positive feedback. Students are hi-tech learners, and they are in trend with
current technological innovations in education.

Keywords: Mobile learning · Geometrical tolerancing (GD&T) · From
deviations · Geometrical product specification (GPS) · Educational application

1 Introduction

The purpose of the research is to implement and design a mobile learning application
to improve the quality of the teaching dimensional and tolerances control and 3D Mod-
elling courses for engineering students, covering the following lines of studies: design,
robotics, industrial and mechanical engineering. The developed application will provide
information regarding the indication and interpretation of the geometrical tolerances
according to the latest ISO GPS standards, using 3D interactive models to highlight the
tolerance zones. The authors aim is to develop the application to be available in three
different languages: English, German and Romanian.

The shapeof the realworkpiece surface in the geometricalmeaning conformswith the
nominal surface’s shape only approximately. For example, a cylindrical shaft’s surface
may have the shape of a cone or a barrel, and a section in the plane perpendicular to
the axis can look like an ellipse. These differences from nominal shape are called form
deviations (see Fig. 1).
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Fig. 1. Real surface non-ideal.

The actualworkpieces have elementary formonly rarely, e.g., cylinder or sphere, as in
pins or balls of bearings. The geometrical shape of a workpiece is usually more complex,
e.g., a stepped shaft consists of a few cylindrical surfaces, a gearbox is solid with several
holes. In these cases, apart from keeping the proper dimensions and form, there is a
necessity for proper orientation and location of individual elements. For example, the
two-stepped shaft surfaces should be cylinders having a common axis, and the holes
in the gearbox should have parallel axes. Due to manufacturing circumstances, this
cannot be achieved readily. To set the permissible limits of form location and orientation,
geometrical tolerances are defined [1]. Depending on the characteristic to be specified
and the way it is specified, the tolerance zone is one of the following, according to
EN ISO 1101:2017:

• the space within a circle,
• the space between two concentric circles,
• the space between two parallel circles on a conical surface,
• the space between two parallel circles of the same diameter,
• the space between two parallel straight lines,
• the space between two non-equidistant complex lines,
• the space within a cylinder,
• the space between two coaxial cylinders,
• the space within a cone,
• the space within a single complex surface,
• the space between two parallel planes,
• the space within a sphere,
• the space between two non-equidistant complex surfaces.

Since geometry and 3D space are still considered a complicated subject area for
students, learning innovation requirements arise to overcome the problems faced while
understanding geometry [2].

The awareness that plus/minus tolerances is not sufficient for the unique definition
of the part’s geometry was raised in the industry in the middle of the 20th century.
Finally, in 1969 recommendation ISO/R 1101-1: Tolerances of form and position – Part 1
Generalities, symbols, indications on drawingswas published. It was replaced in 1983 by
the 1st edition of the standard ISO 1101 Technical drawings – Geometrical tolerancing –
Tolerancing form, orientation, location, and run-out – Generalities, definitions, symbols,
and drawings. Similar needs in the USA drove to publish standard USASI Y14.5-1966
Geometric dimensioning and tolerances preceded by three editions of military standard
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MIL-STD-8. Currently, the 4th edition of International Standard ISO 1101:2017 and 6th
edition of American Standard ASME Y14.5-2018 is valid [3].

Although researchers are still exploring the implications of m-learning in all edu-
cational fields, and there are different views on the matter, Adriana Teodorescu shows
in her study that traditional teaching strategies corroborated with m-learning practice
have paved the way to an effective improvement of students’ skills [4]. Thanks to smart-
phones, people can search very fast and provide information, cultural activities, learning
tools, economic activities, and social communication. A number of studies focus on
mobile learning’s influence on student achievement and show that the method can be a
promising educational technology for developing an educational environment. The use
of mobile devices as tools for educational purposes has a positive effect [5]. Various
studies have explored the educational advantages and the potential of mobile learning
(virtual reality) [6, 7], showing that students engage with their learning materials more
effectively when using their own devices [8, 9].

An education strategy should be adopted to the needs of students. Considering the
recent innovations, students are now hi-tech learners. So, we consider that using mobile
applications integrated into the study of technical courses stimulates student’s involve-
ment, considering the positive feedback we had during the first semester of the academic
year 2018–2019 after publishing the android application ISO Checker.

2 Literature Review

As presented by other researchers, the field of metrology has constantly evolved, being
driven by two essential elements: hardware and software development [10]. The authors
analyzed all the available android applications before developing the GD&T application
and noticed the following:

Fig. 2. Print screens from Mechanical Design and Gd&T – Offline App [11].

1. According to its description, the app presented in Fig. 2 covers all basic mechanical
engineering-related topics, basic interview questions, notes, lecturer materials, news
& blogs, college notes for themechanical engineering course. Related to geometrical
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tolerances, it only presents some examples of 2D annotations and definitions of the
tolerance zones without any graphical representations.

2. The next application found on google play is MechTab Werder AG, presented
in Fig. 3, which has in its menu also some explanations regarding Geometrical
Tolerances, such as Symbols, 2D drawings, and explanations (Fig. 4).

Fig. 3. Print screens from MechTab Werder AG [12].

Fig. 4. Print screens from EasyGDT Guide [13].

3. EasyGDT Guide Free (Early Access) is a quick reference for GDT and Drawings
symbols, meaning according to ASME Y14.5-1994, but it does not present the free
version’s geometrical tolerances (Fig. 5).

4. According to the authors, this is an App version of their best-selling printed pocket
guide on Geometric Dimensioning and Tolerancing (GD&T). In its 77 pages, it
describes the GD&T symbols and their use on engineering drawings. Standard
inspection techniques and reporting methods are also included in the descriptions.
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Fig. 5. Print screens from GeoTol Pro GD&T Guide [14].

Fig. 6. Print screens from GeoTol Pro GD&T Guide [15].

5. GDT app presented in Fig. 6 is the online reference application according to the
ASME Y14.5-2009 “Geometric Dimensioning and Tolerancing” standard. It is
intended only for a brief introduction to GD&T (Fig. 7).

Fig. 7. Print screens from GD&T from ZEISS [16].
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6. GD&T from ZEISS available in English and German (Form und Lage Pro), but only
some examples are explained in the free version. It presents the GD&T according to
ISO 1101 and describes the definitions of geometric dimensioning and tolerancing
in order to support the engineers and technical employees as a multimedia reference
book. This app explains the definitions of GD&T and its interpretation using video
animations with examples for all the geometrical tolerances.

3 Research Methodology

Based on the analysis and reviews of the relevant mobile applications in the field of
tolerances and dimensional control, the authors are willing to develop a free android
application to be used by the engineering students when studying Tolerances’ courses
Design. Further, we present some examples included in the android application, 2D,
3D annotations, and animations for explaining the tolerance zones for form tolerances
according to ISO 1101:2017.

The developed application integrates 3D models that were defined using Solidworks
2018 software. The ideal CADmodels have been defined using the traditional sketching
and modelling workflow, while de deform models have additional free form cuts that
make use of spline profiles [10]. The 3D models have then been exported using the stan-
dardized AP 214 step file format defined by ISO-10303-24-2. This file format has multi-
ple advantages over the AP203 (defined by ISO-10303-21), such as adding color, layers,
design intent, and most importantly, geometric dimensioning and tolerances while hav-
ing the other common interoperability features such as geometry topology and individual
solid models for part elements and assemblies (Fig. 8).

Fig. 8. The definition of the ideal and deformed model in SolidWorks for the Flatness tolerance.

The AP214 STEP files have been imported to Autodesk 3ds Max 2020 software
whichwas used to define individual 3Dmodels for the annotations, axes, leaders, arrows,
tolerances elements. This step was essential to ensure that all these elements can be
properly converted to 3D elements that can then be visualized on the mobile application.
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Autodesk 3dsMax software has been used to define various animations of the 3Dmodels
such as section cutting and interactive annotation appearance to define better digital
learning material (Fig. 9).

Fig. 9. The definition of axes, leaders, arrows, annotations, and tolerance elements as 3D
representations of the non-ideal features.

The mobile device application has been created using Unity software (Fig. 10). The
3D models defined both in SolidWorks and 3ds Max have been integrated within a tiles
user interface that enable the user to enable individual annotations, either the 2D, 3D or
the explaining tolerance zones.

Fig. 10. The development of the mobile application within Unity.
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4 Results

These elements are positioned in the center of the screen, and the user can rotate and
scale the objects. The Android version application interface is presented in Fig. 11.

Fig. 11. Explanations of geometrical tolerances presented in the developed android application.

Fig. 12. 2D and 3D drawing indication for Straightness tolerance [17, 18].
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Fig. 13. Print of the 3D definition of the tolerance zone for Straightness tolerance [19].

Figures 12 and 13 present the explanations given by the developed android
applications for straightness tolerance in English and German.

5 Conclusions

The previous studies focused on mobile learning’s impact on student achievement show
that the method could be one of the promising educational technologies. The educa-
tional applications used on mobile devices develop a friendly environment and gener-
ate a positive effect on learning. In 2018 the authors published the educational android
application ISOChecker. They are using this mobile application integrated into the engi-
neering courses students transmitted positive feedback. Using mobile learning allows
students to access the information round the clock. This is one of the reasons whymobile
devices are being used intensively, and they have increased the effectiveness of learning
environments.

Students can easily download these didactic resources to their smartphones or tablets,
making the learning experience more dynamic and engaging than traditional teaching
methods.

The developed Android application presented in this paper uses 3D anima-
tions presenting four geometrical tolerances (straightness, flatness, roundness, and
cylindricity).

After using the developed application, the students will be able to:

• understand what a geometrical feature is,
• be aware of the relationships between geometrical features (ideal and non-ideal),
• have a general knowledge on geometrical tolerances,
• interpret the ISO geometrical tolerances,
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• recognize symbols of geometrical tolerances,
• know the rules of indication of geometrical tolerances.

Further features that will be added to the presented application:

• represent and explain all geometrical tolerances according to iso 1101 with explana-
tions in 3 different languages (English, German, and Romanian);

• explanations regarding the 3d measurements of the explained geometrical tolerances
using POWERIINSPECT form AutoCAD;

• indications regarding the use of GDT in the design of different machine parts,
• the application will also be developed to be compatible with MS Windows.
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Abstract. The version of solving the relevant problem of increasing the inno-
vative activity of engineering specialties students by organizing the academic
environment is proposed. The purpose of the activity is to update future engineers
and working citizens’ professional competencies and ensure transparent condi-
tions for evaluating instructional designing results. The ways of implementing
the project-oriented training principles in the technical university are presented,
which will allow to actively involve students in scientific and innovative activities
within the educational process and the performance of qualification work. The
authors have proposed a model of the information system based on the use of
electronic document flow, implemented, at this stage, for the organization of the
activity process. The proposed approaches to engineering education will allow to
use of student youth’s potential for the development of innovations by scientific-
educational project teams and minimize the costs of ensuring the functioning of
single information space of innovation-project activity.

Keywords: Citizens innovation development · Innovation infrastructure ·
Information system

1 Introduction

The decrease in the number of the employed/engaged in innovation activities in Ukraine
indicates the urgency of the problem of modifying the workflow of technical higher
educational institutions. This problem is also commonly found in other countries, even
those considered to belong to a group of developed economic leaders [1].

The cycle of return of investments in the re-equipment of educational institutions is
long and does not guarantee the result for a particular enterprise; therefore, entrepreneurs
tend to buy ready-made solutions of more advanced economies. Novelties are expensive.
Respectively, the technical level lags behind several years (nevertheless, it is ahead
of the average technological level in the region). Solving the problem by technology
imports leads to a lack of skills of workers and graduates of the universities in innovation
activities, which in the long run leads to a deepening of the crisis phenomena. Thus, the
low level of commercialization of innovative developments is the general problem.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
V. Ivanov et al. (Eds.): DSMIE 2021, LNME, pp. 322–331, 2021.
https://doi.org/10.1007/978-3-030-77719-7_32

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77719-7_32&domain=pdf
http://orcid.org/0000-0002-5352-3978
http://orcid.org/0000-0002-3345-2578
http://orcid.org/0000-0002-0626-888X
http://orcid.org/0000-0003-3258-2167
http://orcid.org/0000-0003-1910-9009
https://doi.org/10.1007/978-3-030-77719-7_32


In-campus Way of the Insight Transfer Technology 323

AnewEUFrameworkProgramme forResearch and Innovation should bring research
and innovation even more closely together [2]. For the future, the goal is to succeed in
translating knowledge in marketable products and services because now each student,
research and teaching staff, SME, and innovator must develop solutions on their own to
the same problems with access to modern, personalized production equipment. Together
with regulatory restrictions, this increases the entry threshold on the R&D market or
makes it unavailable due to limited resources and virtually no investment potential (rela-
tively small investments in high-tech and innovative R&D projects, insufficient number
of RTSs possessing the skills of such work).

It is necessary to improve universities’ technology transfer systems to facilitate
(financially and organizationally) potential entrepreneurs overcoming the “death val-
ley” between innovative developments and launching commercial or social produc-
tion, preferably while increasing the willingness of academic and urban communities
to engage in science, production. The early involvement of university researchers in
industry needs along the value chain is of key importance to bridge the “valley of death”
between the idea and the market. This should also enable breakthrough innovations.

2 Literature Review

The education should foster innovation by putting curiosity, critical thinking, deep under-
standing, the rules, and inquiry tools. The teachers can offer students the tools and
experiences that spur an innovative mindset. Innovation now emerges from teams and
networks—and we can teach students to work collectively and become better collective
thinkers. Group work is common, but teamwork is rare [3].

Thedifficult task of education is to teach and encourage students to ask newquestions,
solve new problems and create new knowledge. Consequently, the triunity of knowledge,
skills, and motivation should be the basis of education in the modern century. Internal
motivation, new skills, learning new material throughout life is the basis of success in
innovation [4, 5].

An important task of the system of higher technical education is the training of spe-
cialists for innovation and projects. The analysis of pedagogical practice and theoretical
research allows determining the project activity as means of developing competence, in
the course of which the evolution of professionally important qualities of a specialist,
formation of his key competencies takes place [6, 7].

Therefore, to ensure the goals of sustainable development in the conditions of acceler-
ated evolution of the industrial and economic system, higher education ofUkraine should
be sufficiently dynamic, and the experience and achievements of the best educational
systems of the world should be used as a roadmap of change [8, 9].

Universities of Ukraine traditionally apply the approach to the management of train-
ing, which suggests that students acquire skills during individual work in the study of
disciplines. A student can get a solid knowledge of each discipline, which, however,
does not provide the ability to integrate tools to solve real-life problems. Leading uni-
versities and associations have proposed applying the project-oriented approach and the
involvement of students in innovation activity as a method of solving similar problems.
The use of virtualization (3d visualization) in the classrooms for better understanding
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by future engineers design and models of work objects with which they will work in
professional activities is also known [10, 11]. The concurrence of the subject-oriented
(skill-oriented) and project-oriented management of the educational process in higher
education institutions is a separate problem [4].

In the future, the university campus will become a precinct that interfaces university
and society, with start-ups, community organizations, and social enterprise intermingling
with the students: there will be full integration with society and industry [12]. Univer-
sities will remain vital places for the development of global citizens; a university thinks
internationally, is based in the local economy, but works for the purpose of national and
regional development [13].

Educational systems might increase the economic, innovative, and business poten-
tial of the regional centers and contribute to sustainable economic development. Rapidly
growing economies are marked by social fragmentation and economic divisions but
can become the drivers for shrinking social divisions and creating opportunities for all
the citizens [14]. The level to which the technological environment is developed has a
major impact on society’s development overall. The technological environment encom-
passes the quality of education, support for science, and use of scientific knowledge in
practice [15].

Project-based learning is undoubtedly one of the best instructional methods for
developing students’ broad learning capabilities beyond teaching specific subject matter
[16, 17]. The results show that the intervention’s implementation significantly improved
higher-order cognitive skills, self-efficacy, teamwork, and communication skills [18].
Observed benefits of teaching in the new environment include increased faculty abil-
ity to visually explain complex problems, increased ability of students to conceptualize
engineering problems, and increased engagement of students in after-class collaboration
[10].

Research and innovation create investment opportunities for new and better products
and services and increase competitiveness and employment [18].

The modern technological system leads to the need to reform the traditional system
of education and scientific activity. The reform process takes place around the world
[8, 19, 20].

3 Research Methodology

In the course of the research, the system’s principles and complex and process
approaches; methods of analysis and synthesis, logical generalization, analogies, com-
parative comparison; techniques of grouping, and schematic representation of data were
used to solve the set tasks. In particular, a comparative analysis of diagrams of subject
learning processes and processes specific to project-based learning was performed. Pro-
cesses were broken down into constituent components in individual user actions with
artifacts/materials/documents. For further analysis, the method of graphical analysis
(construction of UML diagrams) was used. Methods of logical generalization, compara-
tive comparison were used to study the features of information flows and the correspond-
ing documentary support of project and process learning activities. Generalization and
synthesis of the center of innovative development work’s scheme were carried out using



In-campus Way of the Insight Transfer Technology 325

grouping techniques based on semantic and visual reflections. The analogiesmethodwas
used to assess the effectiveness of the proposed approaches to accelerate and enhance the
impact of research andprivate development on the economics of innovationdevelopment.

4 Results

Ivano-Frankivsk National Technical University of Oil and Gas (Ukraine), together with
the Technical University of Cluj Napoca - North University Center of BaiaMare (Roma-
nia) and NGO «Association Academic Organization for Research, Innovation and Pro-
fessional Development» (Romania), implement the project “Ro-Ua Trans-border Aca-
demic Development for Research and Innovations” (Ro-Ua TADRI) aimed at creating
pre-conditions for sustained cooperation in the fields of research and innovation under
the Joint Operational Programme Romania - Ukraine 2014–2020.

This project makes possible further academic development for research and inno-
vation of actual project implementation for the relevant regional production plants. The
created Innovation Development Centers (CIDs) will increase researchers’ and students’
competence in modern equipment usage and produce real prototypes of innovative prod-
ucts. The project achievement and distinguished feature will be the preparation of human
potential to solve the actual challenges of society and production to strengthen innovation
development.

It should be noted that the CID further expands the existing innovation infrastruc-
ture. The general objective of Ro-Ua TADRI is to increase the potential of development,
research, and innovation in mechanic, electronic, environment protection domains to
reduce technological differences and contribute to the economic development of the
trans-border region. The achievement of this goal involves the accomplishment of at
least the following objectives: to establish a communication environment between uni-
versities and regional companies to joint academic research and innovation potentialwith
companies’ real needs; to support researchers and students in developing new competen-
cies in modern technologies; to create for the students new competencies for innovation
and involve them in research and innovation projects, increasing the quality of students
projects by their materialization in competition premises.

The WEB-interface information system is accepted as the technological basis of
interaction [21, 22]. The European Strategy for Innovation Development predetermines
the need to develop a separate information system. The strategy envisages the creation
of national and regional units of the modern research infrastructure of the EU and the
provision of access to open data and knowledge in the single digital European market.

The information system serves to provide documentary support to Innovators and
Researchers activities andbecomea testing ground for developing themodel of electronic
document circulation of the university. The information system based on the use of
electronic document flow realized for the organization’s organization is realized.

The introduction of innovations in real production involves the development of exist-
ing prototypes. This, in turn, requires design work. International practices show that
such a system works more effectively with the introduction of a single information
space based on the use of electronic document flow. The implementation of design and
development currently supports a specialized class of corporate information systems -
technical document flow systems, which requires more thorough research.
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In the development process, it is necessary to determine the set of actions for users of
the basic scientific and educational space information system to ensure innovation and
design activities. A set of user scenarios defines the required set of information system
functionality.

The industry-specific higher educational institution (HEI) has been chosen as the
institutional basis for ensuring the scientific and educational information space’s func-
tioning. An analysis of the existing HEI business processes has been carried out using
the approach of creating classifiers and time budgeting based on map tables [23]. A con-
ceptual model of combining educational work and research with CID’s help has been
developed, the schematic representation of which is shown in Fig. 1. The model of work
is based on the information system of CID (IS of CID).

The model is based on the search for a solution by intellectual storming, where
the questions are the priority research areas, the answers are formulated in the form
of project proposals. The proposal can be based on known technical solutions [23] or
proposed as an innovative idea for further commercial implementation, e.g., in the form
of a start-up. Proposals are formulated by stakeholders, who can act as entrepreneurs or
potential startupers, students, scientific and pedagogical workers, or anyone interested.

To submit a project proposal, a person registers as a stakeholder in the information
system by filling out the appropriate form. Each stakeholder can submit a project pro-
posal. The project proposal should contain a list of tasks to be performedwith an analysis
of the existing logistics and the equipment park of theHEI or laboratories of common use
(reference or contractual, possibly sectoral). To do so, a list of all available equipment,
its layout, a use planning tool, and an ordering tool for educational services to acquire
skills and access to it should be available (at least within the internal information space
available to employees with appropriate disclosure restrictions). An additional parame-
ter of the project proposal may be the productivity within the HEI’s license conditions
requirements. The project proposal should provide an opportunity to obtain scientific
results at the level of advanced worldwide developments.

The project is considered by the CID management and approved or rejected. Project
rejection can be conditional or unconditional. Of course, projects that contain signs of
illegality are rejected. Projects that cannot be implemented on existing CID equipment
are conditionally rejected. The stakeholder may propose changes to the conditionally
rejected project, which will allow its implementation in the CID or contribute to the
CID’s additional equipment to ensure the possibility of the initial project. Use Case
diagram of the laboratory management system is shown in Fig. 2.

The stakeholder, whose project is approved, acquires the rights of a CID user. The
CID user can form a team for the project implementation, book the time of using the
equipment necessary for the project implementation.

TheCID information systemprovides everyonewith a list of equipment, a description
of its capabilities, and the skills needed to access the equipment. The system’s tools are
used to control the existence of users’ skills required to access the equipment. In the
absence of skills, the user can offer to join the user’s team with the necessary skills or
acquire themby completing the necessary training tasks (by taking the appropriate course
in theCID). TheCID offers different (standard and individual) training, depending on the
user’s skills. Minimum training – 3 academic hours (0.1 credits) – on the safety and basic
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Fig. 1. Conceptual model of educational, innovation, and project activity integration of the HEI
using the CID.

skills of working with a specific unit of equipment; Maximum – 30–45 h (1–1.5 credits)
– working with all equipment, the basics of technologies that can be implemented with
the help of the equipment.

The introduction of model electronic document circulation will bring the university
closer to the research organization’s model with the wide use of project approaches
to management and, accordingly, project-based learning. The activities of university
professors, students, and innovators within the framework of Academic Society will
help overcome the psychological barriers that cause staff resistance to the introduction
of innovative approaches to the organization of collaborativeworkwithin the educational
process. Participants in the CIDwill become agents of change, without whom the reform
of the current education system as part of the universities’ activities will be ineffective
due to the staff reaction and resistance of institutional traditions. The methodology for
using the CID information system, which has been worked out within the framework
of the project, can be further used as a basis for university staff training, which will
remain unoccupied as part of the project implementation. The main approach in activity
management is to use the tools of lean methods of project development. A methodology
for activity analysis and generating a set of organizational and management documents’
templates, which need to be brought into being to ensure the functioning of the proposed
system within the framework of the University’s activities, has been developed.
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Fig. 2. Use Case diagram of the laboratory management system.

TheCID equipment list is based on the basic assumption that the center should imple-
ment projects in various industries (currently except the development of the microelec-
tronic components). However, all these projects would have a material implementation,
e.g., in the form of a model or mockup that the researcher/developer or their group would
be able to do by themselves (to acquire relevant skills and to deepen the knowledge of
potential difficulties, methods of overcoming them, advantages and disadvantages of
using single production technologies). Among the equipment: a variety of hand tools
(both manual and mechanized, e.g., power tools), milling machines, laser engraver,
plasma cutter, lathe (all equipped with CNC), vertical drilling machines, 3D printers
(FDM and SLA), welding inverter, locksmith workbenches and assembly table, solder-
ing stations, etc. All equipment, except for the laser engraver, plasma cutter, and lathe,
was purchased in several units to provide opportunities for group work on the project.

The proposal for the implementation of projects, proposed by potential employers or
through own challenges/problems of potential students, the availability of infrastructure
for the projects, the availability of supplies, spare parts, contacts with suppliers, the
executed projects (portfolio) is the basis for the increase of the interest in technical
education. The modern university has to be a sort of business incubator and the “first
job” for its graduates. As a result of the implemented in the CID project, the student
will acquire knowledge, skills, and possibly equipment suitable for immediate use in the
labor market or to implement their own projects.

The CID will provide the functioning of the information and reference system. The
system includes the followingmodules: registration of tasks; formation of project groups;
organization of the distribution of time and material resources during the implementa-
tion of a specific project and between projects; an electronic directory of implemented
projects and a database of documents for the verification of project results.
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Themodule of the formation of project groups provides the implementation of several
role functions: a student who joins the task performance; a teacher who assesses the task
for compliance with a particular discipline and offers the number of points a student
can gain upon completion of the assignment; a representative of the stakeholders, who
proposes tasks and evaluates their solutions.

The database will contain registration of companies’ needs of development and
innovation and connect universities with economic actors, growing the involvement of
researchers and students in regional companies’ future growth and the responsibilities
of highly qualified human resources in regional development. Joint projects that ensure
the learning through projects are developed. The tutor for the company-end coordinator
for the university is conducting the project development guaranteeing the quality of the
results. Along with the project’s theoretical development, the main component is the
practical result obtained using CID’s equipment.

Since the CID’s equipment is valuable, it must be equipped with access control and
video surveillance systems. Such equipment, besides the direct use, also allows realizing
two things (as part of the methodology of activity analysis): to confirm the independence
of project implementation; to use CID as a base for implementing the practical part of
the qualification tasks.

Video files along with other documents form the case of the project. We offer the
information system, constructed based on the new concept [23], as one of the possible
technological support alternatives for academic integrity.

5 Conclusion

The ways of increasing the innovative activity of engineering specialties students, which
are proposed, include: Center for Innovation and Development, equipped with modern
technologies machine and tools, the researchers and students, who can create mockups
and prototypes of their projects; database, which contains the registration of companies
needs of development and innovation, connects universities with economical actors; the
information system, which provides documentary support to researchers and students’
activities. This will help achieve the following results: increased amount of informa-
tion about companies’ development, research & innovation needs; improved researchers
and students’ competencies in modern technologies; developed infrastructure enabling
researchers to create the experimental model in minimum time after registration and
selection of ideas; increased number of joint research activities, researchers and stu-
dents involved in the development of innovative projects; increased number of students’
projects involving new technologies determining improved students’ projects quality.
CID’s main function is similar to one of the FabLab network functions - ensuring equal
access to modern technologies on both sides of the border. Although in FabLab, this
feature contributes to a simple transfer of technical developments, in the context of CID,
it promotes joint development of innovation and transfer of developed technologies
through the equalization of technological capabilities.
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Abstract. Nowadays, students naturally prefer using information and commu-
nication technologies in various situations. That led to their different attitude to
information and theway they perceive and process information. On the other hand,
engineers’widespread use of information and communication technologies in their
job has changed the goals, learning content, methods, forms, teaching aids, meth-
ods, and teachers and students’ interaction. The article’s purpose was to analyze a
range of tools in terms of didactic tasks that could be successfully solved. The paper
deals with the review of resources enabled revealing some learning areas which
the information technologies can support: activation of various external senses
through the use of multimedia, automation of calculations, improve graphic part
of the design, organization of a creative educational environment, optimization
of the time-consuming processes of learning outcomes control. The ideas for the
organization of students’ cognitive activities of higher levels and learning software
for implementing the ideas are presented in the article. The conclusion about the
necessity of the educational process updating under the information technologies
application was made. Being oriented on the development of the creative potential
of engineering students, the information and communication technologies influ-
ence goals, learning content, teaching forms and methods as well as cooperation
of teachers and students providing development of students’ information literacy,
skills of processing information, creation and joining ideas into new combina-
tions and transferring them to different situations to provide engineering students’
preparedness for the innovative engineering activity.

Keywords: Engineering education · Engineering students’ creativity · Creative
potential of engineering students · Creative educational environment · Software

1 Introduction

The educators at higher engineering schools deal with the generation of students that
grew up in the creative educational environment of information and communication
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technologies (ICT). Nowadays, students consider it completely natural to use ICT in
any life, an academic or professional situation, not excluding other ways but preferring
ICT [1]. That condition has influenced students’ attitude to information, the means of
its processing, and even the way of thinking. The current generation of engineering
students easily and efficiently operates information searching, processing, storage, and
transmission [2, 3]. Widespread use of ICT by engineers to solve any problem requires
modernization of the goals, learning content, methods, forms, teaching aids, methods
of control, and teacher’s and student’s activities and cooperation. Students can build
different research approaches, knowledge acquisition, formation of own experience in
critical evaluation of information, and prediction of consequences of their professional
activity, and development of responsibility. All this, in turn, leads to the development of
critical and figurative thinking, the search for alternative skills of learning, the ability to
build causal relationships, etc.

Thus, the support of the educational process at universities with information and
communication technologies is expedient and natural as it is based on the growing pro-
vision of educational institutions with Internet communication, computers, interactive
whiteboards, electron microscopes, webcams, etc. The learning process is supported by
cloud technologies, educational platforms, video conference tools, messengers, social
networks to organize access to the university site with students’ and teachers’ accounts
where the learning process, progress, and results are presented.

2 Literature Review

The research results indicate that the ICT application’s effectiveness in an engineering
classroom depends onmany factors. The first is the quality of ICT tools and technologies
used in learning. Research on the issue, for example, at EU engineering schools, has
shown that teachers are sometimes not satisfied with ICT quality [4]. On the other hand,
educators are often not ready for the wide use of ICT in their practice limiting them
to applying certain functions in addition to traditional methods [5, 6]. For example,
despite the benefits of interactive whiteboards that can replace traditional whiteboards,
PowerPoint presentations, and textbook content, teachers do not have the skills to use
them to organize student-centered learning and creativity development. That naturally
raises the question of cost-effectiveness as interactive whiteboards are quite expensive.

The application of information and communication technologies in the engineering
education process is supposed to involve students to solve various engineering problems,
so the learning goals must be focused on higher productive levels of students’ cognitive
activity, including creation, application, evaluation of information, development of ideas,
models, etc. [4, 7, 8].

The analysis of the latest publications [4, 6, 9–11] allowed to reveal some directions
in the learning process which ICT applications currently covers:

– activation of various external senses through multimedia (visualization of processes,
phenomena, events) based on materials prepared by both a teacher and a student. That
opens new opportunities for students’ creativity. For example, a video illustrating the
operation of a device or its node can be found on the Internet. Otherwise, the teacher
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can prepare it themselves or can offer students to make the video as an individual
creative task or a group project [12, 13];

– support of calculations and graphic part of a design through automation of actions
using standard and specially developed software. Moreover, involving students in the
design of appropriate software is effective in fostering their creative potential, as the
process provides the entire design cycle: from identifying the customer needs and the
problem up to testing and working out the shortcomings. For instance, the tools for
modeling dynamic systems can be used by students during their research work. The
engineering aspect and the procedure itself have been already analyzed and published
[14, 15];

– organization of a creative educational environment, which can support and provide
necessary means (including methodological) for personal learning trajectory. On the
other hand, it is effective for keeping academic and professional communication,
mutual exchange, support, cooperation between students and teachers [12, 16];

– providing diagnostics for the learning process, when the ICT allows to automate
the time-consuming processes of control, evaluation, analysis of learning outcomes,
and accumulation of statistic data. Also, students can be provided with the tools for
examining theirmechanical comprehension, learning abilities, or level of their creative
potential as it has been considered in [17].

Thus, the introduction of information and communication technologies in the educational
process looks promising. In respect of that, the article’s purposewas to analyze andunder-
stand a wide range of tools in terms of didactic tasks that could be successfully solved.
We predicted that the findings could be the base for further scientific substantiation of
ICT use in the engineering education process.

3 Research Methodology

The methodology was based on synergetic, personality-oriented, activity, information,
and technological approaches that made it possible to consider the specifics of engi-
neering both as a professional and learning spheres. The complex of approaches cor-
responded to the directions of solving the problem of ICT use for education purposes.
The synergetic and personality-orientedmethodological approaches allowed to study the
dynamics of personality development from the standpoint of self-determination, self-
development, joint creativity, freedom of choice of one’s educational trajectory due to
self-organization, self-reflection, and development of nonlinear thinking under ICT tools
application in the classroom. The information and technological approaches enabled a
conclusion about the specific educational process that should consider methodological
principles and combine in harmony education and personal development under the condi-
tions of trust, mutual respect, cooperation, and partnership. The activity approach helped
to reveal the necessity to attract students to intensive intellectual and creative activities.
That provided conditions for productive self-learning and self-control by students of
their goals, opportunities, and results. Based on the activity approach requirements, it
was established that to enhance students’ creativity, appropriate tasks (real problems,
open tasks, etc.) should be developed and offered to students. While working with the
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tasks and searching for the solutions, the students were supposed to be involved in var-
ious professional-oriented learning activities. That consistently prepared students for
performing innovative engineering activities.

4 Results

ICT tools allow an engineer to develop an idea from the beginning in the form of notes
or drawings through modeling with spreadsheets and computer-aided design systems,
further digital image processing, animation, or video preparation that would demon-
strate the idea in action. When the idea is developed in an interdisciplinary project, for
example, with the involvement of experts from different spheres, ICT enables the fur-
ther exchange of ideas, critical evaluation, consultation, discussion, analysis, selection,
transformation, and rapid presentation of results. That accelerates communication and
supports the creative process. Thus, the active introduction of information and communi-
cation technologies to solve educational and production problems radically changes the
paradigm of engineering education, bringing learning situations closer to real problems
and stimulating the students’ creative potential.

ICT in this context introduces both ideas for students’ cognitive activities towards
their tasks and tools for implementation of the ideas and solutions to these problems.
Students use numerous technologies outside the classroom in everyday life, not usually
to require additional training. Considering the results of the latest research on ICT
application for educational purposes and on student’s creative potential development
gave grounds to make a deep analysis of the areas for the effective use of information
and communication technologies in the engineering education process (Fig. 1). It was
offered to introduce specific ICT tools at different learning levels (from reproductive
to creative activities). That enabled the consecutive development of students’ creative
skills, starting from the abilities to find and process necessary information leading the
student to the confidence in using engineering applications (apps) and Computer-Aided
Design (CAD) systems.

Thus, the replacement or addition of ICT to traditional forms, methods, and teaching
tools will not contribute to the development of the student’s creative potential. For
these purposes, the combination of tools must be justified with clearly defined goals,
predictable results, expected benefits, and so on. With the advent and adaptation ofWeb
2.0 and Cloud Technologies and Services, educational technologies are shifting towards
the prevalence, publicity, and multimodality.

ICTmakes students creative and responsible in choosing different styles and formats
of information processing and joining educational and professional resources, networks,
and projects due to the development of skills of critical thinking, problem-solving,
and new ideas generating. Social media (Facebook, MySpace, LinkedIn), multimedia
(YouTube), online games, and blogs offer wide opportunities to create ideas, share results
and get quick feedback.

Video and animation tools are very effective for creativity development. The use of
these tools to perform tasks increases the interest and motivates students to work inde-
pendently. Creating videos and animations illustrating the phenomenon or process under
consideration involves students in an in-depth study of different questions. The variety
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Fig. 1. Areas of application of ICT in the engineering educational process.

of resources and programs for professionals and beginners allows students with different
backgrounds to test and develop their creativity. For video editing, experts recommend
Movavi, AdobePremierePro, FinalCutPro, SonyVegas,DaVinciResolve, and available for
smartphones PowerDirector, KineMaster. Programs like 3ds Max, AdobeAfterEffects,
Dragonframe, StopMotionPro are recommended for creating animation.

Resources for enhancing thinking through the use of brainstorming techniques help
increase students’ creativity and give them different ways of interconnecting thoughts.
Using ICT, students can receive many simple and free tools to develop visual and effec-
tive mind maps, graphs, and diagrams to illustrate the topic, concept, sequence of oper-
ations, procedures, decisions, etc. The most common tools for online brainstorming are
MindMapping software, SpiderScribe, WiseMapping, ChartTool, Creately.

Games are one of the leading means of promoting cooperation and creative devel-
opment. Educational games allow students to acquire knowledge in an atypical way
combining interactive and figurative elements in their minds. Games help to develop
risk-taking skills revealing freedom for creativity. Among the professionally-oriented
games [18], we can name RoboRush (the essence of the game is to develop and sell
robots and modernize their production), TheEISSimulation (developed by the Center
for Advanced Learning Technologies, involves players in teamwork to introduce inno-
vation and persuade managers to accept development), PowerUp (aimed at developing
knowledge of different sciences in terms of environmental impact), ElectroCity (allows
students to understand power energy and the environment as well as design their city).

We also tested games and game resources for the improvement of technical creativ-
ity. For example, TrussMe was developed by missile designer, professor of aerospace
technology at Georgia Institute of Technology, USA [19]. The game implements real
algorithms and simulation techniques used in the aerospace, engineering, and construc-
tion industries. The game’s task, which aims to develop engineering skills, is to design
and test various structures.

The Edheads resource offers a series of games for engineering students. They allow
mastering the forces that operate in simple and complex mechanisms (SimpleMachines
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and TheCompoundMachine). Students can become virtual technicians in production,
master and practice routine skills, measurements, quality assessment, equipment debug-
ging, troubleshooting, production decision making (Manufacturing Technician). Engi-
neering students can participate in the development of a mobile phone for special needs
and master the tools and basics of the design process (Design a cellphone).

An additional resource, which can be offered to students, is the software provided
by the International Organization of Electrical and Electronics Engineers (IEEE). The
application of TRYEngineering allows students to foster technical creativity due to the
deepening of engineering knowledge and developing design skills. That is enabled by
many methods realized in the games, The Transformer (introduces future engineers
to materials and their properties), Energy Flows (provides basic knowledge about the
production and transmission of energy), Bionic Arm Design Challenge (guides future
designers through all stages of bioelectronic prosthesis development and introduces the
basics of robotics, biotechnology, and electronics), etc.

Virtual reality technology is a global industry currently with powerful investments
that have significant potential for education [20]. Virtual Labs in the form of a website
or software designed to simulate and reproduce real phenomena and processes allow
students to explore issues, change conditions, scenarios, compare and contrast results,
interrupt and resume the experiment, reproduce it again, take notes, etc. Some resources
for virtual reality that can be used in the development of engineering students’ creative
potential are freely available: Vitlab (a virtual chemistry laboratory that offers experi-
mental and demonstration resources, tasks, and tools for creating their experiments by
students and teachers of colleges and universities), VirtualLabs (laboratory experiments
to study the microstructures and resistance of materials, mechanics, thermodynamics,
hydraulics, robotics, automatic mechanical systems, fault diagnosis, etc.).

Another group of online resources and software was offered to students to automate
design, calculations, and modeling processes. One example is the Altair Solid Think-
ing Package, which is focused on modeling informed design solutions in production
and design training, engineering model development, prototyping, and testing. Students
mastering designwere involved in the full life cycle of the product from concept develop-
ment to operation. The software covers various disciplines, including statics, dynamics,
fluid physics, thermal energy management, electromagnetic systems, etc., as well as
provides data analysis and reliable simulation and visualization of processes. Another
tool for modeling dynamic systems is Solid Thinking Embed (VisSim) software. The soft-
ware allows designing control systems and digital signal processing for multi-domain
modeling. The package is used for modeling aeronautical, biological, or medical sys-
tems, energy systems, electric motors, hydraulic, mechanical, electrical, technological,
thermal, and econometric systems by building models as a visual way to describe the
situation. The advantage of using this method by students is that they do not need to
deal directly with the solution’s mathematical expressions, which can be quite difficult
to understand and solve. Also, visual modeling, which employs a hierarchical com-
position to create nested flowcharts, facilitates the data’s perception and processing.
That significantly improves students’ skills of analysis, evaluation, comparison, making
conclusions, etc.
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It was stated that the software products for automatic design could be successfully
used to solve some didactic tasks on the creative development through the influence on
intellectual, motivational, and productivity spheres, as they allow to:

– design and analyze machines and units that have moving parts or several interacting
mechanisms, cams, gears, etc. (MechDesigner);

– develop mechanisms with effective kinematic equations that provide accurate solu-
tions; create digital and 3D models of physical objects with their preparation for
3D printing; create flexible designs that can be reused and customized using global
parameters (Geomagic Design);

– perform structural, static and dynamic calculations, thermal analysis,weight optimiza-
tion, analysis of vibration modes and modeling of safety and reliability of structures
using extended numerical methods for solving nonlinear problemswith the possibility
to prepare relevant documentation (ANSYS DesignSpace);

– model electrical, mechanical circuits, fluid flows and chemical reactions based on
physics of the process (COMSOL Multiphysics);

– research previously developed models and create libraries of special components that
are integrated into other modeling programs (MapleSim);

– amodel with application of ready-made standard components and units from libraries;
the model based on the mock-ups or kinematic diagrams; model solids and surfaces
including intuitive creation of new geometry (KOMPAS-3D);

– perform parametric modeling; program tools for CNC machines; develop and export
STL models for 3D printers (Fusion 360);

– design, identify problems and defects of development; analyze by dividing complex
systems into subsystems and researchof each subsystemusing special tools (RecurDyn
Professional);

– to convert measurement units (Engineering Unit Converter);
– perform multi-level calculations in all disciplines using mathematical functions;
perform vector and matrix calculations (MATLAB, TechCalc100);

– develop electrical circuits using intelligent technology Smart Wires (CircuitLab,
Engineering Power Tools, TinkerCAD).

Considering our practical experiencewe can claim that the application of educational
software increases the efficiency of student’s independent work, so the optimal learning
organization employs ICT as dominant. This allows organizing the educational process
as a technological one when an engineering student passing every subsequent stage
develops his approaches and activity from reproductive to creative.

There is a possibility to diagnose interim learning outcomes, identify inconsistencies
with the planned results, refine and master the material in the optimal mode, and con-
sider each student’s abilities. Diagnostics in the learning process involves timely detec-
tion, evaluation, and analysis of the learning outcomes. It includes control, evaluation,
accumulation of statistics, analysis, clarification of dynamics, trends, forecasting further
developments and resultswith application ICT, allowing automating the time-consuming
process of educational results control.

To provide a purposeful character of the educational process, the presented resources
and applications could be reasonably included in a syllabus supported by a specially
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designed distance course. That could provide students with constantly available learning
content and methodological support, which, also, could be used by students and teachers
beyond the university developer. Some free resources likeMOODLE enable creating both
full-fledged distance courses and designing a test base with different types of test tasks
(multiple-choice, matching, alternative, open tasks, essays, etc.) could provide control at
all the stages of learning. There is also an opportunity to organize a technological process
with diagnostics of the students’ entrance level, choice of forms, methods, and means
of teaching, systematic step-by-step implementation of cognitive activities of higher
levels (from recognition to implementation and evaluation, up to creation), control and
correction of learning outcomes that do not meet the established requirements.

5 Conclusions

Thus, the introduction of information and communication technologies into the educa-
tional process for the development of the engineering students’ creative potential is one
of the current requirements which engineering universities tend to meet to prepare their
graduates for effective professional activity under the conditions of total informatization
and automation of all spheres of life. The ICT is introducedwith interactive whiteboards,
webcams, cloud technologies, educational platforms, video conference tools, messen-
gers, social networks, software for video and animation, resources for brainstorming,
games, virtual reality technology, applications for automated design, calculations, and
modeling. A deep analysis was made in the article to define the areas for the effective use
of information and communication technologies in the engineering education process
and introduce specific ICT tools at different learning levels to develop students’ creative
skills and abilities consecutively.

Further research should be devoted to updating the educational goals, learning con-
tent, teaching forms and methods, teacher’s and student’s activities oriented on the
students’ creativity development through the ICT application.
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Abstract. In machining thin-walled parts, determining the optimum machining
strategy and the criterion selection of milling parameters is highly relevant. This
study addresses the gap in the variety of computer-aided machining parameters
calculation solutions. Thin-walled parts are broadly used inmany industries due to
their efficiency and lightweight. But there are many barriers to surface formation
processes. Therefore, the features of thin-walled parts in modern manufacturing
preparation have to be taken into account. Furthermore, to provide machining
parameters information in a wide range, an intelligent selection method of param-
eters is essential for a robust basis in the progressive Industry 4.0 concept. The
research is laid down in the context of production digitalization in Industry 4.0
thus represents linkage of data, analytics, and interface interaction. The software
solution interface is a calculation application consisting of modules of thin-walled
part geometrical and material properties, machine, tool, removal, cut parameters,
and the area of computed results. The solution database is based on the resultant
values collected from mechanical engineering literature, static and dynamic finite
element modeling of thin-walled part response under applied loads.

Keywords: Thin-walled parts · Milling parameters · Variable stiffness · Part
deflection · High-speed milling

1 Introduction

Thin-walled parts are broadly used in many industries due to their efficiency and
lightweight. But there are many barriers to surface formation processes. The deflec-
tion of thin-walled parts is one of the major problems that appear during the process
of machining. The deflections critically limit material removal performance and lead to
geometrical deviations. Existing calculation solutions mostly consider only the tool’s
flexibility, while the part is supposed to be rigid. Generally, deflections are solved by
additionally designed devices or techniques, which raises the cost of the product. How-
ever, the problem should be considered comprehensively. Depending on the technical
requirements for the surface quality, it is often necessary to use both - as additional
equipment as intelligent systems in production preparation.
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Several milling parameters selection methods: tabular, analytical, graph-analytical,
using CAM software, and special calculation solutions. The demand for developing this
software is the fact that the traditional data search in the reference books, literature,
accompanying tool guides significantly slows down the technological preparation for
production. Also, during the manual calculations, tables search a lot of routine work
is performed, which significantly increases the possibility of errors and increases the
human factor.

The principal goal of the study is to scientifically facilitate the process of milling
parameters selection, considering the features of thin-walled parts.

2 Literature Review

The Industry 4.0 concept has a set of modern technologies, the use of which is aimed
to create a new generation of manufacturing systems [1]. The central problem of imple-
menting the Industry 4.0 concept for a small machinery manufacturing enterprise has
also been registered in the paper’s contexts: the digitizing of all stages of manufactur-
ing production (CAD/CAM/CAE/CAPP), management (PDM, PLM), marketing and
customer relationship management (CRM), overall coordination (ERP) and full prod-
uct life cycle (PLC) with a single information and software platform. Critical for small
machinery manufacturing enterprises are the costs of vertical integration [2], which can
be reduced through open and free information management. Deep learning application
in CNC monitoring is observed in paper [3].

Studying the problem of processing thin-walled parts, we have analyzed domestic
and foreign scientists [4–6]. The quality of critical machine parts and assemblies (for
example, the rotor of a steam turbine [7]) depends on the manufacturing of thin-walled
parts. Some authors in their researches suggest special software solutions to ensure the
best quality of the part. The solution [8] represents the method based on applying a
software system that predicts technological deformations during processing. Using the
system, a technologist can pick rational cutting modes taking into consideration the
deformation predictions.

Another research [9] touches upon the issues of the development of engineering
methods of calculating a thin-walled part for valve and flange sealing joints, followed
by the formulation of tasks using modern automated calculation software based on
Parametric Technology Corporation MathCAD with subroutines for the search for an
extremum of functions and the computational block ‘Given-minimize’.

In paper [10], problems related to thin-walled parts processing have been considered.
Emphasis was placed on “soft” cutting parameters method automation. Solutions using
modern software libraries and techniques have been suggested.

Also, the work [11] in which the integrationmethod for error prediction and compen-
sation was established to deal with force-induced errors in NCmachining of thin-walled
parts has been analyzed. In this research, the mathematical iterative algorithm of errors
was built.

The ultrasonic on-machine scanning technique for automatic thicknessmeasurement
of large thin-walled parts was proposed in this article [12].
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Such technical solutions are relevant because the thing-walled parts are easily dis-
torted in processing each layer of the material. Modeling of distortion due to the process-
ing of thin-walled components depicts that the distortion of the structure is extremely
related to the residual stress induced by manufacturing processes like heat treatment,
forming, or machining [13, 14].

One of the studies represents a digital solution for milling force determination with
optional mill material combinations. The solution involved light scanning in detecting
the cutting tool edge geometry, scanning to measure the edge of the tool sectional rake
and profiles, FEM analysis of orthogonal cutting to evaluate the force, the simulation
with inputs that involved the recognized cut edge geometry, FEM force model, and
measured dynamics [15].

It should be noted that a significant part of even the most interesting and advanced
ideas are of little use in the real practice of manufacturing thin-walled parts. This can be
partially explained by the lack of early product information [16]. As a greater homoge-
nization of information management and software in various small machinery manufac-
turing enterprises, the approach developed in JavaMach Cluster [17] can be used when
information technology and software are developed on a single basis of the programming
language Java and Web technologies.

3 Research Methodology

The research methodology utilizes tabular data collected from mechanical engineering
literature [18], analytical calculations, and finite element analysis to verify the adequacy
of certain parameters. The following research aspects are defined: formulation of the
mathematical model, the methods of determining the cutting parameters, main modules
of the program solution to develop Fig. 1, implementation of solution algorithm, required
technologies for development, and calculations to test the reliability of the results.

Fig. 1. Main modules and parameters of the program.

The developed software solution should allow: to evaluate the value of the thin-
walled part deflection and obtain the maximum stress in the milling of the free end of
the part. Have to be implemented the mechanism of validation whether the deflection of
the element at the calculated feeds and speeds lies within the initially specified tolerance
zone.
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The utilization of additionally designed devices or techniquesmay change the cutting
force indicators. Therefore, the software solution should make manual adjustments of
the calculated cutting force to evaluate the change in the resulting parameters.

3.1 Model of Thin-Walled Part Deflection

In the process of thin-walled part machining, undesirable deflections occur in the
direction of force impact of end mill tool on the surface Fig. 2.

It leads to non-compliance with the technical requirements as the deflection value
exceeds the acceptable tolerance zone. It is caused by the decrease in the performance
of the machining process since the portion of the cutting energy is spent on the elastic
deformation of the thin-walled part.

In the research, the sample geometry of a thin-walled element is a simplified repre-
sentation of the turbine blade that is commonly applied in many mechanical solutions.
The feature of these parts is that the distribution of stiffness in each section significantly
varies. Therefore, the developing solution should calculate the deflections for a flat wall
with constant thickness and tapering one.

Fig. 2. Model of thin-walled part and FE deflection analysis.

As an entry point for the calculation solution development, the only static behavior
of thin-walled structures during machining is presented in this research.

The following deflection equation is used in the development of the proposed
calculation solution:

� = 12F

bE

(
ye − yb
2m3yb

− ln(ye/yb)

m3 − L(2yb − ye)

2m2y2b

)
, (1)
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where F – generalized force, acting in the y direction to the surface, ye – the thickness
at free end, yb – the thickness at the base, E – Young’s modulus, is a measure of the
material stiffness, L – length of the part, m – the increasing measure of thickness, and
represented as (yb − ye)/L, b − the width of the part.

The sample thickness of the free end ye = 3.7 mm, and the base thickness yb =
8.7 mm. Length of the sample L = 70 mm, width b= 40 mm. The material is aluminum
alloy 1100.

The maximum stress at the base of the part in case of applied force at the free end
of the part:

σmax = 6FL

by2b
. (2)

To check the adequacy of the model, a finite element analysis is performed Fig. 2, and
the calculated value practically matches the simulated one �calc = �fea = 0.107 mm.

3.2 Finite Element Machining Analysis

To fill the database with predefined parameters requires performing the finite element
analysis for different materials Fig. 3.

For preliminary analysis, an orthogonal cutting model was selected. It accurately
describes the mechanics of machining - speed, depth of cut, material parameters, and
applied to obtain raw preliminary data to build dependencies in the database. Although
such implementation is useful for quick process modeling, it is impractical for the real
machining preparation to obtain accurate results.

The material of the thin-walled sample to represent the calculation solution is alu-
minum alloy 1100. To perform a high strain analysis, the Johnson-Cook plasticity and
damage model are used. Experimental values of the model in Table 1 are obtained from
[19]. A, B, n, C, and m are specific material constants that can be obtained experi-
mentally. The Johnson-Cook model is empirical and is widely utilized in metal-cutting
simulations.

In the Abaqus Explicit, the chip formation is simulated by a progressive damage
model.After the beginning of the damage, thematerial’s stiffness degrades progressively,
corresponding to the applied response of damage evolution. The material’s stiffness
degrades smoothly in the advanced model, which is suitable for dynamic and static
cases.

The analyzed sample consists of a chip, separation, and machined layers. The thick-
ness of the chip layer (depth of cut) equals 0.1 mm. The thickness of the separation layer
is 0.01 mm; the plasticity and damage models are applied, as this thin layer facilitates
the separation and further chip formation. For the rest chip and machined layers, only
the plasticity model is used. The tool was specified as a non-deformable rigid body.

The analysis allows getting the force acting in the x and y directions. From the point
of view of the deflection of the thin-walled part, Fy that directed perpendicular to the
wall is essential to consider. Filtering forces output the median of Fy = 122 N.
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a b

Speed = 950 m/min
DOC = 0.1 mm
Rake = 11˚

Fig. 3. Finite element analysis of high-speedmachining of stainless steel 2Cr13 (a) and aluminum
alloy 1100 (b).

Table 1. Aluminum alloy 1100 Johnson-Cook model material constants.

Model Material constants

J.C. plasticity model A, MPa B, MPa n C m

148 361 0.183 0.001 0.859

J.C. damage model d1 d2 d3 d4 d5

0.071 1.248 −1.142 0.147 0.0

4 Results

4.1 Algorithmic Representation of the Developed Solution

Generally, after analyzing requirements, the direct development of a software product
begins with developing program logic, i.e., a set of components interacting with each
other according to certain rules and in a certain sequence.

The program starts with reading parameters of thin-walled part geometry Fig. 4,
including expected tolerance value andmaterial. The position of the tool (point of applied
force) is chosen along the z-axis. The input of its specification parameters selects the
machine: RPM, RPM at peak load, maximum available spindle power, and feed ranges.

The next step is the tool (diameter, material, number of teeth, stick out, helix angle,
ball/square) and cuts parameters (DOC,WOC,whetherHSM is applied) selection. Based
on the input, the speed and feeds are calculated and compared to the table values in the
database. Depending on the calculation, the right cutting force is applied in the thin-
walled part deflection component. The values of forces are obtained as the result of
finite element analysis. If an additional impact factor could change the cutting force, the
ability to insert value manually is available.
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At every stage set of functions perform validations. Thus, in the part deflection
component, the verification executes whether the deflection value exceeds the acceptable
tolerance zone. The error indicated in the results area, and milling parameters have to
be revised if it is. The results are stored in the database and represent the reports that
subsequently allow the implementation of an intelligent system of recommendations.
The in-development solution is open to access at GitHub Pages [20].

Fig. 4. Block diagram of the program algorithm.

4.2 Development and General Interface of the Calculation Program

The program is implemented as a web application. JavaScript language was used
for development. The choice is explained by the possibility of instant access to the
application from any platform; there is no need to download the installation files, etc.

The server side is made in Node.js. The interaction between the client and the server
is based on the REST API. Data transfer is performed in JSON format. The input and
output of the program are stored in the database at the end of calculations.
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The general view of the program interface is shown in Fig. 5 and Fig. 6.
The order of common use:

– selection of the machining material expected tolerance, and the geometry of thin-
walled part (flat wall/tapering);

– the input of the machine specification parameters;
– selection of the tool material and parameters;
– removal parameters (feed per tooth, unit power, MPM);
– cutting parameters (width, depth of cut, tool deflection);
– calculate button in the result area;
– evaluation of the results depending on the color indicators (red – error, machining can-
not be performed, or invalid input value; yellow – the parameter is near its maximum;
green – the deflection is in the tolerance zone).

Fig. 5. The input interface of the program.
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Fig. 6. The cutting parameters input and results area.

5 Conclusion

Based on the literature review, there aremany solutions to automatemachining parameter
selection, but many of them are aimed at interaction with the rigid body. In this research,
the preliminary development of the solution took into account the basic features of
thin-walled parts.

The approach consists of an analytical and practical implementation in the form of
a calculation program. The reliability of the static deflection model was proven by finite
element analysis. The simplified simulation of machining of the thin-walled sample was
performed.

The solution represents the frame that is necessary for extension and itsmodulesmod-
ification. Accordingly, the solution requires further improvements and development. The
main areas: the complication of the milling process modeling of a thin-walled sample,
including complex tool geometry into the calculation; addition of new geometry param-
eters to the thin-walled element sample model; solution extension by the introduction
of dynamic behavior consideration.

The ability to perform Python scripts for Abaqus lets accomplish time-consuming
tasks, automates repetitive tasks, and operates with information from databases. Thus
there is an ability to further integrate the improved solution as an additional software
layer in the production preparation of thin-walled parts machining.
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Abstract. One of the promising directions for increasing the efficiency of parts
processing with diamond tools is studying the mechanics of contact interaction
based on the theory of elastic-plastic contact interaction of rough surfaces. The
contact interaction theory allows you to establish the optimal requirements for dia-
mond tools, processing modes, and the workpiece’s initial parameters. This study
discusses a method for determining the contact pressures directly in the honing
process of conical holes. The existing methods are based on theoretical calcula-
tions or require significant equipment modernization with subsequent analysis of
the obtained data. The proposed method is simple and considers the distribution of
the linear contact load of the honing bar along the generatrix of the conical hole in
the workpiece. The method is based on the usage of strain gauges which are char-
acterized by small dimensions, low cost, and high measurement accuracy at any
stage of the technological operation. The results of static andmachine experiments
showed the qualitative characteristics of the tool-workpiece contact.

Keywords: Honing · Contact pressure ·Method of measurement

1 Introduction

Making precise tapered bores is a complex process. Known operations that create tapered
holes do not provide consistent surface quality.

Internal grinding of a tapered hole is carried out with a preliminary check of the
surface runout, which leads to a decrease in the productivity of the process. The occur-
rence of errors in the conical hole’s shape is associated with vibration and the grinding
wheel’s elastic extrusion mounted on a cantilever. High speeds during grinding and high
temperatures in the cutting zone lead to burns on the processed surface and changes in
the structure of the material’s surface layer, reducing the processing quality.

When countersinking tapered holes, the shape of the tool is copied to the work
surface. The main reasons for machining errors are low tool life due to chipping and
chips on the countersink’s cutting part.

One of the high-performance operations that ensure the quality of the tapered holes
is diamond honing. A characteristic feature of honing tools is the large length of the
diamond bar compared to its width. This causes a linear distribution of contact load. To
optimize the machining process’s design and technological parameters, it is important to
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know the nature of the linear contact load distribution in any phase of the honing process.
To do this, it is necessary to have a practically convenient and engineering accurate
experimental method for determining contact pressures in the real honing process at any
time.

2 Literature Review

Nowadays, there are methods for determining contact deformations based on the laws of
elasticity, and these methods are uniquely related to the contact pressures. Most of these
methods are based on analytical calculations. In the work of K.R. Muratov et al., the
modeling of contact when honing cylindrical holes is considered. Analysis of the results
shows non-linear behavior of the average contact pressure and transmission coefficient.
These factors depend on the applied force and surface profile and the materials used in
the tool and workpiece [1]. In work [2], the authors provide an analytical calculation of
the contact pressure by introducing simplifications into Lamé’s equation. Abbasov et al.
were performed an analytical calculation of the nature of the distribution of contractual
pressure between the outer surface of the sealing material and the rigid wall of the
cylinder, depending on the geometric dimensions and mechanical properties of the seal
during its one-sided compression [3]. In paper [4], the authors briefly review the most
important contactmechanics theories [5] between randomly rough surfaces. In particular,
the relation between the applied load and separation is fundamental in many engineering
applications as seals, lubrication, and wear. In work [6], the displacement function of the
external contour points of a hub and the friction surface microgeometry that correspond
to the uniform distribution of the contact pressure over a friction surface are theoretically
determined. The authors in [7] carried out an analysis of variance, which showed that
the most important parameters for the maximum depth of roughness are cutting speed
and specific pressure of final honing.

One of the most common methods for practical control of contact pressures is the
acoustic emission method. In works [8, 9], developing a new probing method to inspect
the inner diameter of micro-scale holes is presented. This was accomplished by contact
detection using acoustic emission with a rotating wire probe tip. Contact is detected
when the rotating probe approaches and influences the whole inner surface. Authors
in [10] show that the acoustic emission method has a high probability of detecting
probable defects in pressure vessels before their failure. This method must be applied
under pressure. These pressure loads create stresses in the vessel. During increasing
pressure loads, AE signals are obtained from inhomogeneities and other places of stress
concentration. In [11], the authors propose a technique for acoustic emission monitoring
under dynamic loading. It proposes a method for separating the total flow of acoustic
emission signals into stationary groups that are typical for different acoustic emission
sources.

In industrial applications, optoelectronic methods have also been used for non-
contact deformationmeasurements. Inwork [12] showed the developed laser interferom-
etry for measurements of the small dynamic displacements. The optoelectronic method
of the signal registration from the laser interferometer and the signal processing method
is presented. This technique allows determining the among and from of the dynamic
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displacements with high sensitivity and accuracy. Work [13] showed a technique for
smoothing continuous optically rough surfaces to allow successful application of the
ray method for deformation measurement. Detailed analysis of the measurement and
evaluation process concerning the most important measurement factors is performed.

Researchers have not practically considered themeasurement of the contact pressures
directly in the conical holes’ honing process, although the contact pressures directly
affect the formed surfaces’ quality. In work [14] influence of different parameters of the
roughhoningprocess on surface roughness andmaterial removal ratewere studied.While
considered grain size, the density of abrasive, tangential speed of cylinders, the linear
speed of honing head, and pressure of abrasive stones on an internal surface of cylinders.
The influence of these parameters on the obtained surface roughness in terms of Ra and
Rt parameters and the material removal rate Qm is shown. The authors of the study [15]
show that the surface roughness during honing depends on five investigated variables
(grain size, density, pressure, linear velocity, and tangential velocity) in both cases, the
most important factors being grain size and pressure. In [16, 17], indirect models based
on neural networks are presented to model the technological processes. This model
allows obtaining values to be set for different process variables (linear speed, tangential
speed, pressure of abrasive stones, grain size of abrasive, and density of abrasive) as a
function of required average roughness Ra.

The existing experimental methods for determining the contact pressures are dis-
tinguished by the complexity of their structures and distortion of contact interaction
conditions between tool and workpiece. Therefore, the development of a fundamen-
tally new method for the experimental determination of the contact pressures during the
honing process is relevant not only from a practical but also from a scientific point of
view.

3 Research Methodology

The distribution of contact pressures q (MPa) on the bar’s surface is determined from
geometric considerations by the nature of the change in the depth of cutting δ. Let us
consider the tool’s position when the radius of the hole of the workpiece rw is greater
than the radius of the circle passing through the tops of the diamond grains of the bar rb
Fig. 1.

The figure shows that the penetration depth of diamond grains varies smoothly from
zero (at the ends of the contact width bc) to a maximum - δmax (at its middle). Contact
pressures can be described by a symmetric function:

q = qmax · f (ϕ) (1)

Following the diagram of contact pressures, we bring q to a linear distributed load p,
N/m:

p = 2
∫ ϕmax

0
q(ϕ)r cosϕ dϕ = 2qmax

∫ ϕmax

0
f (ϕ)dϕ = 2qmaxψ(ϕmax) (2)
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Fig. 1. Distribution of contact pressures in the circumferential direction.

Let us consider the nature of the change in p along the diamond bar (Fig. 2). The resultant
is equal to the normal cutting force Pc. We divide the distribution diagram N into equal-
length sections �l = lc/N. Within each section, we replace the variable component p
with a statically equivalent constant pi = const and bring pi to a certain resultant:

Pi = �lc · pi (3)

Fig. 2. Diagram of contact pressure distribution on the bar surface.

The method for determining the contact pressure when honing the tapered surfaces of
holes is as follows:

– A groove is milled on the workpiece outer surface, which is parallel to the machining
direction;
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– Strain gauges are glued in the groove;
– Along the groove plane, parallel to the generatrix of the conical surface of the hole,
N strain gauges are glued, each of which issues its own αi signal, which depends on
the magnitude and nature of the change in the load p.

According to Hooke’s law, αi is proportional to all Pi.

aj = aj1P1 + aj2P2 + . . . + ajiPi + . . . + ajNPN (4)

Then, for N strain gauges, we have a system of N linear equations:

(5)

If the coefficients aji are known, then we have an N-model system with unknown Pi,
solving which we determine all Pi and formula (3).

The values of the aji coefficients are established experimentally by calibrating the
strain gauges fixed on the workpiece. The physical meaning of aji is as follows: it is a
signal from the i-th strain gauge from a single concentrated force Pi = 1 applied in the
middle of the j-th section. By sequentially applying Pi = 1 in different areas and taking
readings of the strain gauges, we set all the values of the aji coefficients.

Having determined pi, we build a histogram (Fig. 2), and then, drawing a smooth
curve through the middle of the steps, the diagram p.

Using the formula (2), we calculate qmax = p/2ψ(ϕmax) and, using formula (1), the
nature of the distribution of the contact pressure q of the bar over the width of the contact.

In this installation, calibrationwas carried out, and experiments were performed both
in statics and in dynamics.

4 Results

The graphs for the contact pressure distribution are presented in Fig. 3 and show the
repeatability of the results obtained, which does not exceed 3%. The experiments were
carried out statically.

During the experiments, jumps were observed in some areas (Fig. 3) due to the
sample’s undulation after preliminary processing. Therefore, it became necessary to
eliminate this undulation for the following experiments. For this purpose, an expansion
joint was installed between the diamond block and the workpiece. The loading was
carried out in 392.3 kPa when the bar exited 1/3 of its length from the workpiece’s small
hole.
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Fig. 3. The distribution of the contact pressures at a load of 392.3 kPa and the exit of a bar at
1/3L from a small hole.

The diamond barwould self-align concerning the hole’s generatrix to better distribute
the contact pressures along the entire length of the workpiece. For this purpose, a steel
ball was installed in the center of the bar’s lower plane. Simultaneously, the diamond
block was in full contact with the workpiece along its entire length. Based on the results
of the experiment, the pressure distributions are shown in Fig. 4 (Fig. 5).

Figure 6 shows a setup for measuring contact pressure using a steel ball and a
compensator.

Another set-up was created to carry out experiments in dynamics, and its general
view is given in Fig. 7. A radial drilling machine model 2K522 was used as equipment.

Based on the results, the distribution of the contact pressures was obtained a given
in Fig. 8.
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Fig. 4. The contact pressure distribution at a load of 392.3 kPa with self-alignment of the bar and
its exit to 1/3 L from a small hole workpiece.
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Fig. 5. Diagram of the distribution of contact pressures at a load of 40 kg using a compensator
during self-alignment of the bar and its full contact with the workpiece.

The performed experiments’ obtained results show that the values of contact pres-
sures change along the length during honing. This is because there is a resilient release
of the honing head’s pads in the middle of the contact length. This happens due to the
tool’s design features and a change in the contact area of the diamond grains of the bar
with the treated surface. In this regard, it is necessary to create a new design of the pad,
which will allow equalizing the contact pressures along the entire length of the bar.
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Fig. 6. Stand for measuring the contact pressure during self-alignment of the bar and the use of
a compensator.

4

3

2

1

5

Fig. 7. General view of the installation. 1- diamond bars; 2 - conical honing head; 3 - workpiece;
4 - strain gauges; 5 - 8 channel strain gauge station.
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Fig. 8. The distribution of the contact pressures between the tool and the workpiece in dynamics.

5 Conclusion

Creating an experimental setup as close as possible to the conical honing process allows
obtaining objective results for the nature of the distribution of the contact pressures on
the working surface of a diamond bar. A strain gauge station with special software was
used for the first time to investigate the contact pressures in the honing of conical holes.

Further research is planned to be directed to the complex diagnostics of the
parameters affecting the hole’s accuracy in the conical honing process.
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Simulation Methodology of Diamond Burnishing
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Abstract. The paper presents computer simulation results of the equivalent stress
distribution in the surface layer of the diamond burnishing and ultrasonic burnish-
ing products. Finite element analysis was carried out using Third Wave Advant-
Edge (TWA) and Solid Works CAE systems. The simulation considered the phys-
ical and mechanical properties of both processed and tool materials. The elastic
modulus of the processed material Epm was found to have the most significant
influence on equivalent stresses in the surface layer of the processed materials,
whichpredetermines the operational properties of products. TheEpm values served
as a basis in simulation experiments to study the effect of the technological param-
eters (burnishing forceP, burnishing speedV, burnishing depth t, and the burnisher
radius r) on equivalent stresses σeq in the surface layer of the burnished material.
The primary influencing technological factors in the analysis of the equivalent
stress distribution during diamond ultrasonic burnishing were the vibration fre-
quency of the tool f , the radius of its working surface r, and the elastic modulus of
the solder Esol. As a result of the simulation, rational values of the technological
parameters of the diamond burnishing and ultrasonic burnishing were determined.
The study showed that the optimal choice of the technological parameters should
consider both the equivalent stress distribution in the surface layer of the products
and the factors influencing the tool wear observed under a particular processing
mode.

Keywords: Burnished products · Surface quality · Finite element method ·
Equivalent stress

1 Introduction

One of the trends in mechanical engineering technologies is to increase the reliability
and service life of manufactured products. The operational properties of products are
formed throughout all the stages of their manufacturing, particularly during finishing.
Finishing machining methods largely determine the surface layer quality of parts and,
accordingly, their operational properties.

The traditional abrasive methods (grinding, honing, and polishing) provide the
required geometric accuracy. The necessary quality indicators of the surface layer, as
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a rule, require additional methods, for example, surface plastic deformation of prod-
ucts. One of the promising methods of this technology is diamond burnishing (DB). The
advantages of the DB process include high surface quality of the parts, high productivity,
versatility, relative simplicity of implementation, and stability.

Combined technologies can improve the efficiency of the diamond burnishing, for
example, additional ultrasonic action on the used burnishing tool (ultrasonic burnishing).

2 Literature Review

The diamond burnishing method has proven itself well in the manufacture of a wide
range of critical products made from different materials – parts of aircraft engines and
units, turbine blades, mechanical engineering components, and tools [1, 2].

Diamond burnishing is appealing due to its broad technological capabilities and
significant technical and economic advantages. DB process combines the effects of
finishing and hardening.

Particular attention is paid to the experimental study of mechanical and micro-
geometric parameters of the surface quality of the burnished products – roughness,
microhardness, degree and depth of hardening, and their effect on performance properties
[3, 4].

One of the basic characteristics of the surface layer is its stress-strain state as a
consequence of elastic-plastic deformation in the process of DB. The process usually
results in a favorable residual stress distribution, which determines the strengthening of
the near-surface layers and significantly increases wear resistance, fatigue resistance,
reliability, and other operational properties of products [5]. Despite the positive role of
compressive residual stresses, their appearance requires adjusting the processing modes
of DB and their setting, considering the specified technological tolerances for geometric
dimensions, the shape of critical surfaces, and the tool wear.

Studies indicate the dependence of the surface layer quality of DB products and the
productivity of the method on the technological parameters: pressing force, burnishing
feed and speed, geometric parameters of the tool. In particular, pressing force and feed
have a significant impact. The number of passes and burnishing speed affect the rough-
ness and microhardness of the processed surface to a much lesser extent [6]. However,
high-speed values, providing high productivity of the DB process, can cause vibrations,
which degrade the processing quality and reduce the tool life. One of the basic speed
limitations is the relatively low heat resistance of diamond and increased tool wear due
to graphitization and diffusion. This is especially important for iron-carbon alloys [7].

The combined finishing processes, such as ultrasonic vibration-assisted burnishing,
are quite promising in increasing efficiency and improving parts [8, 9]. These processes
provide a decrease in the acting forces and also reduce the deformation resistance of the
metal.

The main tasks in the diamond burnishing practical implementation, including the
ultrasonic burnishing technique, are mainly related to the search for optimal processing
modes [2, 6]. Optimization of finishing and hardening processing of DB should be based
on the relationship of technological parameters with a set of quality indicators – ensuring
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the necessary performance properties of products, high productivity, minimal tool wear,
and cost-effectiveness.

The possible solution to this problem is using the methodology of analytical calcula-
tion [10] or computer simulation, some features of which concerning finishing processes
are considered in works [11, 12].

It can be concluded that there is no literature data on the use of the finite element
method (FEM) for the DB modeling.

Thiswork dealswith developing a diamond burnishing computer simulationmethod-
ology based on FEM to study the distribution of equivalent stresses in the surface layer
of the machined parts to optimize the processing modes.

3 Research Methodology

To simulate the diamond burnishing process Third Wave AdvantEdge (TWA) pack-
age, based on the finite element method and providing 2D/3D simulation of dynamic
machining processes [13, 14] selected.

Adding to themodel the physical andmechanical properties of themachined and tool
materials and processing modes allows calculating the equivalent and residual stresses,
strain energy, strain energy density, principal stresses, forces, and temperature in the
plastic deformation zone during diamond burnishing.

The tasks were solved using TWA according to the following algorithm.

1. Construction of a geometric model.
2. Setting material properties for each element of the system using a standard database.

The elasticmodulus (Young’smodulus)Epm, Poisson’s ratioμ, mass density ρ, coef-
ficient of thermal expansionα, thermal conductivity q, specific heat c, and otherswere
used as material properties. The workpiece materials are carbon steel C45, wrought
aluminum alloy EN AW 2024-T4, nickel-aluminum bronze C95500 (Table 1).

Table 1. Physical and mechanical properties of the workpiece materials.

Material Property

Young’s
modulus
Epm, GPa

Poisson’s
ratio μ

Mass
density ρ,
kg/m3

Coefficient of
thermal
expansion α,
10–6/K

Thermal
conductivity
q, W/(m·K)

Specific heat
c, J/(kg·K)

C45 201 0.27 7700 12 48 460

EN AW
2024-T4

69 0.33 2770 23 121 875

C95500 135 0.34 7530 17 42 419
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3. Partitioning the geometric model into finite elements, consisting of nodes (nd) and
elements (el) (Fig. 1, a). The parameters of dynamic change of the finite element
mesh were also set: a mesh with significantly reduced element sizes was generated
in the deformation zone.

4. Fixing the finite element model at the nodes (Fig. 1, a), and setting the motion of the
burnisher (Fig. 1, b).

Fig. 1. Partitioning the original model into finite elements (a); schematic view of the model fixing
and setting the burnisher motion (b).

As burnishing is a complexdynamic system,which is influencedbymanyparameters,
a multivariate experiment plan was used to numerical study the process in TWA APP.
Four basic parameters were chosen as the key ones: elastic modulus of the processed
material Epm, burnishing speed V, burnishing depth t, and the working surface radius of
the burnisher r.

FEM-based SolidWorks, containing the Simulation CAE plug-in, was determined as
themost optimal system to simulate the combinedprocess of ultrasonic vibration-assisted
burnishing [15].

The effect of the ultrasonic vibrations frequency f on the stress-strain state of the
“diamond burnisher – processed material” system was determined. As the tool is sub-
jected to additional dynamic load, this requires considering the solder properties and
properties of the tool metal coating and metal phase in the diamond burnisher. A finite
element mesh model was created with a corresponding thickening in the area of contact
of the diamond with the processed material based on the adopted “holder body – solder
– metal coating – diamond – metal phase – processed material” 3D system (Fig. 2).

The computational experiment performed using a uniformly distributed load applied
to the upper surface of the tool (the simulated pressing force of a diamond burnisher) and
the side surface (feed simulation). The ultrasonic burnishingwas simulated by sinusoidal
vertical loading with frequencies of 10, 30, and 50 kHz and amplitude of ±2 MPa.
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Fig. 2. Initial “holder body– solder –metal coating – diamond–metal phase – processedmaterial”
3D-system (a) and finite element mesh model (b).

4 Results

4.1 Results of Diamond Burnishing Simulation

The simulation revealed a significant difference in the equivalent stress distribution
depending on the elastic modulus of the processed material Epm, the effect of which
turned out to be the most significant in comparison with the rest of the investigated
factors.

The calculations showed a significant equivalent stresses σeq decrease in the surface
layer of the part with the elastic modulus Epm decreasing. With an increase in Epm,
the part’s material has a greater resistance to deformation, which leads to a substantial
increase in the equivalent stresses both in the surface layer of the workpiece and in the
tool material. Thus, DB ensures better indicators of surface layer hardening in materials
with a higher elastic modulus.

Further simulation procedures mainly used Epm to optimize the processing modes.
Changes in the projections of the burnishing forceP showed that its component in the

direction opposite to the speed direction for all the elastic moduli of the studiedmaterials
invariably amounts to 50…60 N. At the same time, the force acting in the axial direction
of the tool increases significantly as Epm increases. For example, for the aluminum alloy
EN AW 2024-T4 (E = 69 GPa), the force was P = 160 N, for nickel-aluminum bronze
C95500 (E = 135 GPa) – P = 192 N, and for steel C45 (E = 201 GPa) – P = 311 N.

The processing of materials with high Epm causes an increase in mechanical loads
on the tool and, accordingly, an increase in equivalent stresses in the surface layer of the
diamond burnisher (Fig. 3).

For revealing the dependence of the equivalent stresses in diamond burnisher on the
elastic modulus of the PM, a one-factor experiment was carried out, with the initial data
selected from the practical experience: r = 2 mm; V = 100 m/min; t = 8 μm. With the
above Epm values of the studied materials and the selected processing mode, the values
of the equivalent stresses were σeq = 794, 978, and 1374 MPa, respectively. The data
obtained for the specified processing mode are comparable with the ultimate strength of
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Fig. 3. Dependence of stresses in a diamond burnisher on the elastic modulus of the processed
materials Epm.

diamond and can cause damage of the working surface of the crystal with falling out of
the mandrel and, ultimately, failure of the tool.

In this regard, the influence of the DB mode parameters on the level of equivalent
stresses in the surface layer of the PM was studied, considering the required tool life.

The results showed that an increase V from 60 to 140 m/min led to a change in
σeq in part by only 3…4%. Thus, the burnishing speed has practically no effect on the
surface hardening of the part. For achieving the maximum productivity of the process,
it is necessary to set the maximum possible values of the burnishing speed, which do
not cause an excess of critical temperatures in the contact zone and intensive wear of
the burnishing tool.

The calculation for steel C45 (r = 2 mm, V = 100 m/min, t = 8 μm), showed that
the maximum tool temperature was 146.9 °C. For increasing the DB productivity and
reduce the tool wear, it is advisable to use various methods for heat removal from the
processing zone. For example, the use of cutting fluids and optimization of the tool in
order to increase its heat dissipation (heat-conducting material of the burnisher and the
solder that fixes the diamond in the tool; the maximum possible contact area of the solder
with the diamond surface; optimization of the tool shape due to cooling fins).

The simulation results indicated the insignificant effect of the burnishing depth t
on the equivalent stresses σeq in the surface layer of the part. For ensuring an optimal
processing result, the burnishing depth should be sufficient to get the specified roughness
of the processed surface. The burnishing depth must not exceed the values of vibrations
that appear, and the surface quality deteriorates.

Tool geometry has an ambiguous effect on equivalent stresses in the surface layer of
the parts made of different materials (Fig. 4). At a relatively low value of Epm (aluminum
alloy), the radius r of the tool working surface has practically no effect on σeq. With the
growth of Epm, the influence of the tool geometry becomes more significant. For steel
C45, a change in radius from 3 to 1 mm causes an increase in stress. This factor has
a positive effect on the process, improving the hardening performance and increasing
the residual compressive stresses of the part surface. The optimal choice of r should be
corrected by the value of stresses in the tool surface layer, preventing its catastrophic
wear.
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Fig. 4. Influence of the burnisher radius on the surface layer equivalent stresses of materials with
different elastic moduli; V = 140 m/min, t = 6 μm.

4.2 Results of Ultrasonic Diamond Burnishing Simulation

During ultrasonic burnishing, the tool is subjected to an additional dynamic load. Thus,
there is a danger of its destruction due to increased stresses in the zone of contact with
the solder. This requires considering the properties of the solder in the simulation.

The factors of the numerical experiment were taken as follows: elasticmodulus of the
solder Esol (X1); vibration frequency of the burnisher f (X2); the radius of the burnisher
r (X3); elastic modulus of the processed material Epm (X4). Values of the factors are
given in Table 2. Three levels of variation correspond to the code values +1 (upper), 0
(basic), −1 (lower). Copper, bronze, and brass were used as possible solder materials.

Table 2. Variable factors of the ultrasonic burnishing modeling.

Variable factors

Esol,
MPa

X1 f , kHz X2 r, mm X3 Epm, MPa X4

1,05E+5
(bronze)

+1 50E+3 +1 3 +1 6,9E+5 +1

9,8E+4
(copper)

0 30E+3 0 2 0 4,4E+5 0

9,1E+4
(brass)

−1 10E+3 −1 1 −1 1,9E+5 −1

As a result of multivariate numerical modeling, 24 values of the equivalent stresses
in the PM at its contact with the diamond burnisher were obtained. Some examples are
shown in Fig. 5 in the formof isolines σeq for individual values of the variable parameters.



370 V. Fedorovich et al.

Fig. 5. Visualization of the simulation results of the stress-strain state in the «diamond burnisher
– processedmaterial» zone: a – Epm = 1.9E+5MPa; r = 1mm; Esol = 9.1E+4MPa; f = 10 kHz;
b – Epm = 4.4E+5 MPa; r = 2 mm; Esol = 9.1E+4 MPa; f = 25 kHz

Based on the study performed, the regression equation was as follows.

Y = 2.484+ 0.134X1 + 0.244X2 + 0.327X3 + 0.463X4 + 0.805X 2
1 + 0.366X 2

2

− 0.412X2
3 − 0.291X 2

4 − 0.014X1X2 + 0.001X1X3 − 0.014X1X4

+ 0.016X2X3 − 0.014X2X4 + 0.045X3X4

Solving this equation revealed the influence of the above factors on the equivalent stresses
arising in the contact patch of the “diamond burnisher – processed material” system.

For the analysis clarity and convenience, two-parameter relationships are presented
as σeq = f (Xi) (Fig. 6).

Fig. 6. Dependence of the equivalent stresses in the contact zone on the parameters X1, X2, X3.

Analysis of the equivalent stresses dependences on the vibration frequency at various
elastic moduli of the solder justified using copper as a solder at a periodic load form.

The optimization of ultrasonic burnishing was carried out in Maple 14. As a result
of modeling for the considered case, the following values of the factors were founded:
X1 opt = −0.09; X2 opt = −0.33; X3 opt = 1; X4 opt = −1. The maximum stress is Ymax
= 0.99. These values correspond to the following optimal parameters, subject to a high
level of compressive stresses in the surface layer: Esol = 9.8E+4 MPa (i.e., the value is
close to that of copper solder), f = 25 kHz, r = 1 mm, Epm = 1.9E+5 MPa.
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5 Conclusions

The simulation showed a significant difference in the distribution of equivalent stresses
σeq in the surface layer of the studiedmaterials and thematerial of the diamond burnisher,
depending on the elastic modulus of the processed materials Epm. Processing materials
with Epm > 200 MPa causes stresses (e.g., that exceeds the ultimate strength of the
burnisher material), leading to tool failure due to its destruction and falling out of the
mandrel.

Increasing the burnishing speed V from 60 to 140 m/min insignificantly changes the
σeq value in the part’s material.

The maximum possible speed is optimal to achieve the highest performance, consid-
ering the heat removal to reduce the critical temperatures in the contact zone and prevent
intensive wear of the diamond burnisher.

For ensuring a high degree of the surface layer hardening ofmaterialswith a relatively
high elastic modulus (steel), it is advisable to use a burnisher with a smaller radius of
the working surface (r = 1 mm). The value of r has practically no effect on σeq in the
surface layer of aluminum and copper alloys.

Analysis of the dependence of equivalent stresses in the surface layer of parts on the
ultrasonic diamond burnishing technological parameters made it possible, along with
ensuring a high level of equivalent stresses in the surface layer of the processed part, to
provide an optimal choice of solder. This allows avoiding the catastrophic destruction
of the tool (falling out of the solder) caused by an unacceptable stress concentration in
the diamond burnisher at the contact area with the solder.

The studied modeling methodology of the diamond burnishing and ultrasonic dia-
mond burnishing allows establishing the optimal (rational) combinations of the primary
process parameters of the “diamond burnisher – processed material” system at the tech-
nological process development with minimal costs. This ensures predicting the specified
characteristics of critical parts of the product at the design stage, which improves their
quality and ensures high resource indicators.

Further research will focus on establishing the optimal combination of physical
and mechanical properties of the superhard tool materials and the processed materi-
als to increase the efficiency of diamond burnishing and obtain products with desired
properties.
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Abstract. This paper investigates the dynamic behavior of the milling of com-
plex shaped thin-walled components. As an interrupted cutting characterizes the
milling process, a detailed study of the tool entrance point in relation to the vibra-
tion of the part is performed. Milling tests were performed on two thin-walled
workpieces with different static and dynamic characteristics. The rigidity of the
milling tool was much higher than the rigidity of the workpiece. End milling of
thin-walled components dealswith short cutting lengths, contributing to a decrease
in the number of regenerative waves on the cutting surface. As a result, there is less
than one regenerative wave beginning from relatively low spindle speed. There-
fore, vibrations in high-speed milling of thin-walled structures are rather caused
by resonance phenomenon than by self-excited oscillation. These findings have
been supported by experimental validation where two thin-walled structures have
been machined. The worst processing conditions occur when the tool impacts the
workpiece when its amplitude of vibration is high.

Keywords: Thin-walled structures · Chatter · Surface quality · Vibrations

1 Introduction

The trend of modern production requires the fabrication of complex shaped and high-
quality parts. Considering the manufactures of aircraft and space components, where
most of the produced parts are thin-walled products, made from hard and resistant
(temperature, chemical,..) materials, the occurrence of chatter is one of the most difficult
manufacturing issues [1]. Since these thin-walled products often have small dimensions
and low stiffness, it is very hard to avoid vibrations within the machining process.

Understanding the kinematics of the milling of thin-walled components is important
to clarify the process behavior. Milling of complex-shaped thin-walled workpieces parts
(e.g., turbine blades, blisks, impellers, etc.) is often performed using ball-shaped or
toroidal cutters, with a small radial (ae) and axial depths of cut (ap). Due to low cutting
depths, these machining conditions impose that only one tooth is in contact (Fig. 1),
resulting in a periodical loss of contact between the tool and the part. It is logical to
assume that the milling of complex shaped thin-walled components always encounters
interrupted machining conditions, making the process different from classical milling.
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Fig. 1. Features of classical and thin-walled end milling.

Due to the intermittent character, the cutting force behaves periodically (Fig. 2b),
causing a large level of forced vibration. The tooth passing frequency determines the
frequency of this vibration/excitation. While cutting forces almost does not exist, the
thin-walled features vibrate following the law of a free damped oscillation.

Fig. 2. Fluctuation of cutting forces during classical and thin-walled end milling.

2 Literature Review

Chatter and/or vibration problems in machining processes is well known and has been
studied by many researchers [2]. Theoretical approaches of chatter prediction, based on
regenerative theory, have been developed [3, 4] and has been applied for the last 40 year
[5], which consists in building stability lobe diagrams. These diagrams show spindle
speed zones with stable and unstable regions. Initially, theories and approaches were
developed for turning operations, but it has been further extended for milling process
[6, 7].

Compared to turning, chatter prediction in milling operations is much more complex
since it is characterized bymore complicated kinematicmovements and the intermittence
of the cutting process. In high-speedmilling, where the cutting time is very small, chatter
suppression is the most difficult problem [8]. It often requires experimental testing,
providing knowledge about the dynamics of the milling process to eliminate vibrations
and provide stable machining processes. Also, high-speed milling of complex shaped
thin-walled components occurs with low immersion, meaning that often not no more
than one tooth of the mill is involved in cutting. In this case, interrupted cutting imposes
additional difficulties to find stability.
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Therefore, research on the milling of thin-walled structures attracted a lot of atten-
tion from a scientific perspective. Significant steps in the dynamic investigation of the
milling of flexible parts were made by Budak [9], Altintas and Tuysuz [10], Shtehin [11],
Wang [12].

Davies and Balachandran [13] noticed that numerous types of nonlinearities could
affect the dynamic behavior of milling processes. However, the effect of nonlinearities
associated with intermittency has been virtually ignored in the literature. They showed
that impact dynamics are likely to dominate vibrations in milling operations where the
cutter rotation can excite flexible modes in the workpiece. Further, Davies et al. [14, 15]
concluded that the assumptions of the traditional regenerative stability theory become
invalid for highly interrupted machining, and they proposed a first direct analytical
solution to the problem.

Investigation of the stability of interrupted machining proposed by Stepan and
lnsperger [16], based on a semi-discretization method, showed that a new unstable
domain that arises in high-speed cutting could also be the reason for a new kind of
machine tool chatter. This additional stability problem or unstable phenomena is related
to the time periodicity of the milling process. In further research [17] they concluded,
that as the number of active teeth decreases and the cutting becomes more and more
interrupted, the amplitudes related to the lower and higher frequency peaks get larger.

Budak and Altintas [18] and Merdol and Altintas [19] presented a multi frequency
solution of chatter stability prediction. Such approach is well appropriate for low immer-
sion milling and showed that only when the harmonics of the tooth passing frequency
shifts the transfer function to the region of natural modes, additional narrow stability
pockets are created, which differ from the lobes predicted by the single frequency or
classical solutions.

Although, as mentioned above, the milling of thin-walled structures shows a number
of significant differences compared to the turning operation, for which stability lobe
diagrams have been developed, vibration elimination in milling of thin-walled structures
is still based on the same principle.

A very important limitation of the milling process due to forced vibrations, causing
geometric inaccuracies of the detailed part features, was noticed by Kline et al. [20],
Tlusty [21], Montgomery and Altintas [22], Smith et al. [23], Tarng et al. [24], Schmitz
et al. [25–27] and other. Therefore, even under seemly stable cutting conditions, the thin-
walled structures experience forced vibrations, which depend on the workpiece/tool
natural frequency and excitation frequency (or tooth passing frequency), causing big
fluctuations of the weakest parts of the machined component (or in combination with
the machine tool structure). As a result of these vibrations, surface location errors take
place and are visible. Although it is important to take this additional behavior into
account, only a limited number of researchers propose investigating the surface errors
to reduce vibration in milling.

This paper aims to investigate the main source of vibration at milling of complex
shaped thin-walled components limiting productivity and production of high-quality
parts. The paper shows that in the case of interrupted machining, forced oscillations
have a bigger influence on machine-tool structure than chatter.
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The paper is organized as follows. In Sect. 2, the characteristics of the milling of
thin-walled structures and the main differences to classical end milling are presented.
The experimental setup and the applied research methodology are described in Sect. 3.
Kinematics behavior of a thin-walled structure at low and high spindle speed is also
included in this section. Experimental results, analysis, and discussion of the results are
presented in Sect. 4. Conclusions are given in Sect. 5.

3 Research Methodology

3.1 Experimental Setup

Studying the vibration behavior of the milling of thin-walled structures requires the
simultaneous consideration of both the external force (thrust force Fth), which deflects
the workpiece from its equilibrium position, and the internal - elastic force (Felast)
which restores it to its equilibrium position. In addition, there is the friction force (Ffr)
(depending on theworkpiecemotion speed) and the inertial force (Fin), depending on the
workpiece mass and acceleration. Since the workpiece motion has a vibrating character,
forces constantly change in magnitude and direction.

An experimental setup for investigating the vibration behavior of thin-walled struc-
ture machining has been developed earlier by the authors [28] (Fig. 3). It consists of a
thin plate, cantilevered by clamping one end in a rigid body, on which the test workpiece
is mounted. The part vibration is monitored by an Eddy-Current sensor clamped on the
rigid holder, making an independent part vibration measurement possible. The dielectric
platform allows using a milling tool as a switcher that provides an electric connection
when contact workpiece and milling tool exist. The contact signal (tool in contact or
not) is simultaneously recorded with the displacement of the thin plate. This makes it
possible to divide the signal (movement) during the cutting process and free workpiece
movement.

In this investigation, the tool is considered rigid. The experimental setup makes it
possible to independently change the conditions of material removal in the cutting zone
(material of workpiece, cutting conditions, tool geometry, dry or wet cutting), defining
the value of external force (Fth) as well as the characteristics of the part elastic system
(stiffness, damping, mass), specifying the importance of internal forces (Felast).

Fig. 3. Experimental setup.
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3.2 Theoretical Explanation, Initial Experiments

A large number of experiments were obtained at different milling conditions, resulting
in different dynamic process characteristics. It is proposed to analyze the process in a
time horizon of one tooth passage. This allows evaluating all kinds of oscillations during
the milling process (forced, self-excited (chatter), and free damped oscillations).

Figure 4 shows a fragment (time segment) of the workpiece vibration, indicating
the tooth passage sector (= tool in contact). The “cutting time” indicates the time while
cutting, while the other indicates free movements (cutting in the air). It is clear from
Fig. 4 that there is a workpiece deflection. Due to relatively low cutting speed, the chance
of self-excited oscillation is high, although the low cutting length contributes to the small
number of chatter waves.

The cutting conditions, as shown in Fig. 4, are rather artificial due to the low spin-
dle speed. However, it allows observing different types of oscillations contributing to
movements of the thin-walled feature. At high spindle speeds, typical for the machin-
ing of thin-walled parts, the tooth passage time is very short. Therefore, the system is
even not able to make a self-excited oscillation during the cutting process. Moreover,
the impact of the chatter wave is relatively small, so the regenerative effect has little
influence on the process stability. The thin-walled workpiece in a vibrational state after
cutting, and the time of its free movement is not enough to damp it down before the next
tooth entrance. Therefore, the next tooth cuts into the workpiece when it is still in a free
damped oscillation. At high-speed milling, free movement of the part is so small that it
can make just one free oscillation or less. Therefore, the surface quality is determined
by the locations (state of movement) of the part where the cut starts. Thus, the surface
quality mostly depends on the surface location error, but not from a self-excited oscil-
lation [28]. Moreover, the vibration in such conditions might be bigger (up to 1 mm or
even more depending on the structural characteristic of the part) than due to self-excited
oscillation.

Fig. 4. Workpiece vibration (movement) at low spindle speed (n = 710 rpm, h = 6, Dmill = 20,
z = 3).

Figure 5 shows a fragment of the workpiece vibration at high-speed milling. The
cutting time is less than the period of one regenerative wave. The workpiece movement
depends on its initial position when the tool impacts (P1), the modal properties of the
part structure, and the cutting time.When the tooth exits from the part (point P2), it starts
to have a free oscillation until the next tooth entrance. Its modal properties determine the
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movement of the workpiece at this time, the position of the workpiece when the cutting
process ends (point of tooth exit), and the idle running time.

Fig. 5. Principle scheme of the workpiece deflection at high-speed milling of thin-walled details
and parameters affecting the motion of the part (for variables description, see Table 1).

Table 1. Variables are shown in Fig. 5.

During cutting time: During free movement:

- Point of tooth entrance – P1, P3 (distance from equilibrium
position along workpiece displacement Y)

- Point of tooth exit – P2, P4

Natural frequency - fn Natural frequency - fn

Damping ratio - ξcut Damping ratio – ξ

Cutting time - τcut Idle running time τi.r.

A good state of the cutting process is guaranteed if the part l when the tool tooth
starts to cut P1, P3 along y-direction (Fig. 5) has more or less the same range. In this
case, the radial depth of cut is more or less constant during the whole machining process.
The proposed figure describes the ideal situation when the workpiece displacement at
point P1 and P3 is equal.

Suppose the part deflection (point of measurement) changes at the location of tooth
entrance (P1, P3) from cutting to cutting. In that case, it is not possible to obtain a good
surface finish because the radial depth of cut and, hence, chip thickness is different for
every cut (P1, P3). The larger the difference between positions of the workpiece at the
place of tooth entrance, the larger the fluctuation of the radial depth, resulting in bad
surface quality.

From Fig. 6, it can be seen that if the workpiece (point of measurement) has a big
fluctuation (upper figure) at the time of tooth entrance/exit, a poor surface finish is
generated. In case the tool enters/exits at the same value of workpiece positions (Fig. 6,
below), then a high-quality surface finish is achieved. The parameter characterizing the
fluctuation at the tooth entrance point and the cutting condition is the peak-to-peak value
of the workpiece deflections when the tool tooth starts to cut (Pentrance).
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Fig. 6. Workpiece vibration at thin-walled end milling at different cutting states (experimental
results, obtained with 6 mm thick plate).

4 Results

Down-milling experiments (dry machining) were performed at different spindle speeds
ranging from 500 to 10000 rpm, with steps of 100 rpm. Other cutting parameters were
kept constant: feed per tooth (ft) 0.05 mm, axial depth of cut (ap) 2 mm, radial depth of
cut (ae) 0.5 mm, tool diameter (Dmill) 19mm, number of the teeths (Nt) 4.

Two thin plates, steel: S235, length: 80 mm, width: 60 mm with different thickness
(h), were applied as the workpiece. Table 2 gives the modal parameters (measured
experimentally by impact test) of the part.

Milling test results show that the peak-to-peak value of point of tooth entrance
significantly changes within the observed spindle speed range (Fig. 7, Fig. 8). It was
chosen 100 cuts at the center of the workpiece and the distance of 10mm for analyzing.
It should be noted that part behavior shows typical cases valid along the whole tool path.

Table 2. Modal properties of the part.

The thickness of the plate (mm) f n(Hz) ξ k (N/m)

6 560 0,01 992 × 103

8 787 0,012 2398 × 103

Minimum workpiece deviation (deflection) when the tool inserts the workpiece
guarantees optimal cutting conditions and good surface quality.

The ideal cutting parameters for the 6 mm thick plate (Fig. 7) was observed within
the following spindle speed regions � = 2300–2700 rpm; � = 3200–3700 rpm; � =
4800–8000 rpm and � = 9700–10000 rpm.

For a spindle speed � = 8400 rpm, a large amplitude at the natural frequency of
the part system and tooth passing frequency is observed. Because the frequencies are
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Fig. 7. Tooth entrance position vs. spindle speed, oscillogram of workpiece deflection, and
spectral analysis (h = 6 mm).

within the same range, the “beat” phenomenon took place, meaning that the position
of the workpiece (point of measurement) is different at every consecutive cutting. Such
behavior of the vibrating system (thin-walled detail) is typical in large workpiece fluc-
tuations at the time of tooth entrance. The spectra are dominated only at a tooth passing
frequency when low tooth entrance point fluctuation is achieved (� = 6600 rpm). We
deal with low amplitude in such cases.

The stability lobe diagram, calculated for the 6mm plate, is shown in Fig. 8. The
stability chart has been calculated with 100 points discretized the delay period, and the
stability charts were computed on a 400 × 300 grid. Obtained results claim that most
of the milling tests should be conducted under unstable cutting conditions. Moreover, at
the spindle speed ranges where stable cutting conditions are defined, milling tests show
high vibrations.

Fig. 8. Stability lobe diagram (h = 6 mm).
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The most ideal cutting parameters for the 8 mm thick plate (Fig. 9) was observed
within the following spindle speed regions: � = 2300–2400 rpm, � = 2800–3000 rpm,
� = 3700–3900 rpm, � = 4900–5700 rpm and � = 7400–10000 rpm.

Fig. 9. Tooth entrance position vs. spindle speed (a), oscillogram of workpiece deflection (b), and
spectral analysis (c) (h = 8 mm).

When bad cutting conditions occur (Ω = 6000 rpm), a large amplitude at the natural
frequency, tooth passing frequency, and sub-harmonic was observed. Due to the vicinity
of the natural frequency and the sub-harmonic of the tooth passing frequency, the “beat”
phenomenon took place, and cutting occurs with high fluctuation of the part when the
tooth starts to cut. The spectra have low amplitude for the 6mm thick plate and are
dominated only at a tooth passing frequency when the cutting process occurs at good
cutting conditions (Ω = 8900 rpm).

The stability lobe chart for the 8mm plate (Fig. 10) and fluctuation of part position
when the tooth starts to cut (Fig. 9) show that at spindle speed ranges where stable
condition should be observed, a high vibration level was detected.

Fig. 10. Stability lobe diagram (h = 8 mm).
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The character of the curves for both plates (Fig. 7, Fig. 9) is the same, but the regions
of maximum and minimum workpiece vibrations take place at different spindle speed
ranges. However, considering the workpiece vibration as a function of the ratio of the
tooth passing frequency (f z) and the natural of the part, l (f n), it becomes clear that
the same regularities determine the state of processing for both workpieces (Fig. 11).
The worst processing condition was observed in spindle speed regions when the tooth
passing frequency is close to the natural frequency of the detail (f z/ f n= 1). The same
is seen for frequency ratios (f z/ f n) of 0,5; 0,33; 0,25; but with decreasing trend. When
the ratio was lower than 0,2, then the system has time to make one or more self-excited
oscillations during the cutting process, e.g., for observed modal properties of the system
and milling condition, the period of one cutting has become more than chatter period.
In that case, the stability of the process should/can be analyzed and evaluated using
classical stability theories.

Fig. 11. Pick-to-pick value of point of tooth entrance vs. ratio of tooth passing frequency and
natural frequency of the detail.

It can be concluded that vibrations during machining of thin-walled parts are related
to resonance phenomena. Due to the infinite number of higher harmonics of the tooth
passing frequency, spindle speed regions with large workpiece vibrations might be end-
less when the tooth passing frequency is equal or in integer number times lower than
the natural frequency thin-walled structure. However, at low spindle speed, when one or
more regenerative waves are placed on the cutting surface, regularities are not dominated
based on the resonance phenomenon. In such a case, chatter determines the quality of
the machining. Moreover, at low spindle speeds, the oscillation is significantly damped
during the free workpiece movements between cuttings, resulting in soft workpiece
amplitudes when the tooth enters the workpiece.

5 Conclusions

Milling of complex shaped thin-walled components always occurs under interrupted
machining conditions, which is an important difference from classical end milling.
Experimental results show that the worst processing conditions occur in a spindle speed
range where the natural frequency of the part is in the vicinity of the tooth passing fre-
quency or its sub-harmonics. Such conditions should be avoided. Simultaneously, the
best milling conditions and good surface quality are achievedwhen the natural frequency
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of the part feature to be machined is lower or between sub-harmonics of tooth passing
frequency.

Milling of thin-walled components deals with short cutting lengths, contributing to a
decrease in the number of regenerative waves on the cutting surface. As a result, there is
less than one regenerative wave beginning from relatively low spindle speed. Therefore,
vibrations in high-speed milling of thin-walled structures are rather caused by resonance
phenomenon than by self-excited oscillation.

These findings have been supported by experimental validation where two thin-
walled structures have been machined. The worst processing conditions occur when the
tool impacts the workpiece when its amplitude of vibration is high.
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Abstract. A dynamic model of the external turning of the screw workpiece outer
edge is worked out. The differential equations of the system motion to determine
the torsional and linear vibrations of a screwworkpiece, amandrel, and a cutter are
deduced. Based on research analyses, the analytical dependences for determining
the dynamic loads on the system are developed. The graphic dependences of
variation value of cutting force in time are developed, as well as the angle change
of screw workpiece deformation in time, and the linear deformation while turning
the screw workpiece outer edge. The cutting conditions for turning the screw
workpiece outer edge are experimentally specified. According to the results of
the experimental study of turning L-shaped auger spirals, outer edges made of 30
Steel (eq. C 30), 20 Steel (eq. C 22), and Steel 08kp (eq. St14), the increase in
cutting speed reduces the cutting force. The increase of cutting depth and feed
leads to increased cutting force.

Keywords: Curved profile · Turning · Cutting · L-shaped · Screw

1 Introduction

Screw machine parts and mechanisms are widely used in various technical systems, as
well as their sub-type - the L-shaped auger spirals (LSASs), due to the peculiarities
of their geometric structure. They are used as the working bodies of screw conveyors,
mixers, grinders, granulators, separators, screw conveyors, and spiral descents in the
construction, food processing industry, powder metallurgy, agricultural machinery, ven-
tilation, and heat exchange systems. Nowadays, the production of advanced technology
systems with screw workpieces must meet the higher requirements for their quality and
accuracy. Screw workpieces (SWs) manufactured by deforming the tape or sheet work-
pieces do not always provide the required accuracy of external and internal diameters.
Dimensional deviations are 2 mm or more, the ovality and eccentricity - approximately
1 mm. For modern machines and mechanisms, these deviations are not acceptable.
According to analysis, the dimensional and shape tolerance for the surface should be
less than 0.5 mm. Therefore, the challenge is to introduce the turning operations in SW
manufacturing processes, and in some cases – the grinding operations.
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2 Literature Review

The use of augers with inclined turns set at a certain angle to the axis provides a sig-
nificant increase of efficiency in transportation [1], compared to augers with spirals set
horizontally to the axis. The firms inmany countries manufacture screwworkpieces with
a curved profile; however, they face a problem providing the accuracy of geometrical
dimensions. In the article [2] designed experiment procedure, the model’s reliability is
validated by comparing predicted and measured results. Study [3], based on the model
for the cutting process concerning the delayed argument, proposes to employ a heuris-
tic criterion for selecting the frequency of change in speed considering a minimum of
power consumption for the process of cutting. Further studies [4–6] determining the
optimum relationships between the amplitude and frequency of spindle speed variation.
This paper proposes an algorithm that can significantly improve the part machining
accuracy without increasing the machining time, organized in the form of the model by
state variables and the Runge-Kutta procedure of integration [7, 8]. The authors pro-
pose a solution to the problem of increasing dimensional accuracy in turning equipment
by replacing the original geometric model of the workpiece in the model, taking into
account elastic deformation force occurring in the technological system under the action
of cutting forces [9–11]. In this model, the impacts of cutting parameters on energy
are fully considered, and the MATLAB optimization toolbox is used for the solution
[12]. The paper [13, 14] discusses custom systems for hi-tech production complexes in
studying the principal steps and influence factors. The article [15] considers innovative
methods in modeling and designing machining systems drives and machine processes.
Therefore, the challenge is to develop the progressive methods of manufacturing augers
and their sub-type - L-shaped auger spirals with high precision geometrical dimensions.
The feature of this turning is the occurrence of shock loads and the screw workpiece’s
deformation during cutting.

3 Research Methodology

The features of SW geometry significantly affect the dynamics of SW turning and the
development of the necessary equipment and tools. The passable cutters can be used to
turn both the internal and external SW diameters and the typical cylindrical surfaces.
However, there are some significant differences. First, SWs possess relatively low stiff-
ness, and second, they belong to discontinuous surfaces. Therefore, the process of SW
turning is associated with extremely complex shock and shaping processes; it especially
concerns the turning of an LSAS curved profile.

Consequently, there is a need to develop a mathematical model to study the nature
of load changes on the system’ LSAS, mandrel, cutter’ when turning. Turning the LSAS
discontinuous surfaces is considered the transient dynamic process. The study of the
dynamic systemdetails by taking themoff the chain cannot provide a sufficiently accurate
picture of actual stresses in constituent parts of the system’ LSAS, mandrel, cutter’.
Therefore, the system of interrelated parts should be calculated considering the elasticity
of links and the vibration motions of all elements.

The schemes of turning the screw workpiece are shown in Fig. 1 and Fig. 2. The
feature of this scheme is the diameter of the LSAS after formation. It varies along the
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axis of the mandrel. The LSAS surface is cone-shaped with an angle α. After turning,
the LSAS gains the form of a cylinder. The value of moments of elasticity forces for
the system shown in Fig. 1 can be found by solving differential equations of motion -
dynamics equations that describe transients in the system’ LSAS, mandrel, cutter’.

Fig. 1. Scheme of turning the SW with a curved profile: 1 - screw workpiece; 2 - mandrel; 3
– cutter.

Fig. 2. General view of the process of turning the outer edges of an SW curved profile.

To study the actual process of turning with all constituents, it is necessary to create
a complex system of differential equations. Therefore, to determine the basic nature of
LSAS turning, the secondary factors should be neglected.

The system’ LSAS, mandrel, cutter’ is considered a mechanical model consisting
of lumped masses connected by elastic links. Elastic links are permissible weightless
and are characterized by constant stiffness coefficients. Local stresses and strains in the
joints of individual elements of the system can be neglected. We should choose such
transients and natures of the applied forces changes that allow obtaining in a transient
process the maximum possible values of moments and elasticity forces in individual
elements of the system.

According to the above, the system’ LSAS, mandrel, cutter’ can be generalized to an
equivalent multi-mass system shown in Fig. 3. The concentratedmasses, shown in Fig. 3,
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include I1, I2 are LSAS and mandrel generalized moments of inertia correspondingly;
m1,m2,m3,m4,m5 is LSAS, mandrel, cutter, cutter carrier, carriage masses correspond-
ingly. Screw workpiece turns are compressed together and do not boarder tightly to
each other. During SW turning, the deformation of LSAS sheet materials occurs. This
deformation negatively affects the quality of a finished surface. In addition, in (Fig. 3),
are marked: C12, C2 are LSAS, and mandrel generalized stiffnesses. The generalized
coefficients of linear stiffness are marked as well: k12z, k12y are generalized LSAS linear
stiffnesses in the direction of axes z and y; k2z, k2y are generalized linear stiffnesses of
a mandrel in the direction of axes z and y; k34z, k34y are generalized linear stiffnesses of
a cutter in the direction of axes z and y; k45z, k45y are generalized linear stiffnesses of
a tool carrier in the direction of axes z and y; k5z, k5y are generalized linear stiffnesses
of a carriage in the directions of axes z and y. Besides, the damping coefficients are
marked: β12ϕ is the coefficient of damping the torsional modes between the mandrel
and LSAS; β2ϕ is the coefficient of damping the torsional modes between a mandrel
and a spindle; β12z, β12y are coefficients of damping the linear oscillations between the
mandrel and LSAS in the direction of axes z and y; β2z, β2y are coefficients of damping
the linear oscillations between a mandrel and a spindle in the direction of axes z and y;
β34z, β34y are coefficients of damping the linear oscillations between a cutter and a tool
carrier in the direction of axes z and y; β45z, β45y are coefficients of damping the linear
oscillations between a tool carrier and a carriage in the direction of axes z and y; β5z,
β5y are coefficients of damping the linear oscillations between a carriage and a bedplate
in the direction of axes z and y.

Fig. 3. Scheme of the dynamic model of turning the screw workpiece with a curved profile.

The cutting force (metal chips formation) affects the mass I1, m1, an LSAS, and
a cutter m3. This force is composed of shock loads and the resistance force of cutter
movement along the back surface. It is decomposed into tangential component Pz and
a radial component Py. LSAS turning may be considered as the intersection of two
surfaces: the LSAS external diameter and the screw surface of finishing from a cutter
feed. The law of changing the loads on LSASs can be considered as a function from the
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time t or the value of relative motion of the cutter top and an LSAS along the length l of
the tool contact line with the LSAS body in fixed coordinates.

The contact time of the cutter and an LSAS equals:

tκ = H + δ

2 sin(γ1 ± γ2)π · R · n (1)

where H is the thickness of LSAS material, mm; δ is LSAS surface deflection along
the normal to the contact point, mm; γ 1 is the inclination angle of the midline of LSAS
outer radius, grad; γ 2 is the inclination angle of the screw line of cutter feed, grad, n is
a number of spindle revolutions per second, R is the radius of turning.

The formula (1)+ sign refers to the processing of right spirals using the right cutter,
and the sign – to the processing of left spirals. The angular displacements of inertial
masses ϕ1, ϕ2 and the linear displacements of masses in the direction of axes z and y
are chosen as the generalized coordinates: z1, z2, z3, z4, z5, y1, y2, y3, y4, y5.

At the beginning and the end of the cutting area, the value of cutting depth tp and feed
S is changed. Therefore, in these areas, the cutting forces Pz(t) and Py(t) are presented
by increasing and decreasing linear dependencies. In the area with the constant cutting
depth and feed, the cutting forces Pz(t) and Py(t) are assumed constant with sufficient
accuracy and can be determined by empirical dependencies.

The differential equations of motion of the system for forced torsional vibrations
and linear displacements using Lagrange equations of the second kind are deduced:

I1 · φ̈1 + C12 · (φ1 − φ2) + β12
(
φ̇1 − φ̇2

) − k12z(z2 − Rφ1 − z1)R− β12z
(
ż2 − Rφ̇1 − ż1

)
R = Pz(t) · R;

I2 · φ̈2 + C2 · φ2 + C12 · (φ2 − φ1) + β2 · φ̇2 + β12
(
φ̇2 − φ̇1

) = 0;

m1 · z̈1 − k12z(z2 − Rφ1 − z1) − β12z
(
ż2 − Rφ̇1 − ż1

) = Pz(t);

m2 · z̈2 + k12z(z2 − Rφ1 − z1) + β12z
(
ż2 − Rφ̇1 − ż1

) + k2zz2 + β2z ż2 = 0;

m3 · z̈3 − k34z(z4 − z3) − β34z(ż4 − ż3) + k2zz2 = Pz(t);

m4 · z̈4 + k34z(z4 − z3) + β34z(ż4 − ż3) − k45z(z5 − z4) − β45z(ż5 − ż4) = 0;

m5 · z̈5 + k45z(z5 − z4) + β45z(ż5 − ż4) + k5zz5 + β5z ż5 = 0

m1 · ÿ1 − k12y(y2 − y1) − β12y(ẏ2 − ẏ1) = Py(t);

m2 · ÿ2 + k12y(y2 − y1) + β12y(ẏ2 − ẏ1) + k2yy2 + β2yẏ2 = 0;

m3 · ÿ3 − k34y(y4 − y3) − β34y(ẏ4 − ẏ3) = Py(t);
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m4 · ÿ4 + k34y(y4 − y3) + β34y(ẏ4 − ẏ3) − k45y(y5 − y4) − β45y(ẏ5 − ẏ4) = 0;

m5 · ÿ5 + k45y(y5 − y4) + β45z(ẏ5 − ẏ4) + k5yy5 + β5yẏ5 = 0· (2)

An example of the cutting force change while turning screw elements with vari-
able cutting depth during the periodic cutting is shown in Fig. 4, obtained based on
experimental data.

Fig. 4. Graph of changes of cutting force Pz (t) in time.

The deformation of elastic elements of the system during the turning of the LSAS
occurs when the interaction of a cutter and a turn occurs. This moment is considered
a time-reference point. Therefore, the initial relative coordinates and rates are assumed
equal to zero. Further deformation occurs due to external forces. Differential equa-
tions (2) should be solved on the computer by applying a standard sub-program of the
Runge-Kutta numerical method.

4 Results

Based on the research results, the following graphic dependences are developed during
the turning of an LSAS made of steel and with a radius of 100 mm: the angle change of
LSAS deformation in time (Fig. 5) and linear deformation of an LSAS in time (Fig. 6).

To test the adequacy of the proposed system of differential equations, all its compo-
nents were determined experimentally. The developed graphic dependences prove that
the angle of LSAS deformation in time increases when the cutting depth increases to
0.15°. Then it gradually decreases with damped vibrations to zero during the exit of a
cutter from the cutting area. The study technique for turning the outer edge of LSAS
by a tight package (Fig. 2) is as follows. The mandrel is set in a spindle of the lathe
16K20; a cutter is set in a cutter carrier. The turning process, accompanied by collecting
the necessary data using the frequency converter Altivar and the software PowerSuite
v.2.5.0, is carried out.

The technological process of turning the outer edge of an SW curved profile is
applied to the original SWwith an outer diameter of 90 mm. A spiral turn width of 2 mm
(material is Steel 08kp (equivalent St14).
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Fig. 5. Graph of the angle change of deformation of the screw workpiece in time.

Fig. 6. Graph of changes of linear deformation of a screw workpiece in time.

In the process of shelf formation by a forming roller at the initial corner of the first
spiral 45 grades, an angle of each next turn of a screw workpiece is reduced by 0.35°–
0.45°. Under such conditions, the last turn of a screw workpiece (for 10 turns) is from
44° to 43°. Therefore, if the angle of an inclined shelf is reduced, the obliquity in all
cases is created in the external outline of a formed workpiece (Fig. 1). Therefore, after
one-step calibration of a screw workpiece, the diameter along the whole length of a
working body is non-uniform. Experimental studies were conducted to determine the
maximum values of cutting forces that occur during the turning.

The parameters of the screw workpiece under study were as follows: material - Steel
08kp, 20 Steel (equivalent C 22) and 30 Steel (equivalent C 30), the range of external
diameters – from 90 to 130 mm; the thickness of the outer edge – from 1 to 3 mm and
the shelf inclination angle from 30° to 60°. According to experimental researches, the
cutting speed should possess certain values. Otherwise, the external screw surface can be
deformed. The range of cutting speeds was determined experimentally. Thus, to achieve
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sufficient surface quality, particularly the surface roughness Ra= 4.2–7.5μm and IT10,
the cutting speed should be approximately 300 m/min.

If the thickness of a screw surface increases by more than 0.5 mm, the screw speed
can be reduced to 100–200 m/min. However, the quality of finishing is one to two orders
of magnitude smaller. The pulsing nature of the cutting force dependence in time can
be traced in oscillograms. Based on experimental data, graphical dependencies of the
angle change of shelf inclination on cutting force (Fig. 7) and the change of cutting
force on the cutting depth are developed (Fig. 8). If the cutting force ranges from 500 to
550 N, the angle of shelf inclination remains unchanged. If the cutting force increases
to 550… 900 N, the angle of shelf inclination increases to 1.6°. For steels with higher
yield strength, greater cutting forces occur.

Fig. 7. Dependences of the angle change of shelf inclination of cutting force during turning: 1)
30 Steel; 2) 20 Steel; 3) Steel 08kp.

Fig. 8. Dependence of the cutting force change on the cutting depth: 1) 30 Steel; 2) 20 Steel; 3)
Steel 08kp.
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5 Conclusions

Based on research analyses, the analytical dependences for determining the dynamic
loads on the system are developed. The graphic dependences of variation value of cutting
force in time are developed, as well as the angle change of screw workpiece deformation
in time, and the linear deformation while turning the screw workpiece outer edge.

The graphic dependences of variation value of cutting force in time, the angle of
LSAS deformation in time during the cutting an LSASwith a radius of 100mmandmade
of Steel 08kp are developed. The graphic dependences of linear deformation changes
of an LSAS in time are developed as well. Based on the research results, the nature of
changes of cutting forces in a range from 690 to 780 N per 0.5 s was defined. The cutter
vibrations within 0.02–0.07 mm and SW vibrations within 0.03–0.17 mm per 0.07 s
were studied. When the cutting force is less than 550 N, the angle of shelf inclination
is virtually unchanged. When the cutting force increases, the angle of shelf inclination
reaches 1.6°.
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Abstract. Most S-bandwaveguides aremanufactured from a calibrated rectangu-
lar tube supplied with the required channel surface accuracy and quality. However,
for the compactness of the transmission line, waveguides are made with corner
bends and variable cross-sections, which are made by welding or soldering. Dur-
ing manufacturing, defects and deformations occur in the weld zone, which are
eliminated by finishing. The main problem here is the assurance of required char-
acteristics of current-carrying surface in weld zones. Several methods for machin-
ing waveguide channels provide the necessary roughness, although not all of them
apply to rectangular cross-sections and, for machining, corner bends. Previously,
the influence of the micro roughness height on the waveguide electrical char-
acteristics was studied, but different finishing methods create their characteristic
micro-relief, the direction of micro roughness, a certain degree of work hardening;
all these factors also affect the electrical characteristics of working surfaces and
require further research. In this work, comprehensive studies have been carried
out to study various methods and tools for finishing, making it possible to machine
hard-to-reach places ofwaveguide corner bends, including ensuring thewaveguide
electrical parameters. Based on the work results, rotating polymer abrasive tools
are recommended to finish the weld-affected zones of waveguide corner bends,
which provide a favorable surfacemicro-relief and improved electrical parameters.
A model is proposed that makes it possible to predict the attenuation coefficient
taking into account the presence of areas with inhomogeneous roughness.

Keywords: Rectangular waveguide · Attenuation coefficient · Conductivity ·
Finishing · Roughness · Texture direction ·Work hardening · Tube brush ·
Polymer-abrasive filament

1 Introduction

Most radar stations operate in the S-frequency range (f = 2...4 GHz) of H10 type elec-
tromagnetic waves. The basis of the transmission line of these devices are waveguides,
which are a construction welded or soldered of flanges and sections of a thin-walled
rectangular pipe, which in the delivery state meets necessary standards of accuracy
and quality of the channel surface. The waveguides are made of aluminum and brass.
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For compactness of transmission lines, waveguides have corner bends, variable cross-
section, which increases the number of welds (Fig. 1). During welding and soldering,
waveguide section deformations and surface defects (penetrations, lapping, steps) appear
in the seam zone; they are eliminated by subsequent finishing,while the rest of the section
does not require machining. The inner working surfaces of the weld-affected zone are
polished with tight tolerances (3...15)•107/f mm and roughness of less than Ra 0.8 μm.

Fig. 1. The appearance of corner waveguides.

It is known that the real electrical parameters of a waveguide often differ from the
expected values depending on the level of electrical conductivity of the material and
the height of the working surface micro roughness [1]. In turn, the control of the values
of electrical parameters is the main and final in the waveguide manufacturing, as it
gives an objective characteristic of their functionality. The main electrical parameters of
waveguides include:

1. Voltage standing-wave ratio (VSWR);
2. Attenuation coefficient;
3. Electrical strength.

The most significant electrical parameter in assessing the waveguide quality is the atten-
uation coefficient, which characterizes the amount of energy loss in the waveguide chan-
nel. It is known that the roughness increases the currents path length in the metal (Fig. 2).
With the value of microroughness (hA) equal to the current penetration depth (δ), the
losses increase about 1.6 times compared to the expected values. Therefore, to not
have losses related to roughness, the microroughness height should be less than half
of the current penetration depth in a given range (for aluminum 1.1...1.9 μm; for brass
1.9...2.8 μm) [2].

The waveguide electrical parameters are also related to the nature of the high-
frequency currents movement in the surface layer of the channel. The current motion
vectors JB and JC in the waveguide walls (Fig. 3) are directed perpendicular to the mag-
netic field vector H: on a narrow wall, they have only a transverse direction, and on a
wide one – both longitudinal and transverse directions [3, 4].

In addition, the transverse currents on the narrow walls do not depend on the y
coordinate and remain constant along the entire length. In contrast, the longitudinal
currents are equal to zero. On a wide wall, the currents depend on the z coordinate and
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Fig. 2. Influence of microroughness on the current path in the waveguide channel if the current
penetration depth (δ) is less than the microroughness height (hA).

Fig. 3. The current line structure in the walls of a rectangular waveguide for the H10 wave.

take a value from zero to a maximum distance of half of the wavelength. When finishing,
it is necessary to ensure that steps and grooves of micro roughness occurred due to the
machining neither cross the current movement lines nor increase their path length in the
metal.

It should be taken into consideration that the investigated waveguide is a thin-walled
aluminum complex spatial structure; its processing is carried out on a step-by-step basis,
oftenmanually, using toolswith lowdurability,which complicates the process of automa-
tion or mechanization. Moreover, not all methods for finishing waveguide channels that
provide the necessary roughness apply to rectangular cross-sections and machining cor-
ner bends. Often, the polishing of these places, due to difficult access to them, is carried
out with hand-held power tools (using sandpaper, cones) and does not even provide
the necessary roughness. Various methods of finishing waveguide create on the surface
their characteristic micro-relief, the direction of microroughness, a certain degree of
work hardening, which directly affects the electrical characteristics of current-carrying
surfaces. Therefore, the search and study of finishing methods, from the point of view
of providing a favorable micro-relief and the surface layer properties to ensure high
electrical parameters of bent rectangular waveguides of aluminum alloys, is of some
interest.
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2 Literature Review

Many studies [5, 6] on the influence of channel roughness parameters on losses in
waveguides, attenuation coefficient, and electric field distribution. In these studies [6,
7], the computational models of real waveguides are based on the use of correction
coefficients that consider the microroughness value and the ratio of the true length
of rough channel walls to the length of ideally smooth ones. It was found that the
waveguide surface roughness is random, and the microroughness height corresponds to
the Gaussian random process. It was shown in [8] that the presence of the waveguides
surfaces roughness is equivalent to a decrease in these surfaces’ specific conductivity
compared with the values included in the Shchukin-Leontovich boundary conditions for
smooth surfaces. Surface microroughness located along or across the current paths can
affect the wavefield structure in different ways and change the electrical parameters of
the waveguides. Therefore, when finishing the waveguide working surfaces, attention
should be paid to the direction of the microroughness induced by it.

Analysis of various methods for calculating the attenuation coefficient [9, 10] for a
rectangular waveguide with an ideally smooth inner surface has shown that the results
obtained with the same initial conditions differ significantly. Also, mathematical models
give significant deviations from real values.

Presently, to achieve the required surface roughness of thewaveguide channel, differ-
ent finishingmethods can be used, for example, anodic-abrasive polishing [11], abrasive-
extrusion processing [12], processing with polishing tools on special machines [13],
electrochemical polishing, and water jet machining [14]. However, these methods are
laborious and inefficient. The disadvantages of these methods are the need to prevent
deformation of thin walls during the tool movement under pressure, applicability only
to straight waveguides, or smooth, rather than angular, turns, the need to wash the
machined surfaces, sometimes disposing of waste. As a result, the finishing of corner
waveguides is performed mainly using small-scale mechanization; sandpaper, bit rotary
burrs, polymer-abrasive brushes [15] are used as tools.

During machining, each of the finishing methods also induces a certain degree of
work hardening of the surface layer. In this case,work hardening can change the electrical
conductivity of thewaveguidewall surface layer. For example, the electrical conductivity
of copper first increases slightly after work hardening to 35% and then begins to fall
again with an increase in the deformation level [16]; at the same time, the electrical
conductivity of the nickel-based alloy IN718 [17] first decreases and then rises with an
increase of hardness. In some cases, the deformation processing of the surface layer
can be accompanied by a decrease in the area of coherent scattering of the material and
redistribution of alloying elements [18]. Such changes can also affect both itsmechanical
and physical properties, such as modulus of elasticity and electrical resistance. This
shows the need to choose a rational method and processing modes in which a favorable
combination of surface properties is achieved in terms of reducing signal attenuation.
The higher the electrical resistance of the conductive layer is, the greater part of the
power passing through the waveguide is converted into heat. Since for the waveguides
under the investigation, the penetration depth of the high-frequency current is less than
the work hardening depth. Therefore, the study of the work hardening effect on the
electrical parameters is relevant.
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The purpose of this research was to determine experimentally the optimal method for
finishing hard-to-reach zones of waveguides corner bends, which ensures high quality,
favorablemicro-relief, andminimal additionalwork hardening of thewaveguideworking
surfaces, and as a result, the optimal electrical parameters in general.

3 Research Methodology

To study the influence of the finishing methods of the channel, full-scale aluminum
(AD0material) waveguides with a corner bend and channel cross-section of 72× 34mm
(Fig. 4) were used. Different tools were used to polish the inner channel at the seams after
straightening and mechanical processing of the flanges. The tools used are sandpaper on
a mandrel, a grinding flap wheel with a polymer on a flaring tool, an abrasive grinding
brush, a grinding head made of non-woven abrasive material, an endless grinding head
with an abrasive belt, and a belt made of non-woven abrasive tape. Polishing in the
seam zone was performed until defects were eliminated from a smooth transition to the
channel’s main surface. The instrument rotation was carried out following their design
features, inducing microroughness of a certain direction.

Fig. 4. The appearance of the test waveguides.

The grain size of the instruments was varied (F80; F120; F180) to obtain different
microroughness height. The equipment used was a Metabo GE710 Plus electric pol-
ishing machine, a Makita HP1630 electric drill, and a Makita 9032 electric band file,
providing a polishing speed of 2...25 m/s. The electrical parameters measured on the
ready waveguides were carried out in the S-frequency range of the H10 wave. During
the measurements, the values of VSWR, attenuation coefficient, and electrical strength
were determined.Aworkstationwas assembled fromaP2–56 panoramicmeter,matched
load, and the waveguide to be measured to check the VSWR. The workstation for test-
ing the attenuation coefficient consisted of a Rohde & Schwarz ZVH8 cable and antenna
analyzer, coaxial-waveguide junctions, and the waveguide to be tested. The electrical
strength of the waveguides was tested on a high-power stand, which included a P-604
power meter and an S1–65 oscilloscope; the waveguide to be tested was fixed using
adapters with an eyepiece. During the electrical strength test, the criteria for waveguide
conformity were the absence of arcing and breakdown in the test waveguide and the
absence of visible changes in the oscilloscope signal.
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To determine the surface roughness obtained by each specific finishing method, the
waveguides were cut after checking the electrical parameters. At the polishing zones,
samples of 30× 30 mm in size were cut out. The roughness was studied using a 171621-
profiler in the longitudinal and transverse directions. The amount of work hardening
formed by finishing was determined on the same samples as the roughness by measuring
the microhardness on a PMT-3 device at a load of 50 g and 100 g.

4 Results

All finishing methods gave a different quality of the conductive surface of the waveg-
uides, which in turn affected their electrical parameters. Polishing with a non-woven
abrasive wheel and a polymer-abrasive brush showed the results in roughness (Fig. 5,
6), a class higher than processing with abrasive paper (sandpaper on a mandrel, an
endless abrasive belt, and a non-woven abrasive belt) and with an abrasive flap wheel.
Furthermore, it showed 2 times less labor intensity.

Fig. 5. Surface roughness in the cross-section of the waveguide when polished with tools (F180
grain size).

Also, these methods have advantages when machining “soft” materials:

– The material of the tool support is “elastic”, which does not allow abrasive grains to
penetrate deeply into the material being machined;

Fig. 6. Surface profilogram after processing with polymer-abrasive brushes (a); sandpaper (b).
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– A low thermal and force effect is applied to the part surface;
– When a blunt, abrasive grain falls out, the base is erased, revealing new grains;
– The tool has a low tendency to load.

When polishing, the roughness measured in the direction of the tool movement
(rotation) was on average one class higher than the transverse one.

Whenmachining by all methods, the influence of the value and different directions of
the obtained roughness on VSWR and electrical strength in the investigated frequency
range was negligible. For all investigated waveguides, the VSWR was less than the
acceptable values and the electrical strength corresponded to the technical requirements.
A significant change in the values of these parameters, including going beyond the
permissible limits, is usually observed in the presence of homogeneities of the channel
surface (penetrations, solder beads, ledges, burrs, etc.). During the experiments, these
defects were not allowed. Therefore, stable results were obtained, and no significant
difference was observed in them.

A simultaneous study of local surface hardening due to processing with the above-
mentioned tools showed that the amount of surface work hardening during processing
with a polymer-abrasive brush was minimal and represented 1...3% (due to thinned-out
fibers and their little extension), while during processing with sandpaper on the mandrel
the maximum work hardening of 5...20% was obtained. Therefore, the machining with
a brush did not cause a significant change in the electrical conductivity of the surface
layer and, as a result, in the attenuation coefficient.

It was experimentally proved that with a decrease in roughness, the value of the atten-
uation coefficient decreased. The attenuation coefficient at a channel surface roughness
Ra of 1.6 μm for this waveguide design was 3...3.5 times higher than at Ra 0.8 μm.
Different attenuation values were obtained when machining with varying tools of finish-
ing with the same grain size. This is primarily because tools of different hardness form
different microroughness height on the surface (Fig. 7).

Fig. 7. Influence of processing method on attenuation coefficient for type 2 waveguide.

Whenmachining with the same tool material, in the samemodes, but with a different
direction of tool rotation, another direction of microroughness was obtained: along and
across the channel. It was found that the attenuation coefficient was less by 25...40% in
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the case when directional lines of the surface microroughness run across the waveguide
channel (Fig. 8).

Fig. 8. Influence of roughness on the attenuation coefficient when polishing waveguides of three
types (1–3) with sandpaper across the channel (a); along the channel (b).

The channel of the investigated waveguides has dissimilar roughness: the weld zones
differ after finishing while the main surface of the waveguide tube remains in the as-
delivered state.

Therefore, the measured attenuation coefficient is significantly different from the
calculated one obtained without considering the heterogeneous roughness (Fig. 9). The
range of experimental values can be explained by the influence of additional factors of
hand-processed waveguides; the waveguides machined with polymer-abrasive brushes
gave stable results.

Fig. 9. Comparison of the experimentally measured attenuation coefficient for polishing along
(1) and across (2) the waveguide channel and the attenuation coefficient calculated for ideally
smooth walls (3).

Therefore, based on the experiments and analysis of existing dependencies, the
following formula was proposed for the attenuation coefficient of the H10 wave of a
rectangular S-band waveguide, where the roughness was taken into account:

α = αE + αR (1)

where αE is an attenuation coefficient, calculated according to the well-known formula
for a perfectly smooth surface [19, 20]; αR is an attenuation coefficient depending on
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the roughness of the current-carrying surfaces.

αR =
(
2.02 · S1

S2

) 4·RaT
δ − 1 (2)

where δ is the penetration depth of the high-frequency current, μm;
RaT is the roughness of the current-carrying surfaces measured across the channel,

μm;
S1 is the area of the polished surface, m2;
S2 is the area of the initial channel surface, m2.
The formula has been tested on angular waveguides having surfaces with different

roughness and made by this method for the H10 wave. It takes into account the ratio of
areas with different roughness instead of a correction factor used before.

The calculation error does not exceed 8%.
Since the attenuation coefficient is a frequency-dependent characteristic, then for

waveguides with a different cross-section, operating frequency, and wave type, it is
necessary to conduct similar experiments and derive an updated attenuation coefficient
based on these results. The general formula for the entire frequency range from 300MHz
to 30 GHz, even for a certain (specific) wave type, has a big margin of errors due to
different penetration depths and different roughness requirements.

5 Conclusions

Polymer-abrasive brushes were also used for finishing operations on other aluminum and
brass rectangular waveguides with corner bends; they provided a favorable micro-relief
of the working surfaces of hard-to-reach places, minimal additional work hardening, and
optimal electrical parameters for all the researched waveguides.

Compared with other types of tools with similar processing modes and grain size
of the abrasive tool, the attenuation coefficient values were 1.5...2 times lower, and the
productivity of the polishing process was 2...3 times higher.

The mathematical dependence of the attenuation coefficient was developed where
the inhomogeneous roughness of the channel of the S-band rectangular waveguide was
taken into account.

Based on the results obtained, it is necessary to automate ormechanize the processing
with polymer-abrasive brushes since they have high predictable durability [21].
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Abstract. Amethod for determining themost dangerous zones of the hob cutter to
develop the fastest wear of teeth and edges by the criterion ofmaximum friction on
the contact surfaces has been developed. The geometric model of 3D undeformed
chips, which is the basis for determining the force and tribological load, considers
the actual shape of the transition surface in each gap, considering the shape and
size of the inner surface of the chips, which is formed during the previous axial
position of the hob. The cutting force was investigated as a function of the cross-
sectional area and the chip compression ratio. This value is set depending on the
variable thickness of the cross-sections and is determined using the Deform 2D
software. The effect of changing the actual geometry of the cutting wedge of the
hob’s teeth on friction and contact conditions on the flank face of the trailing edges
ultimately determines the maximum wear of the hob cutter.

Keywords: Hobbing · Cutting forces · Dynamic process · Gear wheel · Cutting
simulation · Friction process

1 Introduction

Many practical problems are possible at the present stage of scientific research devel-
opment based on complex simulations of cutting processes. Hobbing is one of the most
complex cutting processes because multi-toothed, multi-edge, intermittent and helical
tool is used, with non-free triangular cutting on most teeth. This is the complexity of its
modeling and predicting of the wear rate.

The main factor in the loss of cutting properties of teeth and edges is the heat
generated in the working area and the change in mechanical properties of the cutting
wedge due to the high temperature, particularly reducing hardness and wear resistance.
In turn, the main factor and heating of the teeth of the hob cutter is the friction on its
contact faces during the machining process. Based on this, information about the areas
of maximum friction and patterns of its distribution on work faces can serve as a basis
for predicting the intensity of wear of teeth and cutter edges and develop measures to
prevent wear of these zones by various measures- design and technology.
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2 Literature Review

Numerous scientific works are devoted to solving this problem by computer modeling.
Thus, in [1], developed methods for approximating wear on the geometry of chips and
its parameters – thickness and length and the chip compression ratio, are determined
geometrically. The method for estimating wear on tooth angles depending on chip thick-
ness, deposition intensities, and chip length found graphically the parameters used in
these mathematical relations are explained graphically is described in the article [2].

A partial task - the study of the influence of the geometry of the tooth and the radius
of rounding of the top edges of the hob teeth on the total wear rate of tool profile and
workpiece geometry is described in articles [3, 4].

Numerous works determine the cutting force during milling and its components in
the frame of reference of the tool and machine [1, 5–7]. A similar problem was solved
in [8, 9], where the calculation of the deformation load on the tops of the teeth is given,
which is considered as one of the criteria for wear. Wear prediction is based on modeling
of chip formation and load on the rail by the finite element method chip formation, and
the load on the rake face was FEM-simulated for the generating position with the largest
chip volume in the full cut is described. A partial task - the study of the influence of
the geometry of the tooth and the radius of rounding of the top edges of the hob teeth
on the total wear rate of tool profile and workpiece geometry is described in articles [3,
4]. However, the cutting force and its components can be used to evaluate the cutting
performance, which reflects the load on the cutting elements of the hob cutter, but this
parameter does not take into account friction in the hobbing process and only indirectly
corresponds to wear teeth and edges.

More accurate methods of predicting wear are based on simulation of stress-strain
state, cutting temperature, and contact pressure on every tool face location, and the
relative sliding velocity at the tool-workpiece interface by the FEM-based methods for
predicting tool wear progress [11–13]. However, computer visualization of the studied
parameters in such systems does not allow to fully take into account the conditions
of contact and friction on the teeth and edges of the worm cutter, taking into account
all possible options for chips and the possibility of cutting by one, two or three edges
simultaneously with different distribution of cut layers between leading, trailing and
head edges of hob cutter.

From the above, it follows that the task of developing theoretical foundations and
modeling friction on the contact faces of hob cutters in the process of gear machining
remains relevant. There is a need for a methodology based on the basic principles of
cutting theory and uses scientific developments in this field to analytically describe
deformation, tribological and thermal processes during hobbing, takes into account all
conditions, allowing more fully, accurately predicting wear zones, and values.

The purpose of this work is to study and analytically describe the friction on the
contact faces of the hob cutter to predict zones of most intense wear of its teeth and
edges and identify the possibility of reducing the negative influence of technological
factors on the durability of hob cutters.
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3 Research Methodology

In [14, 15], the power load on the tooth and the edges of the hob cutter was simulated
and studied. The mathematical model of the cutting force of hobbing is presented in a
three-dimensional force field and is used for specific initial conditions. According to this
method, the force is considered as a result of solving a number of interrelated problems:
geometric modeling of 3D undeformed chips, shear intensity, friction on the head, and
side edges on the sequence of all active teeth of the hob on the helical surface and
the rails. In contrast to the existing methods of modeling cutting sections, the developed
technique considers the traces of all teeth that formed gaps in the previous position of the
cutter on the axial feed, which provides higher accuracy of three-dimensional structure
and size of chips.

As an example of geometric modeling, Fig. 1 shows the shape of a three-dimensional
undeformed chip, which is cut by one of the teeth of the helical line of the hob cutter in
three angles, designed in the AutoCAD. In the same system, the calculation of quantita-
tive parameters of each cut layer is carried out: the cross-sectional area, thickness, and
width, and length of edges cutting.

Fig. 1. 3D model of undeformed chips cut by one of the hob cutter teeth.

Using the experience of these works and the basic provisions of the theory of cutting,
the friction on the working faces and edges of the tool can be simulated. Besides, it is
essential to investigate the kinematic angles on the side edges and the change in the
conditions of deformation and friction because this factor is not taken into account in
the known scientific works on this topic.

3.1 Methods for Determining the Actual Geometric Parameters of the Hob
Cutter and Their Effect on Contact Loading and Friction

The hob must be pre-installed at an angle to the end of the wheel to be machined. For
the spur wheels, this angle is equal to the angle of the rise of the screw surface of the
cutter. As a result, the actual geometric parameters of the cutter will be different from
the static ones, i.e., those obtained by the hob during manufacture. The top edges of the
hob cutter teeth due to backing-off have a significant positive flank angle (about 4–7°)
depending on the outer diameter of the cutter. The rake angle for the standard hob cutters
is zero. Changing these angles after installing the hob has no significant effect on the
cutting process.
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However, the installation of the cutter at an angle to the plane of the cutting speed vec-
tor changes the operating conditions of the side edges, and the cutting process becomes
oblique. In the process of hobbing, the rake face of the tooth is inclined relative to the
plane of cutter rotation, as shown in Fig. 2, and the actual or kinematic angles on the
side edges differ from the static ones. Thus, for a suitable cutter with a helix angle λ,
the kinematic rake angle on the side leading edge becomes negative, equal to (−λ), and
the kinematic rake angle on the trailing edge becomes positive by the same value, i.e.
(+λ). The actual flank angles change oppositely: the leading edge receives a positive
flank angle λ, and the trailing receives a negative flank angle equal to (−λ). The change
in the actual geometry on the cutting edge of a single tooth is shown in the right corner
of Fig. 2 and Fig. 3.

Fig. 2. Kinematic scheme of the hobbing process and the change of the actual angles on the
cutting wedges due to the inclined installation of the cutter.

From the above, it follows that the forces of friction on the cutting faces on the top
and side edges, where the flank kinematic angles are positive, can be neglected, but it is
necessary to take into account the friction between the relief face and the workpiece on
the trailing edge, where the flank kinematic angle is negative. Therefore, the flank face
of the trailing edges is exposed to increased contact pressure and friction load.
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Fig. 3. Static angles of edges of the hob cutter tooth (a) and actual (kinematic) angles of cutting
edges (b) of hob: 1 - leading, 2 - head, 3 - trailing.

3.2 Method of Calculating the Friction Load on the Rake Face of the Hob’s
Teeth, Taking into Account the Kinematic Angles

As is known, the friction load on the rake face is determined by the intensity of contact
between the chips and this surface, depends on the intensity of chip compression ratio
due to shear (in the primary zone of plastic deformation) and causes deformation of chips
in the zone of secondary deformation. To calculation the desired parameters, we use the
fundamental laws of the cutting theory and the relationships between the components
of the forces acting on the cutting wedge.

The coefficient of friction μ and, accordingly, the friction angle ρ, which determine
the friction force on the rake face of the hob cutter, depending on the angle ω, defined in
the cutting theory as the angle of the action. This angle characterizes the cutting force
vector R (shaving) relative to the cutting speed vector. The direction of force R changes
at different values of the rake angle (Fig. 4).

Fig. 4. The angle of action and forces acting on the cutting edge when the tool’s rake angle γ >

0 (a), γ = 0 (b), and γ < 0 (c).

To calculate the value of the angle ω used the relationship between this angle and
the shear angle � [16]:

ω = I − � , (1)
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where angle:

I = (i0 − 6) · a−0.05 , (2)

a – cut thickness.

4 Results

Initial data for calculations and simulation are as follows: right-handed involute helical
work gear, workpiece material is high-carbon steel AISI 1045, normal modulus mn =
3 mm, number of gear teeth Zg = 36, gear helix angle β = 350; hob outside diameter
Da_h = 90 mm and number of column (flank teeth) q = 10; the hob helix angle, rigt: λ
= 2,13; up-cutting hobbing, axial feed fa = 3 mm/rev; depth of cut - full teeth height.

The value of the shear anglewas determined for these conditions based on rheological
simulation depending on the variable thickness of the cut layer on the edges. The value
of the parameter i0 is calculated experimentally for a number of structural materials (for
example, i0 = 50 for steel AISI 1045) [16]. According to Eqs. (1) and (2), the value
of the angle ω is calculated, and Fig. 5 shows graphs of changes in this angle by the
angle of rotation of the cutter on its turns, marked by numbers “−3”, “−2”, … “+2”.
The average value of the angle ω between the cutting speed and the cutting force vector
is equal: for the leading edge is 18°, for the head edge is 8° and for the trailing edge is
14°. Hereinafter, the graphs of the parameters that characterize the hobbing process are
smoothed and continuous. Although the cutting process itself is determined in successive
discrete relative positions of the hob cutter and wheel, multiples of turning the wheel at
the angle of profiling and turning by one angular step, the continuity of graphs allows
to represent better the general patterns of change of relevant parameters on the helical
surface or teeth of individual rails.
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Fig. 5. The angle of action: a - trailing edges; b - head edges; c - leading edges.

Determining the angle of actionω, the value of the friction angle ρ and the coefficient
of friction μ is found by the equation:

ρ = atgμ = ω + γ, (3)

When γ = 0, the friction angle ρ is equal to the angle of action ω, and the friction
coefficient is μ = tgρ = tgω .
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The force N is a component of the cutting force R on each edge, which is equal to
the geometric sum of the friction force F and the normal force N. In turn, the force R is
a function of the shear force P (Fig. 3):

R = P

cos(� + ω)
(4)

Taking into account the dependence (2), we obtain:

R = P

cos I
, (5)

and the normal force is equal to:

N = R · cos ρ = P · cos ρ

cos I
= P · cos ρ

cos(ω + �)
· (6)

Hence, the friction forces on the edges can be described by the following relationship:

F = N · μ = P · cos ρ

cos(ω + �)
· μ· (7)

In [14, 15], the formula for the shear force calculation on a single edge is used:

P = S · τ · ξ, (8)

where S is the cross-sectional area of the cut, mm2; ξ is the chip compression ratio; τ is
the shear strength of the workpiece, MPa; pc is the length of the cutting path, equal to
the length of the arc of contact of the tool with the workpiece, mm.

For the above initial data, Fig. 6 shows the shear force on the hob teeth at the angle
of its rotation, respectively, on the trailing, head, and leading edges on the turns of hob
cutter with № from (−3) to (+3). The larger value of the angle ω on the leading edges
is because the cross-sectional thickness of the sections is smaller, so the intensity of
deformation of the cut layer is higher, respectively, and the part of the cutting force that
depends on this factor will also be greater.
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Fig. 6. Shear forces on the edges: a - trailing, b - head, c – leading.

As can be seen from Fig. 3, taking into account the actual rake angle, the friction
angle also gets other values:

ρ = ω ± γ ; μ = tgρ· (9)
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where the sign “+ ” corresponds to the positive rake angle on the trailing edge of the hob
cutter tooth and the sign “−” for the negative rake angle on the leading edge (Fig. 3b).
For the head edge γ = 0.

According to the data above, the actual coefficient of friction on the rake face of the
hob’s tooth is described by the following equations:

– For the trailing edge: μ = tg (ω − γ );
– For the head edge: μ = tgω ;
– For the leading edge: μ = tg (ω + γ ).

Under these dependencies and for the above data, Fig. 7 shows graphs of changes in the
coefficient of friction on the rake face of the trailing, head, and leading edges of the hob’s
teeth of the second (relative to the central tooth) turn of the hob cutter on the output part
of the working zone.
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The largest value of the coefficient μ on the trailing edges does not exceed 0.6, the
largest value of μ on the head edges is 0.64, and on the leading edges not exceed 0.53.

Using the above data and the described methodic, Fig. 8 shows graphs of changes
in the friction force on the rake face of the hob edges and relative to the angle of its
rotation.

Fig. 8. Friction force on the rake face of the hob edges and relative to the angle of its rotation.

From the simulation results given in Fig. 8, it is clear that the most significant friction
on the rake face occurs on the trailing edges of the turns marked by the numbers “0” and
“+1” (teeth № 7 and № 9) and on the leading edge of the turn with № “−1” (tooth № 3).
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5 Conclusions

1. A new methodic for predicting the dislocation of teeth and edges of a hob cutter has
been developed, at which the wear rate will be maximum due to increased friction
on the surfaces of their contact with chips and with the machined surface.

2. Accurate registration of the most loaded teeth on the helical surface of the hob cutter
or rails, determined for specific initial conditions, allows preventing their intense
wear and equalize the wear rate and loss of cutting properties of hob by the known
design, technical or technological ways. In particular, fixation of the maximum fric-
tion zones can be used to developmeasures to local hardening of precisely thesemost
loaded teeth and edges, for the proposition to use an appropriate coating according
to the composition and application technology to prevent premature softening of the
substrate, or correction the geometry of these edges to compensate for the angular
position of the hob cutter relative to the plane of its rotation during hobbing.

3. The developed technique and analytical apparatus for research can be used as the
basis for further refined models of computer simulation of thermal and wear models
taking into account the peculiarities of the processes of generative gear machining.
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Abstract. Slide burnishing is one of the methods of metal processing that use the
phenomenon of surface plastic cold deformation. This article presents the results
of a study investigating the effect of slide burnishing on the surface roughness of
42CrMo4steel shafts.Theburnishingprocesswasperformedwith theuseof apoly-
crystalline diamond tip tool.Before burnishing, the sampleswere subjected to turn-
ing on the toolmaker’s lathe. Investigationswere conducted based onPS/DS-P:Ha3
Hartley’s plan, which makes it possible to define the regression equation in the
formofasecond-degreepolynomial.Moreover, theartificialneuralnetwork(ANN)
models have been used to predict the surface roughness of shafts in the burnishing
process.The input process parameters considered include the appliedpressure, bur-
nishing rate, and feed rate. In all analyzed burnishing cases, the value of the mean
surface roughnesswas reduced. The differences between the experimental data and
Hartley’smodel donot exceed24%.Thebest representationofHartley’smodelwas
obtained for the burnishingparameters: feed rate f =0.32mm/rev, applied pressure
P = 130 N, and burnishing speed v = 180 rpm. ANN models were the best pre-
dictors of roller surface roughness of the shafts. With the Pearson’s correlation R2

coefficient= 0.99974, the values of prediction errors did not exceed 0.0016249.

Keywords: Artificial neural networks · Hartley’s plan ·Multilayer perceptron ·
Surface topography

1 Introduction

Burnishing is one of themethods ofmetal processing that use the phenomenon of surface
plastic cold deformation.Machining ensures the necessary precision of the size and shape
of components. Still, it is not too beneficial for assuring the surface stereometric structure
obtained in the final phase of a component’s production [1]. Due to the small dimensions
of the tool tips, the plastic deformation zone of burnished parts is very small. According
to the purpose of the treatment, burnishing can be classified as hardening, smoothing,
or dimensional [2]. One of the smoothing treatments is slide burnishing. This process
is a fine machining method used to improve mechanical properties, such as corrosion
resistance, surface roughness, wear, coefficient of friction, and fatigue resistance [3].
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Slide burnishing induces an intense and deep compressive layer [4]. Due to the small tool
radius, slide burnishing is characterized by the presence of low forces, which enables the
machining of low-rigidity parts [5]. The burnishing process makes it possible to achieve
such advantages as [6]: increase of the surface hardness, an increase of resistance to
fatigue, ability to produce the surfaces with high corner radius, ability to produce the
surfaces characterized by a low coefficient of friction, ability to reach high surface
smoothness,minimal heating of the surface layer duringmachining, ability to use burnish
tools on universal lathes, high process efficiency, and durability, increase the corrosion
resistance of the surface layer, the low energy consumption of the burnishing process.

2 Literature Review

Numerous researchers worldwide deal with burnishing technology and its impact on
the properties of the surface layer. Luo et al. [7] examined slide diamond burnishing of
copper alloys using a cylindrical polycrystalline diamond sliding tool. They found that
the surface roughness values revealed amarkedly reduction due to burnishing. Korzynski
et al. [8] investigated slide diamond burnishing of a 42CrMo4 with a cylindrical sliding
component made of polycrystalline diamond. The surface layer was characterized by
an increased microhardness and compressive residual stresses. The surface roughness
values were reduced significantly. Analysis of the ball-burnishing process in terms of the
surface roughness reduction has been conducted by Shiou and Cheng [9]. They found
that by applying the optimal flat surface ball burnishing and ball polishing parameters
sequentially to NAK80 tool steel, the surface roughness Ra of the surface on the tested
parts can be improved sequentially from about 1.0 μm average to 0.020 μm on average.
The effect of input parameters of processes on surface roughness and residual stresses
of the 42CrMo4 steel surface has been investigated by Dzierwa and Markopoulos [10].
It was found that it was possible to reduce the value of the Sq parameter from 0.522 μm
to 0.051 μm and increase the wear resistance of specimens. El-Tayeb et al. [11] applied
a roller burnishing process to 6061 aluminum alloy. They found that an increase in the
roller contact width led to less improvement in the surface roughness. Gharbi et al. [12]
applied the Taguchi technique to identify the effect of burnishing parameters on surface
roughness and surface hardness of burnished surfaces. The mean surface roughness of
AISI 1010 steel hot-rolled plates has been improved from Ra = 2.48 to 1.75 μm, while
the hardness increases from 59 to 65.5 HRB. Maximov et al. [13] analyzed the slide
burnishing process parameters on the residual stresses and wear resistance obtained in
slide burnishing of AISI 316Ti steel. They found that the greater burnishing velocity
increases the productivity of burnishing, but on the other hand, this velocity reduces
the residual stresses. Moreover, that greater burnishing velocity reduced the fatigue
life of specimens subjected to cyclic bending fatigue tests. A literature review of the
publications devoted to slide burnishing has been conducted by Maximov et al. [14].

In this paper, the slide burnishing process on the surface topography of the 42CrMo4
steel shafts was investigated. The burnishing process was performed with the use of
a polycrystalline diamond tip tool. Investigations were conducted based on PS/DS-
P:Ha3 Hartley’s plan, which makes it possible to define the regression equation in the
form of a second-degree polynomial. Moreover, artificial neural networks (ANNs) were
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applied to study the correlations between machining parameters and surface roughness
of specimens.

3 Research Methodology

Shafts made of 42CrMo4 alloy steel with a 21–22 HRC hardness were used as a test
material. The diameters of the shafts were equal to 50 mm 42CrMo4 steel is common
chromium-molybdenumsteel that is usually used after quenched and tempered,with high
hardenability. Such 42CrMo4 steel is formulated for machine parts requiring high core
plasticity for components subjected to changing loads. It is mainly used for crankshafts,
high-loaded bolts, gears, axles as well disks. The chemical composition of steel tested
is listed in Table 1.

Table 1. Chemical composition of the 42CrMo4 steel.

C Mn Si P S Cr Ni Mo W V Co Cu

0.38–0.45 0.4–0.7 0.17–0.37 Max.
0.035

Max.
0.035

0.9–1.2 Max.
0.3

0.15–0.25 Max.
0.2

Max.
0.05

– Max.
0.25

The shafts were machined to obtain a surface roughness of Ra = 2.6 μms. Slide
burnishing was carried out on a universal lathe LZ 360 (Fig. 1), appropriate for precise
manufacturing of medium-size parts according to DIN8605 tool accuracy. The burnish-
ing process was carried out on the test stand (Fig. 2a) using a DB-3 burnishing tool
(Fig. 2b). A polycrystalline diamond (PCD) tool tip was used in the investigations.

Experimental investigationswererealizedaccordingto thestaticpolyselectionalHart-
ley’s plan. It is a three-leveled plan of experiments that requires setting the input fac-
tors only on three equidistant levels. The input process parameters considered include the
applied pressure, burnishing rate, and feed rate. The designmatrix is given in Table 2.

The measurements of surface roughness of the specimens were carried out using the
Taylor-Hobson Surtronic 2 profilometer according to EN ISO 4287:1999. Arithmetical
average height Ra as amain surface roughness parameter was selected to characterize the
tribological properties of the burnished surfaces. As a result of the experiments carried
out according to Hartley’s plan, a regression equation of the slide burnishing process is
received as:

y = b0 +
∑

bkxk +
∑

bkkx
2
k +

∑
bkjxkxj (1)

where bk , bkk , bkj are coefficients of the regression equation, xk and xj are input
parameters.
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Fig. 1. Universal lathe LZ-360.

Fig. 2. (a) Test stand and (b) burnishing tool.

Table 2. Experimental design matrix.

No. of experiment Feed rate f , mm/rev. Applied pressure P, N Burnishing speed v, rpm

1 0.094 130 360

2 0.094 30 180

3 0.032 130 180

4 0.032 30 360

5 0.094 80 270

6 0.032 80 270

7 0.063 130 270

8 0.063 30 270

9 0.063 80 360

10 0.063 80 180

11 0.063 80 270

ANNs are tools to build and analyze linear and nonlinear models of complex regres-
sion problems. There are many structures of the ANNs used to modeling the relation
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between input and output parameters. In this paper, themultilayer perceptron (MLP) [15]
is utilized. A MLP with a suitable number of hidden layers and neurons is theoretically
sufficient to approximate any nonlinear function [16]. To calculate the output value of
neuron of ANN, the hyperbolic tangent function (Eq. 2) is applied:

f (x) = tanh(x) = ex − e−x

ex + e−x
(2)

In this study, the following input sets of variables were assigned as input signals: feed
rate, applied pressure, and burnishing speed. As output variable, the value of arithmetical
average height Ra was set.

All experimental sets of input data that correspond with the output signal were
assigned as the training set. The back propagation algorithm with a learning rate equal
to 0.1was used to training theMLP.As a result of the training process, the neural network
may acquire the ability to predict output signals based on the sequence of input signals
and their corresponding output signals. The task of the training algorithm is to select
weight values and threshold values of all neurons to minimize the MLP.

The architecture of the MLP was selected based on the many numerical experiments
conducted in the Statistica program. The regression quality of the network was assessed
based on the standard deviation ratio and Pearson-R correlation computed between the
real values of the clarified variable and values calculated by the model. The model with
the lowest values of standard deviation (SD) ratio connected with the highest value of
Pearson-R correlation is network MLP 3:3-5-1:1 (Fig. 3).

Fig. 3. Architecture of MLP 3:3-5-1:1.

4 Results

Theburnishingprocess led to a significant reduction in the surface roughness of the shafts.
The highest reduction in the Ra parameter was found after burnishing at feed rate f =
0.032 mm/rev., applied pressure P = 130 N, and burnishing speed v = 180 rpm. The
highest surface roughness of shafts was observed after slide burnishing at feed rate f =
0.063 mm/rev., applied pressure P= 30 N, and burnishing speed v= 270 rpm (Table 3).
The difference between values of the Ra parametermeasured in two shaft surfaces is very
similar. This confirms the high repeatability of themachining process.
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The values of the coefficients in the regression equation and their critical values are
presented in Table 4. Adequacy of the obtained regression equation

Ra = −0.42042− 22.915 · f + 0.00157 · P + 0.00882 · v − 120.83 · f 2 − 0.00006 · P2 − 0.133 · f · v + 0.029 · P · f (3)

was tested using the Fisher-Snedecor based on the adequacy variance

S2ad = r
∑11

i=1

(
yi − yi

∧)2

N − k − 1
(4)

and critical value of random variable Fkr :

Fkr = F(α;f1;f2) = F(0.05;7;11) = 3.0123 (5)

where yi is the average value of the process factor in the ith experiment, r is the number
of repetitions, k is the number of factors in the regression equation, and N is the number
of experiments.

Table 3. Arithmetical average height Ra measured on the specimens burnished by PDC tool.

No. of experiment Arithmetical average height Ra

Measurement 1 Measurement 2 Average

1 0.145 0.148 0.1465

2 0.216 0.207 0.2115

3 0.143 0.131 0.137

4 0.217 0.223 0.220

5 0.205 0.207 0.206

6 0.191 0.197 0.194

7 0.169 0.163 0.166

8 0.226 0.224 0.225

9 0.216 0.202 0.209

10 0.204 0.205 0.2045

11 0.208 0.214 0.211

The results of Hartley’s plan show that the obtained random factor F does not exceed
the critical valueFkr for the adopted significance levelα=0.05. Therefore, the regression
equation (Eq. (3)) canbe considered adequate. TheHartley’s function reaches aminimum
of Ra = 0.1042 μm corresponding to the experimental burnishing parameters ensuring
the lowest value of the shaft surface roughness. In experiments no. 1–4, the relative error
ranges from 18–24%, while in the remaining segments, the error value does not exceed
3% (Fig. 4).
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Table 4. Significance of the parameters in the regression equation.

Coefficient |Coefficient value| Critical
value

Significance

bo |2.117| 0.0442 Significant

b1 |0.0217| 0.03271 Non-significant

b2 |-0.345| 0.03271 Significant

b3 |0.0375| 0.03271 Significant

b11 |−0.116118| 0.051492 Significant

b22 |−0.1611253| 0.051492 Significant

b33 |−0.04862| 0.051492 Non-significant

b12 |0.045| 0.04006 Significant

b13 |−0.37| 0.04006 Significant

b23 |0.0025| 0.04006 Non-significant

Fig. 4. Comparison of experimental Ra values and using Hartley’s plan.

The learningprocessof the3:3-5-1:1networkwas interruptedafter theneural network
error stabilized at the level of 0.00862. The learning process was characterized by undis-
turbed convergence up to 1700 epochs. The value of Pearson’s correlation coefficient R
was 0.99974, and the value of the standard deviation ratiowas 0.0225.Thevalue of theSD
ratio ismuch smaller than1, so theMLPpresents goodperformance.Thepredicted values
of arithmetical averageheightRa are listed inTable 5. For the 11th experiment, the predic-
tion error of arithmetic average heightRawas greater than 0.0016μm. In other cases, this
error does not exceed 0.0008μm (Fig. 5).
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Fig. 5. Variation of the network error during training.

Table 5. Experimental and predicted values of arithmetical average height Ra (μm).

No. of experiment Experiment ANN Error

1 0.1465 0.146524 0.0000244

2 0.2115 0.211545 0.0000450

3 0.137 0.136949 −0.0000513

4 0.22 0.219757 −0.0002432

5 0.206 0.205359 −0.0006410

6 0.194 0.193672 −0.0003282

7 0.166 0.165336 −0.0006636

8 0.225 0.224543 −0.0004574

9 0.209 0.208259 −0.0007415

10 0.2045 0.203729 −0.0007710

11 0.211 0.212625 0.0016249

Observation and closer analysis of response surfaces indicate that:

– for the burnishing speed in the range of 180–270 rpm, an increase of the parameter
value causes the arithmetical average height Ra value to increase (Fig. 6a). After
exceeding the value of 270 rpm, the arithmetical average height Ra starts to decrease,

– a decrease of feed rate value causes a reduction of the average arithmetical value Ra
value (Fig. 6a),

– a decrease of applied pressure value causes a reduction of the arithmetical average
height Ra value (Fig. 6b).
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Fig. 6. Response surfaces presented the effect of (a) feed rate and applied pressure and (b)
burnishing speed and applied pressure on the value of arithmetical average height Ra.

5 Conclusions

In this paper, the effect of the slide burnishing parameters on the surface roughness
of 42CrMo4 steel shafts have been studied using Hartley’s plan and artificial neural
networks. The following conclusions are drawn from the research:

– Although the training set contained only 11 measurement data, the neural network
perfectly built a regression model that is characterized by the value of Pearson’s
correlation coefficient R = 0.99974.

– Regression statistics and errors of prediction of shaft surface roughness by ANN
model are considerably better than results of Hartley’s plan.

– The regression equation allows for optimizing the slide burnishing parameters
regarding the quality of the surface to be processed.

In future research, investigations of slide burnishing should be carried out on a wide
range of changes in machining parameters. The next task is to consider the effect of tool
roughness and lubrication conditions on the surface roughness of 42CrMo4 steel shafts.
By increasing the data in the training set, the predictability of the neural network can be
improved.
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Abstract. Thermomechanical processes that accompany the processing of prod-
ucts made of structurally inhomogeneous materials are considered. The presence
of stress concentrators in the surface layer of processed products in various types
of heterogeneities of hereditary origin introduced in obtaining the workpiece and
subsequent mechanical processing types are the leading indicators of working sur-
faces’ bearing capacity. The lack of research on the influence of inhomogeneities
formed in the surface layer of products during mechanical processing on their
functional properties and, in particular, on the bearing capacity or wear resis-
tance, their optimization determines the relevance of constructing a mathematical
model of defect formation in the physical and technical processing of structural
elements using optimal criteria of fracture mechanics. A numerical and analytical
model is developed to determine the thermomechanical state of structurally inho-
mogeneous materials containing inhomogeneities such as interfacial cracks and
inclusions duringmechanical processing.Based on thismodel, the crack resistance
criterion’s functional relationships with the technological control parameters are
determined to ensure products’ processed surfaces’ quality characteristics.

Keywords: Temperature · Heat · Defect formation · Cracks · Surface layer ·
Stress state

1 Introduction

The quality of the surface layer of structural elements during their manufacture is formed
under the influence of thermomechanical phenomena accompanying mechanical pro-
cessing [1, 2]. In various types of heterogeneities of hereditary origin, the presence of
stress concentrators, introduced in obtaining the workpiece and subsequent types of
mechanical processing, are the leading indicators of working surfaces’ bearing capac-
ity. The formation of technological origin defects occurs because of heat stress during
structural elements [3]. Based on models of temperature fields, stress fields, and frac-
ture mechanics, we study the regularities of the formation of defects such as structural
changes, micro-cracks, and technological possibilities for their elimination, depending
on the thermophysical properties of the processed materials, processing modes, design,
and characteristics of the tools used [3, 4]. The problem of stress concentration in defects
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is solved using the mechanics of materials, which considers micro-heterogeneities and
their materials’ defects when calculating structural elements’ load-bearing capacity.
Taking into account defects allows it to represent the mechanism of loss of products’
functional properties more adequately during their machining.

2 Literature Review

Currently, available models of thermomechanical processing processes are obtained
under the assumption of uniformity of materials of structural elements and do not con-
sider defects in the technological inheritance of products [5]. Some studies investigate
the effect of structural transformations in steel during machining on the formation of
cracks. According to these studies, the presence of a large amount of austenite in the
subsurface layer leads to the formation of tensile stresses, which are realized in the form
of brittle cracks [6, 7]. Structural transformations cannot be an “independent” cause of
cracks since structural stresses that reach destructive values are formed over a significant
period. In some cases, structural elements’ physical and technical processing is charac-
terized by short duration, high heating and cooling rates, at which structural changes are
insignificant, and thermomechanical stresses reach the limit values [8].

Models of the stress-strain state of parts with coatings are developed that consider
the piecewise heterogeneity of products “coating-matrix” [9, 10]. However, the lack
of research into the effects of inhomogeneities on functional properties on the bearing
capacity or durability, and optimization of thermomechanical processes that accompany
the processing, determine the relevance of a mathematical model of defect formation
physical and technical treatment of structural elements using the optimum criteria of
fracture mechanics. The simulation results allow us to effectively assess the effect of
structural inhomogeneities formedduringmachining in theworking surfaces of products,
their optimal state on the loss of the required properties.

3 Research Methodology

To develop a numerical and analytical model for determining and optimizing the thermo-
mechanical state of products made of functionally graded materials that contain inho-
mogeneities such as interfacial cracks and inclusions during machining. This model
determines the functional relationships of the optimal crack resistance criterion with
the control of technological parameters to ensure the quality characteristics of products’
processed surfaces.

The development of mathematical models describing thermomechanical processes
in the surface layer of structural elements in their manufacture frommaterials and alloys,
taking into account their inhomogeneities that affect the formation of crack-type defects,
allows us to determine the criteria for their equilibrium state during the operation of such
elements, taking into account their functional purpose.

When choosing and justifying the mathematical model, it was taken into account
that both thermal and mechanical phenomena accompany the process of manufacturing
parts. However, the overall effect on the stress-strain state of the surface layer is exerted
by temperature fields. Given that the bulk of the surface layer of metal during physical
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and technical processing is in an elastic state, we can use a thermoelastic bodymodel that
reflects the relationship between mechanical and thermal phenomena at finite values of
heat fluxes. For studies of the optimal thermomechanical state of the working surfaces of
structural elements, information about the propagation of temperatures and stresses and
the material’s depth, taking into account the inhomogeneities present in it, is essential.

For further studies of the kinetics of the formation of thermomechanical processes
in the processed material, we use the following system of differential equations [11, 12]
as the main theoretical prerequisite, describing the interaction of the strain field and the
temperature field:

G�
−→
Uj + (λt + G) grad div

−→
Uj − ρ

∂2Uj

∂τ2
+ Pj = αtβt grad T (1)

�T − 1

α

∂T

∂τ
− ηl

∂

∂τ
div

−→
Uj = −W

λ
+ C−2

q
∂2T

∂t2
(2)

where λt ,G are Lame constants; βt = 3λt +2G is the density of the processed material;
αt is the temperature coefficient of linear expansion of metal; α = λ

Cν
is the thermal

diffusivity; λ is the thermal conductivity; Cν is the volume heat capacity; U (Φ, τ) is
the total displacement vector of the inner point Φ(x, y, z) of the surface layer under the
action of thermomechanical forces accompanying the processing process; l = 1+τrδ

δ
(τ

is the relaxation time); η = αtβtT (Φ,τ)
λ

; W is the power of the heat source; Cq is the
speed of heat propagation in the processed material; τ is the time; Pj is the cutting force;

grad T (x, y, z) = ∂T
∂x

−→
i + ∂T

∂y
−→
j + ∂T

∂z

−→
k ; div

−→
Uj = ∂Ux

∂x + ∂Uy
∂y + ∂Uz

∂z (j � x, y, z).
Since thermal phenomena prevail over force phenomena in finishing processing

methods, we can neglect the term in the heat equation that considers the conversion of
mechanical energy into heat, and we will come to the parabolic type heat equation. For
the specified system (1)–(2), we will neglect the influence of inertial terms and the heat
propagation velocity’s boundedness. Moreover, to overcome the analytical difficulties
associated with solving spatial problems of thermoelasticity, we will consider the planar
problem. This transition is justified because to study the thermomechanical state of the
treated surfaces and optimize it, information about the propagation of temperatures and
deformations and the source movement’s depth and direction are essential.

For an extensive range of grinding products, accompanied by thermomechanical
processes in the surface to be processed, the choice of temperature fields and power load
distribution is required. For ensuring an optimally low level of the thermomechanical
state, it is natural to take the measure of the stress state as a function of the goal – the
functional of the elastic strain energy (3):

W = 1

2

∫ τ

0

∫
ϑ

(
σxe11 + σye22 + 2τxye12

)
dνdτ → min (3)

where eij = e(m)
ij −etij and e

t
ij = δijαt are components of elastic and thermal deformation;

σx, σy, τxy are the stress components.
When drawing up the design scheme, we assume that the processed product can be

modeled as a piecewise homogeneous half-plane, which allows us to study thermome-
chanical processes in it with several types of coatings with a thickness of �ak applied
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to the main matrix. This scheme determines the thermal and deformation conditions for
the interface of layers along the boundaries of their section ak .

The influence of structural inhomogeneities that occur in the material both during
smelting and during the technological process will be taken into account in the model
by inclusions and defects such as microcracks in the surface layer.

For a complete understanding of the role of material defects in the mechanism of
strength reduction, consider the following problem. Let us assume that non-interacting
pores are scattered in the surface layer of the coating with a depth much less than their
length, and they are within the thickness of the material removal in one pass. Let the
contact zone S of the tool with the part contain a defect of the air pore type, the length
of which is 2l. Let us choose the XOY coordinate system so that this defect is located
along the x axis with the center at the origin. The defect direction’s accepted choice
corresponds to the most likely development of this defect into a crack.

Determination of the temperature field on the coating surface is reduced to solving
the following boundary value problem [13, 14]:

∂T

∂τ
= a

(
∂2T

∂x2
+ ∂2T

∂y2

)
(4)

{
Tk , x, y ∈ Sk
0, x, y /∈ Sk

(5)

where T (x, y, τ ) is the temperature of the product at point (x, y) at time τ ; Tk is the
contact temperature on the surface of the product formed during machining.

Using the method of integral transformations, it can obtain a solution to the problem
in the form:

T (x, y, τ) = Tk
4

[
erf

(
x + b0
2
√
aτ

)
+ erf

(
x − b0
2
√
aτ

)]
×

[
erf

(
y + b0
2
√
aτ

)
+ erf

(
y − b0
2
√
aτ

)]
(6)

where erf(z) = 2√
π

∫ z
0 exp

(−u2
)
du; a is the coefficient of thermal diffusivity of the

coating material or the base material, if its tendency to crack formation is considered.
The components of the stress tensor σx, σy, τxy are expressed in terms of the

thermoelastic displacement potential � in the form [15]:

σx = −2G
∂2�

∂y2
, σy = −2G

∂2�

∂x2
, τxy = −2G

∂2�

∂x∂y
(7)

�� = (1 + ν)αtT(x, y, τ) (8)

whereG is the shear modulus; ν is the Poisson ratio; αt temperature coefficient of linear
expansion.

Differentiating (8) by τ and taking into account (4)–(5):

�

[
∂�

∂τ
− (1 + ν)αtaT (x, y, τ )

]
= 0 (9)
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From the last expression, it can be seen that the function ∂�
∂τ

− (1 + ν)αtaT is
harmonic over the entire plane and, therefore, can be either a constant or some function
of time g(τ). We introduce its derivative instead of the potential �: �

′ = �
∫ τ

0 g(τ)dτ .
Thus, for the potential �, we have the equation:

∂�

∂τ
= (1 + ν)αtaT (10)

Integrating (10), we obtain the following relation for the thermoelastic potential:

� = (1 + ν)αtaT
∫ τ

0
T (x, y, τ)dτ + �0(x, y) (11)

where �0(x, y) is the displacement potential corresponding to the initial temperature.
From here:
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where R =
√

(x − ξ)2 + (y − η)2.
Substituting in (7) the expression for T (x, y) from (6) and considering that outside

the contact zone of the tool with the part ��0 = 0:
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where δ(x, y) =
{
1, (x, y) ∈ Sk
0, (x, y) /∈ Sk

.

Since the singular integral equation determines the stress intensity factor for an
isolated defect with the Cauchy kernel [16]:

K1 = − 1√
πl

∫ l

−l
σy(x, 0, τ)

√
l + x

l − x
dx



430 M. Kunitsyn et al.

then, using (13):
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In the casewhen the stress intensity coefficient approaches the local fracture criterion
Kc [17] of thematerial of the processed product, a crack-like defect begins to develop into
a crack. Thus, from the last relation, we obtain optimal conditions for the equilibrium
of defects of length 2l in the form:

l0 = K2
c

π[GTk(1 + ν)αt]2
(15)

In this formula, the value of the contact temperature Tk in the processing zone
depends on the technological parameters of the tool characteristics and properties of the
processed material and can be determined by the formula [17]:

Tk = CVkp

λ
√
DhV 2

g

√
π

an

[
1 − e− V0

√
Dh

aτ

]
(16)

where Vkp, Vg , h are the processing mode; D, C are the tool parameters; λ, an are the
thermophysical characteristics of the processed material.

4 Results

The adequacy of the constructed model was tested experimentally on samples made of
17CrNiMo6 (Germany) steel. Using a scanning electron microscope, it was found that
the surface layer of the processed product has structural defects with a length of 2l = 40
microns (Fig. 1). Physical and mechanical characteristics of steel: K_c = 2.0 MPa ·
m1/2, α = 8.58 K-1, G = 168 GPa. The machining parameters were selected so that
the contact temperature in the processing zone reached Tk = 800 ºC. The grid of cracks
formed on the surface. For structural defects not to develop into prominent cracks, that
is, to remain in an equilibrium state, when performing inequality (15), it is necessary to
select the optimal processing modes and tool characteristics in such a way that Tk ≤ 600
ºC. A highly porous circle with evenly distributed pores was used as a tool (Fig. 2). These
circles allow for a lower temperature level in the cutting zone and increase the grinding
operation’s productivity.



Analytical Modelling of Crack Formation Potential 431

Fig. 1. Formation of grinding cracks during sample processing when optimal processing modes
are violated.

Fig. 2. Appearance and structure of high-porous circles of the company “Tyrolit” (Austria).

5 Conclusions

The developed model allows us to consider the influence of technological origin’s inho-
mogeneities (starting from theworkpiece and endingwith thefinished product) that occur
in the surface layer during the manufacture of structural elements on its destruction.

The solution of the problem of thermoelasticity describing the thermomechanical
state of the surface layer of the treated surface allows us to determine the stress intensity
in the vicinity of the vertices of defects of the crack type and, by comparing it with
the optimal criterion of crack resistance for the material of a structural element, we can
determine its state. If this criterion is violated, the defect develops into the main crack.

The intensity of crack formation in the surface layer of products at finishing oper-
ations is determined mainly by their materials’ crack resistance, formed during the
workpiece and subsequent operations.
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Modeling thermomechanical processes allows us to obtain optimal criterion rela-
tions of the defect’s equilibrium state condition depending on the contact temperature
gradients.

The mechanism of formation and development of crack-type defects in functionally
graded materials of the inhomogeneous structure under the influence of optimal thermo-
mechanical phenomena accompanying the manufacturing technology and operation of
structural elements is studied.

The developed model allows us to consider the influence of technological origin’s
inhomogeneities (starting with the workpiece and ending with the finished product) that
occur in the surface layer during themanufacture of structural elements on its destruction.

The solution of the singular integral equation with the Cauchy kernel allows us to
determine the stress intensity in the vicinity of the vertices of structural defects that are
formed in the surface layer of products during their machining and by comparing it with
the crack resistance criterion for the material of a structural element, we can determine
its state.

If this criterion is violated, the defect develops into themain crack.Modeling thermo-
mechanical processes during the mechanical processing of structural elements allows us
to obtain a criterion ratio of the balanced state of defects in the surface layer of products,
depending on the technological parameters.
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Abstract. The analysis shows that one of the most rational ways to increase
the efficiency of the grinding process is the choice of rational processing modes
because, in this case, occur a comprehensive solution to the problem: first, the
need to use expensive lubricant-cooling agent reduced, and second, the need for
special grinding wheels and their frequent trueing was reduced. The structure of
comprehensive theoretical and experimental studies of energy-power parameters
for the technological processes was considered. A system of equations developed
based on the hyperbola method was presented, which describes spatial fields of
the velocities of particle displacements around the abrasive grain. The order of
mathematical operations is expounded, which allows finding important physical
quantities characterizing the chip material’s deformed state. The deformed state
of the cut layer is analyzed – the flow around abrasive grain during plunge grind-
ing. The velocities and dislocation density fields were constructed for a specific
example of processing. In the experimental part of the work, the research of the
influence of technological regimes and the abrasive tool’s characteristics on the
quality of the hard-working materials’ grinded surface was carried out.

Keywords: Grinding process · Velocity fields · Dislocations density · Quality of
grinded surface · Surface roughness · Abrasive grain · Recommendations for
technological modes

1 Introduction

The grinding process is one of the most heat-intensive [1] and energy-intensive cutting
processes [2], the output indicators of which depend on both the processing modes [3, 4]
andmany other technological and other factors [5]. The accompanying thermal processes
have a decisive influence on the processing process itself [6] and the ground surfaces’
quality [7].

One of the most important indicators of the grinding process is productivity [8],
precision, and processing quality. Simultaneously, the regimes ofmaximum productivity
usually do not coincide with the regimes ensuring high quality of the machined surface.
Therefore, grinding modes’ purpose and choice are always a search for a compromise
between productivity and machining quality, especially when it comes to parts made
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of complex alloyed hard-to-machine alloys prone to burns and burns cracking [9]. The
efficiency and quality of processing during grinding, which is a mass high-speed micro-
cutting process and is based on plastic deformation and destruction of materials, are
mainly determined by the process’s energy-power parameters [10]. It is established
that the main factors influencing the efficiency of processing while maintaining quality
parameters of the surface and surface layer are cutting modes [11], characteristics of
abrasive wheel [12, 13], lubricating [14], and cooling technologies [15]. In this case,
all these factors indirectly affect the efficiency of processing due to operation, blunting,
and salinization of the grinding wheel [16].

The analysis shows that one of themost rational ways to increase the efficiency of the
grinding process is the choice of rational processing modes [17, 18] because in this case,
occur a comprehensive solution to the problem: first, the need to use expensive lubricant-
cooling agent reduced [19], and second, the need for special grinding wheels [20, 21]
and their frequent trueing is reduced [22]. Thus the theory of grinding is imperfect and
needs further development.

The work goal is to develop a conveniently engineering technique for predicting
material deformed state in the cutting zone. It will make it possible to determine the
energy-power characteristics of the process and develop effective technological recom-
mendations. The scientific novelty of investigation consists in further hyperbole method
development and a new approach to a visual representation of deformed state main
parameters of the material chip.

2 Literature Review

2.1 Structure of Investigation of Energy-Power Parameters of Machining
Processes

Atheoretical analysis of themajority of technological processes alongwith the conducted
experiments allows us to determine the nature of dependence velocity of particles plastic
deformable metal on coordinates. The velocity of particles in four-dimensional space
can be represented through a velocity vector [23]:

(1)

The continuity equation expresses the law constancy of a volume during the
deformation:

(2)

Using Eqs. (1)–(2), we can determine the form of functional dependence of speed
on coordinates. Thus, the particles velocity field of material is determined, which makes
it possible to calculate the strain rates and their intensity using the formulas:
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where q1, q2, and q3 are orthogonal curvilinear coordinates.

(3)

(4)

here, Hk are Lamé parameters.
Then, it is necessary to determine components of deformation to find the energy-

power process parameters,

(5)

and deformation intensity,

(6)

The dislocations density in the removed chips is determined through the intensity of
deformations [23, 24]:

ρ(x, y, z) =
[
2π

Gb
· σ0.2/T

(
m · eni − 1

)]2
(7)

where G is shear modulus, Pa; b is Burgers vector, m; n is strain hardening index; m
– coefficient taking into account change the yield stress of material; σT is yield stress of
the material, Pa.

The efficiency of investigation energy-energy characteristics has been proved by
the hyperbole method [23]. We have researched deformable chip material for specific
machining cases.

To simplify calculations constructing a picture of changes in dislocations density as
well as more convenient assessment and comparison simulation results, we will propose
that the flow stress does not depend on deformations intensity. This will allow us to take
m = 1 in formula (7).
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3 Research Methodology

The velocity field of particle displacements wrapping around elliptical grain has been
developed using the hyperbole method. A distinctive feature of obtained equations is the
presence of the third independent variable [24]:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Vx(x, y, z) = V0(ω(x, y, z))−1/2

×

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
x sin(α) + y · cos(α)

√
1 − z2/

B2

)
· cos(α)

√
1 − z2/

B2 · √
e2 − 1

+
(
e2 − 1

)
sin(α)

(
x cos(α) − y sin(α)

√
1 − z2/

B2

)
√
1 − z2/

B2 · √
e2 − 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

×
√
1 − z2/

B2;

Vy(x, y, z) = −V0(ω(x, y, z))−1/2

×

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
x sin(α) + y · cos(α)

√
1 − z2/

B2

)
· sin(α)

√
1 − z2/

B2 · √
e2 − 1

−
(
e2 − 1

)
cos(α)

(
x cos(α) − y sin(α)

√
1 − z2/

B2

)
√
1 − z2/

B2 · √
e2 − 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

;

ω(x, y, z) = a2(x, y, z)
[
1 − z2

B2

(
1 − e2 sin2(α)

)] − x20z
2

B2−z2
+ e2ζ 2(x, y, z);

ζ(x, y, z) =
x0B√
B2−z2

cos(a)

1−e2sin2(α)

+

√
sin2(α)(1−e2)

(
a2(x,y,z)(e2 sin2(α)−1)− x20B

2

B2−z2

)

1−e2 sin2(α)
;

(8)

⎧⎪⎪⎨
⎪⎪⎩a(x, y, z) =

√√√√√√
x2+y2

(
1−z2/B2

)
−e2

(
x cos(a)−y· sin(α)

√
1−z2/B2

)2

(e2−1)

(
1−z2/B2

) ;

where V0 is a cutting speed; coordinate x0 determines the plastic flow beginning; e is an
eccentricity of hyperbola; α is an angle of rotation (α = −γ

/
2, γ – cutting angle); B

– grain half-width.
An example is considered: the operation of grinding a part of an alloyOT-4; the speed

of rotation of the abrasive wheel Vwh = 35 m/s; the speed of rotation of the workpiece
Vw = 30 m/min; cutting depth t = 2 · 10–5 m. Parts were machined with an abrasive
wheel 63C40CM2K with geometry γ = α = 101.6°. (Figs. 1, 2).
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Fig. 1. The deformation intensity wrapping around the elliptical grain.

Fig. 2. The dislocations density wrapping around the elliptical grain.
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4 Results

4.1 Investigation of Power-Strength Parameters of Grinding Process

Most researchers usually mean a whole set of indicators by the quality of the grinded
surface. There are geometric (roughness, waviness, shape, and direction of microrough-
ness) and physicomechanical, characterizing the state of the metal in the surface layer
(cauterization, microcracks, structural transformations) [12, 13]. As we know, all of the
above indicators are determined by processing modes, characteristics, and quality of
abrasive tools, as well as coolant lubricants. The surface layer of metal is exposed to
force and heat factors, leading to change in the surface layer’s physical and mechanical
parameters, which are essential during processing. Since grinding is the final operation
of the technological process, it should be borne in mind that all changes that occur in the
surface layer at this stage remain in the finished product. Thus, designing technological
grinding operation, a decisive choice for processing modes, makes it possible to provide
the best indicators state of surface layer simultaneously with maximum productivity. In
this work, samplesweremade from steel DINX6Cr17 stainless steel of ferrite class, steel
30HGSA of pearlite class, high-temperature alloy CrNi65CoMoWAlTi, and titanium (α
+ β)-alloys up to Ti3Al15V3Cr3Sn1 and α-alloys Ti0.8Al0.8Mn. These materials are
of most significant interest. These materials are often used to manufacture reliable gas
turbine engines, which tend to the dull grinding wheel and occurrence grinding cracks
and cauterization.

Increasing the rotation speed of the part leads to a deterioration surface roughness
of all investigated materials. With a grinding depth t = 5 · 10–5 m and part rotation
speed change within Vw = 0.015–0.200 m/s in abrasive wheel 24A 25P CM1 6K 6 for
all materials, the surface roughness was Ra = 0.28–0.85 μm (Fig. 3). This is because
increasing the part rotation speed, the distance contact increases between adjacent grains
points of the abrasive wheel with the workpiece surface. Other things being equal, the
surface roughness almost did not change when decreasing the wheel diameter after
dressing. However, with increasing depth of cut from 0.01 to 0.05 mm, the roughness
also increased in the Ra range 0.31–0.80μm. The grain size of the grindingwheel affects
the surface roughness. It grows with increasing grain size. However, the difference in
grain size does not significantly affect roughness with an increase in cutting speed. The
surface roughness remains almost unchanged with an increase in the number of ground
samples without wheels dressing, indicating the stability of cutting properties.

Surface roughness investigation shows:

– increasing cutting speed has the maximum effect on a decrease in processed surface
roughness. A longitudinal feed and part rotation speed change have little effect on
roughness. With their increasing, the roughness also increases;

– the roughness almost does not change during long-term grinding, which confirms the
stability cutting properties of abrasive wheels.

During metallographic studies, no changes were observed in the surface microstruc-
ture of all the treated samples (Fig. 4).

The surface temperature of treated areas was measured in a zone located directly
in front of the grinding wheel using an IR-1000L pyrometer to compare its value in
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■ – for the material Ti3Al15V3Cr3Sn1; Δ – for the material Ti0.8Al0.8Mn

Fig. 3. The dependence surface roughness on the part rotation speed

Fig. 4. The structure of the Ti0.8Al0.8Mn material at different depths.

different modes. It was found that with an increase of speed rotation part, a decrease in
contact temperature is observed.

4.2 Recommendations for Technological Modes of Processing Appointment

Processing is performed with cycles to increase maximum grind-ing performance when
accuracy specified parameters and surface roughness are achieved. The cycle is formed in
such a way as to remove allowance most intensively at machining beginning, moderately
at the end of machining, and to reduce the error of previous stages grinding during
nursing, which is performed without feeding wheel to grinding depth.
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Three-stage (full) is recommended to use a processing cycle when forming sizes 7–5
of accuracy and surface roughness Ra= 0.2–0.6 μm. In this case, the most considerable
value of the grinding allowance is divided into two parts: a large (0.8–0.9) Zmax is
removed by increasing the longitudinal speed Vlon = 0.14–0.2 m/s and with maxi-mum
Vd = 0.6–0.8m/s to increase productivity, as well as increase cutting ability and stability
of the abrasive wheel.

A two-stage processing cycle is recommended to use formation sizes 8–7 of accuracy
and surface roughness Ra = 0.6–0.9 μm. The grinding allowance is removed with an
average longitudinal speed Vlon = 0.04–0.14 m/s and maximum rotation speed of part
Vd = 0.6–0.8m/s to increase productivity and increase cutting ability and abrasivewheel
stability. Nursing increases the accuracy of geometric shapes and reduces treated surface
roughness. Therefore it should be carried out at Vlon = 0.02–0.04 m/s and Vd = 0.2–
0.3 m/s. In this case, the finishing stage is longer. The specified processing conditions
allow achieving high values of surface quality and the material surface layer, reduce the
cauterization on treated surface, and increase the abrasive wheel’s durability.

5 Conclusions

The hyperbole method and a new approach to the visual representation of deformed state
main material chip parameters were further developed. It will make it possible to deter-
mine the energy-power characteristics of the process and develop effective technological
recommendations.

Based on one, the velocity field of particle displacements wrapping around elliptical
grain was determined when flowing around an abrasive grain in conditions of non-
free cutting. A distinctive feature of obtained equations is a third independent variable,
which allows one to research the cut layer’s deformed state in space. The investigation
results can be used to construct a metal flow picture and analyze the deformed state of
the cut layer for various schemes and types of non-free cutting. It can be used as to
complex-profile tool by dividing the shaped cutting edge into parts.

The recommendations on improvement and expansion of the technological modes
of grinding are given.
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Abstract. This paper presents an experimental study of the gear shaping process
of the internal gearing with a friction coating. It is known that this process is
characterized by the occurrence of significant vibrations, the decrease in the sta-
bility of the cutting tool, and the ambiguity of the technological parameters. These
factors limit the ability to process bimetallic discs with friction coatings on gear-
shaping machines. Therefore, the dependence of the amplitude of oscillations of
the ram and the table with the fixture for clamping the package of parts on different
machining modes are investigated in the paper. The experiment was performed on
a gear-shapingmachinemodel TOSOHO50 and using an accelerometer 7290A-2.
To register the vibration acceleration, the InformationCollectionSystem“National
instruments mod. NI-9234” was used. Also, during the experiment, the analysis
of the period of stability of the cutting tool depending on the number of double
runs of the shaper-type cutter and circular feed. The tool’s stability was analyzed
by the chamfer wear on the rear surface, which was checked by a microscope.
According to the experiment results, the optimal processing mode, according to
the tool’s maximum productivity and stability, is proposed in the paper. The appli-
cation of the proposed processing mode reduces the self-excited vibrations of the
technological system, increases the cutting tool’s stability, stabilizes the surface
roughness parameters, and increases the gear-shaping process’s efficiency of the
package of friction discs.

Keywords: Bimetal gears · Gear shaping · Friction discs · Vibrations

1 Introduction

The bimetal gears of internal gearing with a friction coating (Fig. 1) are used in onboard
frictions of caterpillar equipment of both civil and military function. It is known that
such equipment is widely used and works in difficult operating conditions; that is why
their especially stressed components are susceptible to increasedwear and require repair.
The parts of these units include bimetallic gear disks with friction coatings. One of the
problematic technological operations in the manufacture of internal gears with friction
coating is to obtain an internal gear ring. As usual, the processing of an internal gear
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ring is carried out by broaching, gear hobbing, or gear shaping. Broaching and push
broaching are quite productive processes. However, taking into account the diameter
of 400–450 mm of the internal gear ring, there are significant limitations both in the
tool (broaches and push broaching of such diameter are not possible in principle) and
in machines that require dividing fixture, if the processing is carried out with a tool that
copies the treated surface, which limits productivity and complicates the operational
capabilities of the process. Obtaining internal gears by hobbing is also limited by the
presence of a special carriage, the possibility of its placement inside the part, and a special
cutting tool. In particular, the issue of finishing the internal gear ring is exacerbated
during the repair of friction discs due to the limited technological capabilities of repair
services. Therefore, given the above, it is most appropriate to study gear shaping, but
the peculiarity of this work is the study of the gear-shaping process of the package of
friction discs.

Our preliminary test of the gearing process of the internal gear ring (Fig. 1) revealed
significant vibrations that occur during processing, the decrease in the stability of the
cutting tool, and the ambiguity of the technological parameters of the gear shaping
process.

Fig. 1. Bimetallic gear disk of internal gearing with a frictional coating.

The gear ring is madewith a diameter of 348+0.26 mm, amodule of 3mm, the number
of teeth 91, and surface roughness of Ra 3.2 µm. The basis of modern friction disks is
spring steels (steel 65G, 60C2, etc.), which provide high elastic properties of the disk
and the ability of the toothed surfaces of the disk to resist crushing during operation.
The friction coating of the working disks is made of a graphitized composite alloy based
on copper, which can withstand high temperatures and has a high stable coefficient of
friction. Material of the cutting tool - high-speed steel P6M5.

It should be noted that any of the mentioned technological processes for increasing
productivity should be carried out not on a single part but a package of them due to the
small thickness (6 mm) of the bimetallic disk. Therefore, processing and researching the
efficiency improvements of gear shaping were performed on a package of 9 disks.
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2 Literature Review

D. Ershov etc. [1], V. Maksarov [2], I. Wolfson [3], and I. Zharkov [4] researched the
vibrations of technological systems. Analysis of their works showed that oscillations in
the technological system (hereinafter TS) occur due to dynamic forces. Depending on
the nature of fluctuations in the technological system, they are divided into:

1. Free vibrations of the system occur due to the gravel impact of external forces. As
a rule, these oscillations are quickly damped due to energy dissipation in the TS.

2. Forced vibrations (of the first kind), emerging due to the occasionally acting external
force not related to the process of cutting the allowance. These oscillationsmay occur
due to an imbalance in the machine’s drive or under the action of some external
dynamic load. Oscillations of this type usually do not reach the resonant frequencies
of the TS.

3. Forced vibrations (of the second kind) occur during the cutting process. The cut-
ting process has its inherent periodicity, which leads to the appearance of forced
oscillations (for example, the process of formation of intermittent elemental chips
or periodic incision of the teeth of the circular shaper-type cutter). Oscillations of
this type also usually do not reach the resonant frequencies of the TS.

4. Self-excited vibrations, a phenomenon in which oscillating motion occurs and is
maintained in the process of cutting by energy sources that do not have oscillating
properties. Self-excited vibrations are inextinguishable oscillations of the system,
which themselves are the source of these oscillations, and the amplitude and period
are determined by the system’s properties and do not depend on the exciting external
force [5]. However, the research of vibrations duringmillingmachines in theseworks
was carried out, and themodeling ofmachining of thin disks andwith friction coating
[6, 7] was not considered. Even for well-adjustedmachines with high stiffness, under
certain operating conditions in the cutting process, self-excited vibrations can occur,
limiting the allowable cuttingmodes, reducing thequality of products, and sometimes
leading to premature wear and destruction of the cutting tool (hereinafter CT). In
contradistinction to forcedvibrations, the frequencyof self-excited vibrations usually
remains constant in a wide range of cutting speeds, which is the most distinctive
feature bywhich forced oscillations can be distinguished from self-excited vibrations
[8, 9]. In theseworks, one of themain parameters of vibration - vibration acceleration
was not considered. The causes of self-excited vibrations can be the phenomena of
rivet and build-up, the variable speed of the chips, the variable thickness of the cut
layer, and other factors. To eliminate self-excited vibrations, it is necessary to change
the properties of the system itself.

Thus, when gear shaping a package with the variable hardness of the material, both
forced and self-excited vibrations can occur. Oscillations in metal cutting have long
been considered forced vibrations. This interpretation was first refuted by N. Drozdov
[10]. He stated that the oscillation frequency in the TS remains virtually unchanged over
a wide range of cutting speeds in his work. Based on this fact, he concluded that the
oscillations generated by the cuttingprocess should be considered self-excited vibrations.

Several fundamental studies [4, 5, 10, 11] and many research works [12–21] have
been devoted to studying oscillations, including self-excited vibrations of the TS during
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metal cutting. In the paper [14], the vibrations on bearing housings of turning machines
were investigated, and experimental values of the acceleration amplitude of mechanical
vibrations (vibration acceleration) were measured. We consider these measurements to
be important for our research. In [15], the issues of roughness prediction during turning
based on vibration analysis considered the processing modes and geometric parameters
of the tool. The study of the end milling of stamped steel is presented in [16]. Edge
(initial) tool wear is considered in [17], but the process was considered only for turning
cutters. The stabilization of vibrating systems was studied in [18]. It is indicated that
stabilization is possible using random parametric excitations. The issue of stabilization
of vibrating systems is quite important, but it is individual for each machining process
and therefore requires additional research for a particular type of processing. In [19], the
surface roughness was also predicted, but in our case, the roughness of lateral surfaces
of internal gearing teeth is not a limiting factor, although it is related to the quality
of the product. The study of the influence of self-excited vibrations on various main
mechanical characteristics of the system “workpiece – tool – material” was carried
out, where measurements were performed on a six-component dynamometer [20]. The
studies [21, 22] propose different vibration analysis methods for ensuring the reliability
of technological processes.

Thus, the investigated works’ analysis shows that researches of various vibration
parameters, including vibration acceleration, were considered. However, studies did not
concern the gear shaping process in general, not to mention gear shaping the gear ring in
bimetallic gear disks with friction coatings personally. The instantaneous magnitude of
vibration acceleration can be used to assess the nature of vibration processes occurring
during processing and the magnitude of the load on the machine’s main mechanisms.
But in the absence of equipment, registration sensors, particularly vibration acceleration,
were not considered by researchers, especially when gearing. Therefore, one of the tasks
of examining the issue of improving the efficiency of gear shaping of bimetallic disks
was the consideration, registration, and analysis of vibration acceleration.

3 Research Methodology

To study gear-shaping gear in bimetallic gear disks with friction coatings, a machine
model TOS OHO 50 was used. The main cutting force of gear shaping is directed
along the axis of the machine ram. To estimate the load’s magnitude on the machine
components, accelerometers 7290A-2 were used, placed, and fixed on the ram and the
machine table. The layout of the accelerometers on the machine is given in Fig. 2.

To register the vibration acceleration, the Information Collection System “National
instruments mod. NI-9234” was used, which is designed for vibroacoustic research.

The system reads data from the sensors in real-time and transfers it to a personal
computer that records and processes data using the program. The NI 9234 is a four-
channel dynamic signal acquisitionmodule for highly accuratemeasurements from IEPE
sensors. NI 9234 provides a dynamic range of 102 dB and includes built-in electronics of
piezoelectric (IEPE) signal conditioning at a direct current of 2 mA for accelerometers
and microphones. Simultaneously, we get four input channels at speeds up to 51.2
Kbyte/s. In addition to that, the module contains built-in anti-aliasing filters, which are
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Fig. 2. The layout of accelerometers on a gear-shaping machine.

automatically adjusted to the sampling frequency. Compatible with NI CompactDAQ
and CompactRIO single-module USB media, the NI 9234 is used for a wide range of
mobile or portable applications, such as industrial machine monitoring, noise, vibration,
and stiffness testing. The general view of the experimental installation is shown in Fig. 3.

Fig. 3. General view of the experimental installation on the machine model TOS OHO 50.

4 Results

The following cutting modes were selected for the experimental processing of the batch
of parts: the number of double runs per minute – 56, 71, 90, 112, 140, 180, 224, cir-
cular feed – 0.16, 0.2, 0.25, 0.31, 0.4 mm/dbl.runs/min. According to the experimental
processing results, the period of stability of the tool was determined by the following
criterion – chamfer wear on the rear surface doesn’t exceed 0.3 mm, which was checked
by a microscope with the eyepiece division value of 0.1 mm per full rotation of the part.

The amplitudes of the ram vibrations and the table with the fixture for clamping the
package of parts were also determined. The research results are presented in Fig. 4 in
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the form of records of the amplitudes of vibration acceleration of the ram for different
values of double runs.

Fig. 4. Experimental data of vibration acceleration of the ram: a – at 56 dbl.runs/min.; b – at 112
dbl.runs/min.; c – at 224 dbl.runs/min.

The amplitudes of the ram vibrations depending on the number of dbl.runs/min are
given in Table 1.
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Table 1. The value of the ram vibrations’ amplitudes depends on the number of dbl.runs/min.

Number of double runs, min−1 The amplitude of oscillations of vibration acceleration of the
ram, m/s2

56 3.53

71 2.97

90 1.5

112 1.07

140 3.09

According to the results of experimental data, the minimum amplitude of the ram
vibrations is in the range of 5.53 m/s2 at 56 dbl runs/min of the ram, then it decreases to
1.07m/s2 at 112 dbl runs/min, and then increases again to 3.09m/s2 at 140 dbl runs/min, i.
e. the ram vibrations pass through the conditional minimum of the ram vibration acceler-
ation. In our studies, this minimumwas observed at 112 dbl runs/min, with the minimum
amplitude of vibrations of the ram equal to 1.07 m/s2. With the increasing number of
double runs, the machining process occurs with signs of self-exciting vibrations, as
evidenced by the deterioration of roughness from 1.6 to 3.2 Ra and roughness of the
processed surface of a package of details. It is possible to reduce self-excited vibrations
by increasing the mass of moving parts, but such studies are expected to be performed
in the future.

An experiment to study the tool stability shows that the main factor influencing
stability is the cutting speed, which depends on double runs per minute.

In Table 2, the results of the study of the stability of the shaper-type cutter are given.
The circular feed has almost no effect on the stability; however, there is a slight increase
of the chamfer wear at minimum and maximum circular feed values.

Table 2. The tool stability (tool life, min) depending on the circular feed of processing in the
number of full turns of part with the maximum admissible chamfer wear of 0.3 mm.

Number of double
runs, min−1

Circular feed, mm/dbl.runs/min

0.16 0.2 0.25 0.31 0.4

Tool stability, min

56 2 2 2 2 2

71 2 2 2 2 2

90 3 3 3 3 3

112 4 4 6 5 5

140 2 2 3 3 2

180 Less than 1 Less than 1 Less than 1 Less than 1 Less than 1

224 Less than 1 Less than 1 Less than 1 Less than 1 Less than 1
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Thus, the most efficient processing mode was experimentally established in terms of
the highest tool stability and the lowest value of the ram’s vibration amplitude, which is
one of the most important factors of the machine’s working capacity and durability 112
double runs per minute. Since the tool’s oscillation stability is practically independent
from the circular feed, except for its minimum and maximum values, it is advisable to
choose a value of 0.25 or 0.31 mm/dbl.run to obtain maximum productivity and reduce
costs.

The increase of the vibration resistance of the gearing process is possible by expand-
ing the mass of moving parts, which will increase the force of inertia as a force that
can counteract the uneven cutting force; it will also increase the resonant frequency,
which will ensure the growth of the number of double runs of the ram without self-
excited vibrations. Therefore, it is planned to conduct additional research and develop a
mathematical model of the studied process.

5 Conclusions

The paper identifies the factors that limit the possibility of processing bimetallic discs
with friction coatings on gear shaping machines, i.e., the presence of a friction layer, the
stability of the circular shaper-type cutter (within 4–6 min), the maximum cutting speed
(up to 25 m/min), and circular feed (within 0.25–0.31 mm/dbl.run).

The industry results’ practical significance is to increase the gearing process’s effi-
ciency by determining the optimal processingmode on the criterion ofmaximumproduc-
tivity and stability of the tool, i.e., the optimal value of the number of double movements
affecting vibration resistance of the machining surface roughness.

Efficient processing mode with the maximum number of discs in the package – 9
(disc thickness – 6mm), number of double runs – 112, circular feed – 0.31mm/dbl.run,
a number of passes – 1.

To increase the gear shaping process’s vibration resistance, it is necessary to ensure
themaximum possible cutting speed. For this purpose, it is planned to conduct additional
research and develop a mathematical model of the studied process. Also promising is the
study of the influence of the mass of moving parts of the machine to increase the inertia
force, which can compensate for oscillations in cutting force due to different hardness
in the parts package and determine friction layer effect on the processing productivity
of bimetallic discs.
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Abstract. The grinding process successfully ensures high accuracy of the part,
microgeometry, and geometry, then very often grinding reduces such quality indi-
cators as the phase-structure and stress composition of the processed surface.
When grinding, high contact temperatures arise, some of which, called critical,
have a negative effect on the part’s material and can lead to a change in the phase-
structural composition and the stress state. The grinding process must be carried
out so that these temperatures do not penetrate to a greater depth than the value of
the remainingmachining allowance. In this case, negative phase-structural changes
occur in the layer of material that is removed. The article describes a technique
that calculates the depth of penetration of critical temperatures and adjusts the
processing modes so that each subsequent pass does not exceed the metal layer
that will be removed.

Keywords: Contact temperature · Critical temperature · Allowance for
processing · Phase transformations · Structural transformations · Stress state ·
Surface layer

1 Introduction

The increasing requirements for the accuracy of machine parts, the use of new difficult-
to-machine materials, and hardening technologies have raised effective pure processing
of workpieces, giving them the final accuracy and the necessary complex of physical and
mechanical characteristics. One of the types of such processing is finishing, in particular,
grinding.Abrasive processing is characterized by high productivity and, at the same time,
provides a solution to many problems that other technological methods cannot solve.
Therefore it is widespread.

However, if grinding successfully ensures high accuracy of the part, microgeometry,
and geometry, grinding reduces such quality indicators as the phase-structure and stress
composition of the processed surface. The grinding process is characterized by signifi-
cant temperatures in the zone of contact between the wheel and the workpiece, as a result
of which the processed material is subjected to additional, very harmful heat treatment.
Different steels and alloys react to additional heating in different ways, depending on
the chemical composition, the temperature, and the duration of its exposure. Each steel
and alloy has its critical temperature, which causes unwanted transformations.
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The grinding operation task is to obtain a high-quality surface free from grinding
defects, burns, high tensile stresses, and cracks.

In numerous well-known works, thermodynamic processes taking place during
grinding are considered in detail. In particular, critical grinding temperatures have been
determined for a wide range of machine-building materials of the “metal alloy” type.

The critical temperature at which hardening burns are formed can be determined
from the following considerations [1].

With rapid heating by the grinding temperature of the surface of the hardened steel
part above the Ac1 line, the martensitic structure of the surface layer transforms into
an austenitic structure. That is, the reverse martensitic transformation takes place. This
transformation is all the more facilitated by the fact that as a result of high specific
pressures exerted by abrasive grains on the metal surface, the Ac1 point decreases to the
region of low temperatures.

Rapid heating of the surface layer is followed by its rapid cooling at rates significantly
exceeding the critical quenching rates. Most of the Mf points in these steels are below
20 °C, that is, below the temperature to which the metal is cooled during grinding. As
a result, martensitic transformations do not occur completely, as a result of which the
structure of austenite of secondary hardening is fixed in the surface layer, which is called
the grinding hardening burn.

The final cooling of the austenite structure occurs in the temperature range from
100 to 20 °C, that is, the cooling process ends between the points Ms and Mf, thus, the
temperature range until the end of the martensitic transformation do not overlap, which
determines the incompleteness of this transformation and the fixation of a significant
part of the austenite.

To determine the critical temperature for burns of quenching, it is necessary to clearly
understand which transformations occur in hardened steel during heating [1].

Martensite is a non-equilibrium structure that remains due to the low mobility of
atoms at room temperature. When this structure is heated (when it comes to carbon
steel), four transformations occur in the metal, the essence of which is briefly reduced
to the following.

In the temperature range 150–200 °C, two-phase or heterogeneous decomposition
of martensite occurs. In this case, the thinnest carbide plates are precipitated in separate
areas of the martensitic structure. The thickness of these plates is several atomic layers,
and the length is several hundred angstroms. The carbide lattice is coherently connected
with the martensite lattice. That is, there is a standard layer of atoms at their boundary.
Near the carbide plates, the solid solution is depleted in carbon, as a result of which
the tetragonality of martensite decreases. However, due to the low diffusion rate of
carbon in this temperature range, the concentration over the grain does not have time
to equalize, and in one grain, there are two solid solutions with the same type of lattice
but with different carbon concentrations. It is because of this that this mechanism of
decomposition of martensite is called two-phase. As a result of the first transformation
of tempering, tetragonal martensite turns into cubic, which is called tempering. Thus,
the tempered martensite is a heterogeneous mixture of a supersaturated carbon solution
in α-iron of an inhomogeneous concentration with non-isolated carbides.



Penetration Depth of the Critical Temperature into the Workpiece Material 455

In the temperature range 200–300 °C, the second transformation occurs, character-
ized by the fact that retained austenite is transformed into tempered martensite. Due
to a decrease in the tetragonality of martensite, the compressive stresses acting on the
retained austenite decrease.

In the temperature range 300–400 °C, the third transformation of tempering occurs.
The diffusion rate of carbon in this temperature range increases significantly, and all of
it is released from the α-lattice, forming cementite. As a result of this transformation, a
highly dispersed ferrite-cementite mixture is formed, called temper troostite.

In the temperature range 400–600 °C, the fourth transformation occurs, consisting
of carbide particles’ growth and coagulation. The result is temper sorbitol or temper
perlite structure.

From the above, we can conclude that if we talk about the tempering temperature, it
is necessary to indicate the type of transformation. If the tempering temperature during
grinding is considered the temperature at which the surface layer’s martensitic structure
completely decomposes, this will be the third tempering transformation temperature.
Thus, the critical temperature of burns of quenching is the temperature of the third
quenching transformation.

When grinding coated parts, especially ceramic ones, the temperature at the “coating-
substrate” interface is of great importance, since in this case, the temperature causes
residual stresses that can tear the coating of the substrate. Thus, in this case, the critical
temperature will be such that it does not cause residual stresses that can tear off the
coating.

A healthy sanded surface can only be obtained if the propagation of the critical tem-
perature from the surface into the part’s depth does not exceed the machining allowance.
In this case, all thermal defects are formed in the layer of material to be removed. On the
first pass, a combination of processing modes is established in which the thermal field of
the critical temperature reaches the border of the allowance for processing. Subsequent
passes are also performed in modes that ensure that the critical temperature’s thermal
field is within the remaining allowance.

Purpose – Analytically determine the depth of penetration of the critical grinding
temperature into the part from the known surface temperature. Develop a block dia-
gram of a mathematical program for calculating processing modes at which the critical
temperature does not go beyond the processing allowance.

2 Literature Review

Considerable literature is devoted to the propagation of the contact temperature ther-
mal field. So in [2], the phase-structural composition of the surface layer of the work-
piece being ground is considered, but the critical temperatures and the depth of their
penetration, depending on the surface temperature, are not considered.

In [3], reducing the forces and cutting temperatures during grinding are considered,
but there is no specific data on the critical temperatures.

In [4], mathematical and physical models for calculating grinding temperatures
are given. However, no data is linking critical grinding temperatures with contact
temperatures.
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In [5], a solution of a two-dimensional heat conduction problem by a numerical
method is given. The work describes the process adequately but does not concern the
penetration depth of critical temperatures.

The work [6] shows the results of mathematical modeling of thermal processes
during grinding. Temperatures on the surface and temperatures propagating deep into
the workpiece are calculated. However, the work does not show the critical temperatures
and their relationship with the workpiece’s surface temperatures.

In [7], the simulation of the temperature field of grinding when ultrasound is applied.
It is shown that the temperature and the depth of the thermal field decrease. However, a
clear relationship between surface and critical temperatures has not been shown.

Thework [8] shows the relationship between temperature and technological process-
ing factors and developed a method for calculating grinding temperatures when using a
cup wheel. Critical temperatures are not considered.

In [9], mathematical modeling of the process of grinding a thermal barrier coating is
considered. Critical temperatures are shown, which must be avoided, but no analytical
expressions are connecting critical temperatures with surface temperatures.

The work [10] shows the solution to the problem of thermal conductivity during
grinding, taking into account the pulse nature of the heat flow. A method for calculating
the contact andpulse temperatures is given.There is no talking about critical temperatures
for various steels.

In [11], the influence of various elements of the grinding regime on temperature is
considered. Ways to lower the temperature are recommended. Critical temperatures for
different materials are not considered.

In [12], an analytical solution to the problem of calculating the spatio-temporal
temperature field in workpieces for various types of grinding with wheels of arbitrary
design, taking into account the convective heat exchange of the treated surface with the
environment, as well as the results of theoretical and experimental studies of thermal
phenomena and the dynamics of the process at round grinding. There are no data on
critical temperatures in operation.

Inworks [14, 15, 20], heat generation’s general issues during grinding are considered.
However, there is no data on critical temperatures.

3 Research Methodology

In this work, we solve creating a relatively simple and sufficiently accurate analytical
expression linking the value of the contact temperature and the depth of penetration of
the critical temperature. A program and block diagram for determining the parameters
of the grinding mode is developed.
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At present, there is a multiply tested expression for determining the surface temper-
ature during grinding under the action of a flat instantaneous source [12], which is quite
simple and accurate.

T = 1,12 · η · q · √
τ

F · ε
·
[
e

−y2

4·a·τ + y · � ·
[

y

2 · √
a · τ

]]
, (1)

where η – the amount of heat transferred into the workpiece during grinding; q – the
power of the heat source during grinding; τ – the operating time of the source; F – the
area of the contact patch of the wheel with the workpiece, m2, ε is the coefficient of
thermal activity of the material being ground, J/

(
m2 · K · s0.5); y – coordinate of the

propagation of the thermal field deep into the workpiece, m; α – thermal diffusivity of
the workpiece material m2/s.

For calculating the penetration depth of a specific temperature into the workpiece
material, this equationmust be solved with respect to y. For obtaining a sufficiently accu-
rate and straightforward solution, it is necessary to analyze the results of calculating the
temperature according to Eq. (1) and according to it without the second term in parenthe-
ses. For example, let us take the following grinding mode: wheel 25A12SM2K; design
No. 6; diameter of a wheel D = 0.3 m; longitudinal feed Vlf = 0.15 m/s; the speed of
wheelVw= 35m/s; transverse feed S = 0.0015m/stroke; depth of grinding t = 0.03mm.

The results showing the surface contact temperature values and their propagation
along Y-coordinate are shown in Fig. 1.

Fig. 1. The results of calculating the grinding temperature and its penetration into the depth of
the workpiece 1– complete formula; 2 – incomplete formula without the right side.

As it can be seen, considering a small error, in tenths and hundreds of a degree, the
depth of temperature penetration can be calculated using formula 2.

T (y) = 1, 12 · η · q · √τ

F · ε
· e −y2

4·a·τ (2)
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By taking the logarithm of this expression and carrying out some transformations, it is
possible to obtain a relatively accurate and straightforward expression that determines
the depth of penetration of the critical temperature into the ground’s workpiece. With an
accuracy of about 99%, the depth of phase-structure transformations is determined by
the expression:

y = 2 ·
√
a · τ ef · ln Ts/Tcr = 2 ·

√
a · τ · Ts − Tcr

Ts
ln
Ts + Tcr
2 · Tcr (3)

where τef = τ · Ts−Tcr
Ts

is an effective time of thermal action on a given point of the surface;
Tcr is the critical temperature at which phase or structural transformations begin; Ts is
the surface temperature.

The effective time of thermal action is understood as when a temperature equal to
or higher than the temperature Tcr acted on a given point of the surface. As can be
seen from Fig. 2, this time can be determined directly from the heat impulse using the
similarity of triangles ABC and DBE.

The effective time of the thermal effect of a temperature exceeding the temperature
Tcr at which phase and structural transformations occur is somewhat less than the total
time of the temperature’s thermal effect on a given point. The value of the surface
temperature acting during the time τef is taken from Fig. 2.

Fig. 2. View of a heat pulse recorded at a low sweep speed.

Ts = Tcr + (Ts − Tcr)/2 (4)

An estimate of the thermal field’s penetration depths with a temperature corresponding
to the temperature of structural transformations shows that with different combinations
of temperatures and contact times of a given point of the metal with a wheel, the pen-
etration depth of the thermal field will be different. Different modes allowed during
processing provide, on the one hand, different temperatures, and on the other hand,
different duration of these temperatures, which is reflected in the nature and depth of
structural transformations.

The research carried out made it possible to create a program for calculating the pro-
cessing modes in which thermal defects do not extend beyond the processing allowance.
The block diagram of the program is shown in Fig. 3.
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Fig. 3. The block diagram of the program for calculating grinding modes.

The second block is a block for calculating the contact temperature TC.
The third block is a block for calculating the penetration depth of the critical

temperature.
The fourth block is a block for comparing the penetration depth Tcr with the

machining allowance value.
The fifth block works in the case of inequality h and �. In case when h < � the

processing modes are tougher. In case when h > �, the processing modes are reduced.
After that, a new calculation cycle begins from block 2.

The sixth block works after receiving the result from block 4, with an error of 5%.
It is used to memorize passage modes.

The seventh block corrects the allowance size taking into account the removed layer.
After that, a new calculation cycle begins – block 2. The program runs until the entire
allowance is removed.

4 Results

For determining the adequacy of the results obtained, direct experiments were carried
out to determine the critical temperature’s penetration depth. The research was carried
out when grinding hardened steel DIN X12Ni5 – carburized at which hardening burns
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(austenitic structure) and tempering burns (pearlite structure) are formed. The studies
were carried out in such processing modes that ensure the formation of the above struc-
tures. The critical temperature’s penetration depth was carried out by the metallographic
method under the sources [20–22]. Thus, the thickness of the austenite layer corre-
sponded to the critical burns of hardening temperature, and the thickness of the pearlite
structure layer corresponded to the critical quenching burns temperature (Fig. 4).

Fig. 4. Structures of hardening and quenching burns after grinding: 1 – hardening burn-in zone -
austenite, 2 – quenching burn-out zone - pearlite, 3 – the defect layer’s general zone, x150.

Statistical processing of experimental data made it possible to obtain an empir-
ical dependence that links the defect layer’s total depth, the processing mode, the
thermophysical properties of the material, and the contact surface temperature.

y = 104e0.03Tna0.5v0.49t0.25, (5)

where Ts – ºC – surface temperature;
a – coefficient of thermal diffusivity m2/s;
v – longitudinal feed m/s;
t – grinding depth m.

Comparison of the calculated and experimental data showed their good convergence.
The results of calculating the processingmodes for the case of grindingwith pressure

cooling are shown below. Treatment modes: wheel 25A12CM2K; No structure 6; Dw
= 0.3 m; Vlf = 0.15 m/s; Vw = 35 m/s; S = 0.0015 m/stroke: cooling soda solution
supplied by a pressure jet under a pressure of 6 at. The depth of cut t is distributed over
the passes as follows – 0.055; 0.045; 0.045; 0.04; 0.035; 0.03; 0.03; 0.03; 0.025mm. The
contact temperature is equal to the third tempering transformation temperature at each
pass, causing the tempering burn, which does not go beyond the remaining machining
allowance. The polished parts were controlled by wiping the polished surface with a
nitric acid solution in ethyl alcohol.

Quenching burns were not revealed.
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5 Conclusions

Thedata given in thework allowus to assert that the proposedmathematical dependencies
and the mathematical program for determining the processing modes adequately reflect
the value and law of propagating the contact temperature of grinding into the depth of
the workpiece.

The program for determining the grinding modes is implemented in the Math-
Cad environment and can be used by engineering and technical departments and shop
technologists when organizing production.

Thismethod of calculating the depth of penetration of the critical temperature into the
depth of the part can be recommended, first of all, when assigning the modes of grinding
of hardened gear wheels, which are sensitive to hardening and quenching burns. The
outlined material makes it possible to calculate such modes in which all thermal defects
are closed in the machining allowance, which is removed.

When grinding coatings, the described material allows assigning such processing
modes when a safe temperature acts on the coating and base metal boundary, causing
residual stress that cannot tear the base’s coating.
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Abstract. This work aims to determine the parameters of surface roughness dur-
ing abrasive processing analytically and to substantiate the technological possibil-
ities of its reduction in the conditions of transition from the micro-cutting process
to the process of elastic-plastic deformation of the processed material. On this
basis, the minimum possible values of surface roughness parameters during free
abrasive treatment are analytically determined. It is shown that the main way to
reduce the surface roughness is to reduce the grain size of the abrasive powder and
increase the surface concentration of abrasive grains in the cutting zone. Based
on the analysis of the graph of the relative supporting length of the micro-profile
of the treated surface experimentally established during abrasive polishing, the
significant effect of individual deep scratches on the surface roughness is shown.
It is established that they occur as a result of the work of larger grains included in
the considered grain fraction with a grain size of 1/0 and the different heights of
the grains in the cutting zone. Therefore, it is recommended to use abrasive grains
with a small range of their size spread during abrasive polishing and use oval-
ized abrasive grains, which prevent the formation of deep scratches. The obtained
results can be effectively used for abrasive polishing of reflective surfaces of space
products that operate under light conditions and require high surface roughness.

Keywords: Abrasive polishing · Micro-cutting process · Ovalized grains

1 Introduction

Theessential condition for implementinghigh-qualitymechanical processingofmachine
parts is to ensure high roughness of the treated surfaces. This is achieved by using
effective methods of abrasive processing, including grinding, abrasive polishing, and
others. Currently, considerable experience has been accumulated in their application.
However, as practice shows, it is quite difficult to consistently achieve a significant
reduction in the roughness parameter of the treated surface Ra to the level of 0.01 µm
(microns) or less, even in conditions of abrasive polishing using an abrasive powder with
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a grain size of 1/0. As a rule, certain deep scratches are formed on the processed surfaces,
leading to an increase in the Ra parameter and do not allow to meet the requirements for
the quality of processing. This is especially true for the abrasive treatment of reflective
surfaces (with minimal values of the Ra parameter) of space products that operate at
high temperatures (more than 150 °C) and lose their performance properties due to
significant temperature deformations. As practice shows, for their effective use, it is
necessary to provide the roughness parameter of the treated surface Ra at a level of
fewer than 0.05 µ. In this regard, it is essential to establish the maximum possibilities
for reducing the roughness parameter of the treated surfaceRa during abrasive processing
and developing practical recommendations for their technological support, mainly when
processing reflective surfaces of space products.

2 Literature Review

Unlike grinding processes [1, 2], high surface roughness can be achieved under free
abrasive treatment conditions [3, 4] (especially during abrasive polishing [5, 6]) using
fine-grained abrasive powder [7]. In this case, the processing efficiency is mainly related
to ensuring the actual single-layer arrangement of abrasive grains in the cutting zone
and excluding their different heights [8].

It is possible to reduce the surface roughness during abrasive polishing by smooth-
ing the surface layer of the part [9, 10]. This is important for achieving high rough-
ness of the treated surfaces during abrasive polishing and creating optical (reflective)
properties [11, 12]. For a complete understanding of the possibilities of abrasive polish-
ing in works [13, 14], the regularities of surface roughness formation during abrasive
processing are described analytically from the standpoint of probability theory. This
allowed us to theoretically justify the main conditions for surface roughness reduction
and develop practical recommendations for their technological support [15, 16]. The
possibility of reducing the roughness parameter of the treated surface Ra while simul-
taneously increasing the processing performance and reducing the cutting temperature
under deep grinding conditions is shown [17], which is an essential factor in improving
abrasive processing efficiency. Simultaneously, there are no theoretical solutions in the
scientific and technical literature that allow us to estimate the maximum possibilities
of reducing the Ra parameter during abrasive processing. As shown in work [18], they
can be achieved under conditions of transition from the micro-cutting process to the
process of elastic-plastic deformation of the processed material without chip formation.
However, this requires further research to establish the regularities of surface roughness
formation during abrasive processing – in the conditions of abrasive polishing.

3 Research Methodology

For solving this problem, it is necessary to set the minimum achievable values of the
surface roughness parameterRa, at which themicro-cutting process stops and the process
of elastic-plastic deformationof theprocessedmaterial begins.This requires an analytical
determination of the surface roughness parameter Ra and establishing its relationship
with the limit value of the ratio of the cut thickness az to the radius of rounding of
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the abrasive grain R (i.e., the ratio az/R), at which there is a transition from the micro-
cutting process to the process of elastic-plastic deformation of the processed material.
It is also essential to establish the relationship between the height parameters of the
surface roughness Ra and Rmax under abrasive polishing conditions analytically. This
will allow us to theoretically justify the main ways to reduce surface roughness and
make an experimental assessment of the results’ reliability. As an evaluation criterion,
it is necessary to use the relative reference length of the micro profile of the treated
surface, which is a comprehensive characteristic of the surface roughness parameters.
The results will allow us to develop practical recommendations for choosing rational
conditions for abrasive processing that provide the lowest values of the surface roughness
height parameters.

4 Results

The calculation of the maximum height of the micro-roughness of the treated surface
(the surface roughness parameter Rmax) is based on the calculation scheme of the pro-
cessing process with abrasive grains of the same size (radius R) with their single-layer
arrangement and overlap by the value Δ (Fig. 1).

А

В

y

R

0
0L

maxR

Fig. 1. Calculation scheme of the processing process with abrasive grains of the same size.

In this case, the surface roughness parameter Rmax is determined by the segment of
OB. For simplifications, the arc of the circle AB can be replaced with a straight-line AB
due to the small value of the surface roughness parameter Rmax.

Figure 2 shows a graph of changes in the reference length of the micro-profile of
the treated surface L(y), formed within half the distance between two adjacent abrasive
grains L0 = R – Δ. The angle α is determined from the ratio: tgα = Rmax/L0, where
L0 =

√
R2 − (R − Rmax)

2 ≈ √
2R · Rmax.
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Fig. 2. Graph of changes in the reference length of the micro-profile of the treated surface L(y).

To determine the surface roughness parameter Ra, at first, set the position y = a of
the midline of the micro profile of the treated surface from the condition that the areas
S1 and S2 are equal (at Fig. 2, they are shaded):

S1 = a2

2tgα
, (1)

S2 = (Rmax − a)2

2tgα
. (2)

Comparing the areas of S1 and S2, we get a = 0.5·Rmax .
The surface roughness parameter Ra is determined from the condition: 0.5·Ra =

S1/L0 (Fig. 2). Then Ra = 0.25·Rmax .
As it can be seen, the surface roughness parameter Ra does not depend on the angle

α and is 4 times less than the surface roughness parameter Rmax . Accordingly, the ratio
Rmax/Ra = 4, which is consistent with the known experimental data given in the scientific
and technical literature [15, 16], mainly when applied to the grinding processes.

Obviously, with an increase in the value of Δ (Fig. 1), the surface roughness param-
eters Ra and Rmax will decrease, and their ratio will remain constant, equal to Rmax/Ra

= 4. The Rmax parameter can be set from the condition:

(R − Rmax) =
√
R2 − L20. (3)

Then, after the conversions, it is obtained:

Rmax = L20(
R +

√
R2 − L20

) . (4)

In a generalized form, dependency (4) takes the form:

Rmax

R
=

(
L0
R

)2

· 1
[

1 +
√

1 −
(
L0
R

)2
] . (5)
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Table 1. Thecalculated values of the Rmax/R ratio.

L0/R 0.000 0.200 0.400 0.600 0.800 1.000

Rmax/R 0.000 0.020 0.083 0.200 0.400 1.000

0            0,2        0,4         0,6        0,8 0

0,25

0,50

0,75

R/L

R/Rmax

Fig. 3. The dependence of the ratio Rmax/R from the ratio L0/R.

As follows from dependency (5), Table 1 and Fig. 3, with a decrease in the L0/R
ratio, the Rmax/R ratio decreases approximately in a parabolic relationship, i.e., quite
intensively. Therefore, the primary condition for reducing the parameter Rmax should be
considered a decrease in the parameter L0 by increasing the number of simultaneously
working abrasive grains with their single-layer arrangement (Fig. 1), as well as by reduc-
ing the radius of the abrasive grain R. Due to this, the value L0 → 0 and, accordingly,
Rmax → 0.

The surface roughness parameterRmax in the limit takes a value equal to the thickness
of the cutwith a separate abrasive grain (Fig. 1).Accordingly, theaz/R ratio is analytically
described by the dependence (5). According to the experimental data of professor I.
Kragelsky, given in [19], the micro-cutting process is feasible under the condition az/R
= 0.14… 0.17. At lower values of the az/R ratio, only elastic-plastic deformation of the
processed material occurs without the formation of microarrays. Therefore, the lowest
values of the Rmax parameter can be achieved in the conditions of transition from the
micro-cutting process to the process of elastic-plastic deformation of the processed
material. Based on the conditions Rmax/R = 0.17 and Rmax/Ra = 4, we have Ra =
0.0425·R. If we take R = 0.5 µ (for a grain size of 1/0), then Ra = 0.021 µ.

If az/R = 0.17, the limit value of the ratio L0/R, according to dependence (5), is
0.185. Therefore, 5.4 times more abrasive grains should be involved in the micro-cutting
process at the same time than in the case of L0/R = 1.0. From this, you can set the
required number of abrasive grains located on the unit area of the working part of the
abrasive tool, which will provide processing with the specified values az = Rmax and Ra

= 0.25·Rmax .
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Given the expression L0 = R – Δ, we have L0/R = 1 – Δ/R, from which the ratio is
determined:

�

R
= 1 − L0

R
= 0, 815. (6)

According to the experimental data of Professor N. Bogomolov, given in [19], the
limit values of az/R, at which the micro-cutting process is carried out, vary within 0.04–
0.08. In this case, the surface roughness parameterRmax can take even lower limit values:
Rmax = (0.04–0.08)·R. Accordingly, the surface roughness parameter.

Ra = (0.01–0.02)·R. If we take R = 0.5 µ (for a grain size of 1/0), then Ra = 0.005–
0.010 µ. To meet this condition, an even greater number of abrasive grains must partic-
ipate in the micro-cutting process than in the previous case, established by professor I.
Kragelsky. This is achieved by increasing the surface concentration of grains or reducing
the processing performance (for example, reducing the pressure in the processing zone
during abrasive polishing).

Figure 4 [19] shows experimentally established graphs of changes in the relative
reference length of the micro-profile of the treated surface tp of samples made of AMg4
alloy after their processing by various methods, including after abrasive polishing with
ACM 1/0 paste (i.e., with a grain size of 1/0). Processing mode: the circumferential
speed of the polisher is 50 m/s; the specific pressure is 500 kPa.

Fig. 4. Relative reference lengths of the micro profile of the treated surface of samples made of
AMg4 alloy after different processingmethods: 1 – rolled (initial surface); 2 –waterjet processing;
3 – fine turning; 4 – milling; 5 – abrasive polishing; 6 – diamond turning.

Figure 5 schematically shows a simplified view of this graph obtained after abrasive
polishing, where L(y) = L(y)/L0 is the relative reference length of the micro – profile of
the treated surface; L0 is the base length of the micro profile of the treated surface, mm.it
should be noted that AMg4 alloy is used for manufacturing products with reflective
surfaces for space purposes.

From Fig. 5, it follows tp that the function initially increases slightly along the 0y
axis, and then when the y= a position is reached (i.e., the midline of the micro profile of
the treated surface), it increases intensively at an angle close to 90° to the 0y axis. In the
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Fig. 5. The type of simplified function L(y).

final section, the function tp under consideration asymptotically tends to a single value.
The surface roughness parameter Ra, in this case, is determined by the initial and final
sections of the function tp (in Fig. 5, they are shaded). Then from the condition 0.5·Ra

= 0.5 Rmax·L1, we have:

Rmax

Ra
= 1

L1
, (7)

where L1 is a dimensionless quantity (L1 << 1).
As it can be seen, the ratio Rmax/Ra, in this case, is much greater than one. This is

confirmed by experimental data [19], according to which the ratio Rmax/Ra = 30.3;
Ra = 0.1 µ; Rmax = 3.03 µ. Accordingly, the dimensionless value.
L1 = 0.033, i.e.,L1 << 1. This type of change in theRmax/Ra ratio is due to individual

deep scratches on the treated surface, which are formed by larger grains that are part of
the grain fraction. Second, the location of the abrasive grains at different heights. This
is also consistent with the research results reported in the papers [20, 21].

Therefore, the spread of grain sizes and their different heights in the cutting zone is
associated with the presence on the graph (Fig. 5) of two sufficiently extended sections
characterized by a slight change in the function L(y) along the 0y axis. Obviously, by
reducing the number of larger grains in the total mass of grains involved in the micro-
cutting process, it can be significantly reduced the initial and final sections of the function
L(y) in Fig. 5. Ideally, the function L(y) takes the form of a straight line that coincides
with the middle line y = a. In this case, the ratio Rmax/Ra = 4 (according to Fig. 2), and
the surface roughness parameter Ra → 0.

Thus, it is theoretically and experimentally established that during abrasive polishing,
the surface roughness parameter Ra can be reduced to the lowest possible value by 1)
reducing the range of variation in the size of the grain fraction used for processing; 2)
ensuring the transition from the micro-cutting process to the process of elastic-plastic
deformation of the processed material. In this regard, an essential condition for reducing
theRa parameter should be considered the use of oval-shaped abrasive grains that exclude
the formation of deep scratches on the treated surfaces. In the course of experimental
studies of abrasive polishing with the use of ovalized abrasive grains (1/0 grain size),
it was found that the surface roughness parameter Ra decreases to a value of 0.01 µ.
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This is quite consistent with the above theoretical data for the considered case az/R =
0.04–0.08 (according to the experimental data of professor N. Bogomolov) as a result,
as established experimentally, the light-reflecting properties of the treated surface of
samples made of AMg4 alloy are provided, due to high surface roughness.

5 Conclusions

The paper presents analytical dependences for determining the parameters of surface
roughness during abrasive processing. It is shown that when processing with a free
abrasive, the main conditions for reducing surface roughness are: reducing the grain
size of the abrasive and increasing the surface concentration of grains in the cutting
zone. It is established that the lowest values of the height parameters of the surface
roughness during abrasive polishing are achieved under the condition of transition from
the micro-cutting process to the process of elastic-plastic deformation of the processed
material. This is confirmed by the experimental studies of the relative reference length
of the micro-profile of the treated surface of samples made of AMg4 alloy after their
processing by abrasive polishing with ACM 1/0 paste.

The roughness of the treated surface mainly depends on the presence of individual
deep scratches on it-scratches formed as a result of the work of larger grains present
in the bulk of the grains and the different heights of the grains in the cutting zone.
Therefore, it is necessary to reduce the range of grain size spread used for processing
and use abrasive grains of ovalized shape to eliminate them. The research results are
recommended for use in abrasive polishing of reflective surfaces of space products that
reduce the light effect and the probability of temperature deformations of products by
reducing the surface roughness.
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Abstract. The profiling of high-precision tool-joint tapered threads is performed
according to an algorithm based on a convoluted screw model, which is func-
tionally dependent on the cutter’s geometric parameters and the size of the thread
itself. It is proved based on visualization of algorithm that effective production
of exact tapered thread from stainless steel is possible only using cutters with a
specially calculated profile based on interpolation of a hyperbolic curve. There is
created an acceptable geometric model for the cutting part of the thread cutter, the
profile of which is a function of the back rake angle. Based on the visualization,
it is confirmed that the axial profile of the sides of the tool-joint thread made by
the cutter with a non-zero back rake angle is actually curved. On the example of
algorithmic calculation of shaping by turning the tool-joint tapered thread size 2
7/8 Reg, it is determined that the use of the cutter model with a back rake angle
of 12° and with a usual profile of the cutting edge causes the exceeding of the
nominal thread profile side half profile angle by 3–10%, which gives grounds for
the use of cutters without correction of their edge profile.

Keywords: Threading lathe tool · Rake angle · Drilling tool joint · Geometric
modeling · Convolute screw

1 Introduction

Tapered thread tool joints used for oil and gas drill-string and pipe casing are very
offended with the aggressive carbon-dioxide gas environment. It imposes high require-
ments on the high-precision construction, anti-vibration protection, and anti-corrosion
properties of the tool-joints material on the one hand and increased operational require-
ments for their tightness on the other. Nowadays, this has created many design problems
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for the drill string tool joints themselves and actually for the cutting tool for their man-
ufacturing. The most important issue is to ensure efficient turning of high-precision
threads from hard-machined high-alloy steel with significant anti-corrosion properties.
This problem is solved by using the appropriate materials of the cutting part of the lathe
tool, which are made in the form of carbide inserts. However, manufacturers of inserts
designed to form oil and gas tapered threads do not resort to the variability of their
geometric parameters, though they are crucial for the cutting process. Obviously, this
is due to the lack of a methodology and a convenient algorithm for calculating these
cutting inserts’ profiles, guaranteeing the resulting cut’s high accuracy.

2 Literature Review

Many scientific researches inwhich the dependence ofmechanical properties of threaded
connections on their manufacturing accuracy are detected using theoretical [1] and
experimental [2] approaches. Many works offer constructive solutions to increase the
efficiency of drill-string connectors [3] and drilling tools in general [4, 5]. Vibration pro-
tection devices described in the articles [6–8] are designed to reduce the total load on the
threaded connections of drill strings. The self-unscrewing threaded joint equipped with a
spring-loaded collet is offered as a means of combating [9]. The surface strengthening of
the thread surface with layered functional-gradient compositions characterized by high
resistance to localized loads is also important [10–12]. The work [13] shows the negative
impact of the leakages in the drill-string tool joints due to the tapered thread imperfec-
tion on their durability in aggressive environments. Among the studies, some prove the
need for special methods and computer programs for the design of thread lathe tools
for turning high-precision threads. Such analytical studies include the author’s works
of this study [14, 15]. However, the paper [14] describes the surface contact pressure
in the dependence on the profile and the threading turning’s geometric parameters. The
analytical study of the kinematic rake angles distribution at the cutting edge of lathe tool
for tapered thread manufacturing is represented in [15], but the thread accuracy is not
investigated. Those investigations emphasize that the technology of turning difficult-to-
machine materials requires cutters with a negative back rake angle. Simultaneously, the
works [16] refer to using high-strength and stainless steel for manufacturing oil and gas
pipes using a positive value rake angle.

The report [17] concerns a data acquisition system with the final idea of measur-
ing the cutting force in the threading process done on a conventional lathe. But their
analytical models are used to find the machining tool’s depth of cut, not considering
the conditions of different values of the back rake angle. Several stainless steel turning
tests are conducted in the paper [18], but it mainly focuses on the lubrication method’s
influences on the thread precision. The analysis obtained in [19] defines that the thread
profile precision could be essentially affected by the cutting tool’s position active edges
relative to the workpiece, but the back rake angle on the thread profile error isn’t inves-
tigated in it. The work [20] aims to simulate a three-dimensional orthogonal cutting
operation using FEM software to study the effects of rake angle on the cutting process.
The results show the increase in the rake angle from negative (−15°) to positive angle
(+15°), causing the decrease in cutting force, effective stress, and total VonMises strain.
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But these studies do not aim at the accuracy of the thread. The paper [21] describes the
machining of a thread with the desired lead, depth, undercut angle, and taper angle while
also producing segmented chips, which is important for heavy machining stainless steel.
But there is not any information about rake angle influence on the thread accuracy in
it. Study of the measuring accuracy in terms of the thread parameters: profile angle and
profile shape are provided in the article [22]. But monitoring algorithm does not include
the values of the rake angle as input data.

The effect of the rake angle and the edge preparation of c-BN tools on the sub-
surface displacement field, which has been experimentally investigated by using DIC,
are presented in the paper [23], together with an analysis on the origins of the strains in
hardened steel workpiece and chips. In work [24], a cutting energy-based tool wears geo-
metrical model is proposed. Based on the cutting force’s prediction, the cutting energy
consumption in the turning is estimated, but the offered geometrical model’s accuracy
is absent.

The study [16] is about 13%Cr stainless steel has good comprehensive performance.
This makes it suitable to work under the condition of high pressure, high temperature,
and corrosive environment. It can be used as a material for petroleum pipes. The thread
turning is heavy-load machining, which places a high requirement on the cutting equip-
ment. The machinability of 13%Cr stainless steel was studied by turning experiments.
Experimental results show that less cutting and longer tool life were acquired for the
insert with a rake angle of+12° during the 13% Cr stainless steel buttress thread turning
process [16].

2.1 The Geometry of a Regular Threading Tool

Therefore, it is necessary to analyze the current state of affairs with cutters for the
production of threads in the oil and gas sector, particularly in drilling. Figure 1 schemat-
ically shows a lathe tool whose cutting edge profile corresponds to the drill-string thread
profile. Therefore, it has a zero value of the back rake angle.

This approach is practiced by the vastmajority of toolmanufacturers [25], apparently
because they do not calculate the cutting edge profile.

Fig. 1. Schema of the threading machining with a zero rake angle lathe tool: P – thread pitch, H
– the height of a fundamental triangle, h1 – thread height, d minor – minor thread diameter, d minor
– major thread diameter, d pitch – pitch diameter, α/2 – half profile angle, r – root radius.
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Therefore, the work aims to create an acceptable geometric model for the cutting part
of the thread cutter, the profile of which is a function of the back rake angle and basing
on the model is to create a software interface that can be used to make high-precision
tapered threads from different materials, including stainless steel.

3 Research Methodology

The thread’s accuracy is determined by its pitch (P) and profile angle (α). The cutter’s
geometry determines them if its back rake angle is zero (Fig. 1). The standard API spec
7–2 states that the accuracy of the half profile angle of 30° is ±40′.

The lathe threading cutter has a non-zero value of the bake rake angle γ (Fig. 2a) that
its cutting edge must be a hyperbolic profile or interpolated rectilinear profile based on
the hyperbola (Fig. 2b). Therefore, the profile of such a cutting gmjk does not coincide
with the profile of the standard thread dndb (Fig. 2b).

a b

Fig. 2. Layouts for explaining the cutting keg profile interpolated based on hyperbola kjemg: 1
– carbon-cutting insert, 2 – anvil, 3 – lathe tool, 4 – workpiece, V – rotate vector.

The rectilinear interpolation is a necessary technological technique for easy making
the cutting edge. So it is rectilinear profile keg in-plane A-A is of correct shape (Fig. 2).
Therefore, the equation should be used to determine the profile of the cutting edge:

α1 = α2 = 2 arctan
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b, f – values from standard API spec 7-2.
To ensure the accuracy of the tapered threads during manufacturing with lathe tool,

it suggests the following: In turning with a non-zero value of the rake angle, a convolute
screw is formed. It means that not an Archimedean screw surface regulated by the
standard API spec 7-2 is received (Fig. 3).

Fig. 3. The scheme of forming a convoluted surface is cut by a cutter with a positive back rake
angle. The rake face includes a profile keg.

Figure 3 shows that the surface of the screw, which is formed due to the lathe tool
infeed and workpiece rotation. Due to the axial displacement, that means the plate of
the rake face keg does not parallel the screw axis plane; the convolute helical surface is
formed.

The following expressions are the theoretical basis of the method of calculating the
convoluted screw axial profile:

Z(x) = tg(α1)x
sin τ

sin γ
− Pτ

2π
, (2)

where τ = γ − arcsin
(
dmin or
2x sin γ

)
.

α1 – from Eq. (1).
Since expression (2) is not algebraic but transcendent, it is necessary to predict

the behavior of the machined thread’s profile, i.e., with a given accuracy, to obtain
the coordinates of a given number of its points. Figure 4 shows the threading scheme
according to the standard with the inclusion of the Cartesian coordinate system. The
X-axis (mm) is directed radially, and the Z-axis (mm) is along the thread axis (Fig. 4).
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Fig. 4. Scheme of the standard tool-joint tapered thread with a Cartesian coordinate system.

4 Results

Figure 5 presents the compute program’s fragment for calculating the thread profile
coordinates using formula (2). Input data: drill-string tapered thread of size 2 3/8 REG,
X- iteration step of 0.25 mm. It includes the profile coordinate table (above) and profile
diagram after them (below). The upper graph 0Z2 (green) corresponds to the thread
profile, which is formed by the model of the cutter with a normal profile and back rake
angle γ = 70°. The bottom lines: the red line 0Z1 corresponds to the standard; the blue
curve 0Z corresponds to the profile made by the model of the cutter, which has the
following geometric parameters: back rake angle +12°, profile angles: α1 = 12.56°, α2
= 13.14°

As can be seen from the diagram for a large value of the rake angle, the thread’s
axial profile is very different from the standard. However, the blue line corresponding to
the modernized cutter’s profile with an angle of 12 is placed much closer to the standard
(red). So, it is quite obvious to accept such a line as a straight line, and the formulas
should, in this case, calculate the half-angle of the profile that it forms:

αs = arctg

( |za − zd |
|xa − xd |

)
. (3)

αl = arctg

( |za − zb|
|xa − xb|

)
. (4)

4.1 The Cutter-Model with Back Rake Angle 12°

Applying a computer program created based on formulas (1)–(4), we obtain the predicted
values of the half profile angles of the tapered thread geometric model formed using
cutters with a rake angle +12° (Tables 1 and 2).
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Fig. 5. Scheme of the thread profile size 2 3/8 REGmade using cutter-model with back rake angle
value 70° (green curve) and 12° (blue curve).

Table 1. Main results of the profile long side half profile angle αl calculation (size 2 7/8 Reg,
Back Rake angle 12°).

X Coordinates X0 =
25,350, mm

Z Coordinates, mm Thread profile side half profile
angle, °

Tolerance relative 30°

x �x* Z Z1 Z2 Adjusted Usual Non-adjusted Adjusted Non-adjusted

26.600 1.25 0.728 0.722 0.752 30.21 30.01 31.03 0.7% 3.4%

28.100 2.750 1.600 1.590 1.650 30.19 30.04 30.96 0.6% 3.2%

30.100 4.750 2.750 2.740 2.840 29.98 30.07 30.87 0.01% 2.9%

�x*= xa− xb for long side,�x*= xa− xd for short side. The short side inclination
angle calculation shows that they are not so far from the nominal 30°, as the long side
inclination angle.

The tables show that the cutter’s thread profile with adjusted edge profile is too close
to nominal for the thread’s long side, but near 10% differ for the short side.

So, for practical thread manufacture, it can use the cutter with a non-adjusted edge
profile because of the probable high price of a new one, and at the same time, sufficient
accuracy of a profile is guaranteed.
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Table 2. Main results of the profile short side half profile angle αs calculation (size 2 7/8 Reg,
Back Rake angle 12°).

X Coordinates (mm) X0
= 25.350

Z Coordinates (mm) Thread profile side half profile
angle, °

x �x* Z Z1 Z2 Adjusted Usual Non
adjusted

25.700 0.35 0.201 0.202 0.204 29.87 29.99 30.24

26.100 0.750 0.430 0.433 0.437 29.83 30.00 30.23

27.300 1.950 1.12 1.13 1.14 29.87 30.1 30.31

27.700 2.350 1.35 1.36 1.37 29.88 30.06 30.24

29.400 4.050 2.320 2.340 2.360 29.81 30.02 30.23

29.750 4.400 2.520 2.540 2.560 29.80 30.00 30.19

5 Conclusions

Based on the visualization, it is confirmed that the axial profile of the sides of the
tool-joint thread made by the cutter with a non-zero back rake angle is actually curved.

On the example of algorithmic calculation of shaping by turning the tool-joint tapered
thread size 2 7/8 Reg, it is determined that the use of the cutter model with a back rake
angle of 12° and with a usual profile of the cutting edge causes the exceeding of the
nominal thread profile side half profile angle by 3–10%, which gives grounds for the use
of cutters without correction of their edge profile.

The obtained geometric model predicts the precision of thread made from different
steel sorts inclosing stainless steel.

The prospects for further study are related to other accuracy parameters of the thread.
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Abstract. In the process of fine boring of small-diameter holes (d= 10–20 mm),
coupled flexural-and-torsional vibrations of boring cantilever bars are excited. It is
of practical interest to study such vibrations during fine boring of long (or deeply
located) holes with a ratio l/d> 3 (l – the length of a boring cantilever bar). In such
cases, a coordinate relationship arises between the flexural and torsional forms. A
number of experimental studies have been carried out to assess this relationship
and the effect on the emergence of an increasing vibration level. The work studies
the features of joint flexural-and-torsional vibrations, the relationship between
amplitudes and frequencies, and vibration modes’ effect on the loss of vibration
resistance. The experiments were carried out on a test bench assembled based on
a finishing-boring machine. Measurements were made by strain and piezometric
sensors. Samples of steel and cast iron were bored. The criterion for the cutter
resharpening was the relative radial wear and the machined surface roughness.

Keywords: Cantilever boring bar · Flexural-and-torsional vibrations · Vibration
resistance · Dynamic model · Flexural rigidity

1 Introduction

Cantilever boring bars, mounted on the spindle head, provide high accuracy and produc-
tivity for fine finishing boring, maintaining the hole axis’s straightness and eliminating
the axis run-off. The rigidity and vibration resistance of boring cantilever bars depend
on the cylindrical rod’s diameter and are often characterized by l/d ratio, where l is the
length of the rod, d – its diameter. At l/d> 3, the use of boring cantilever bars is limited
by a decrease in flexural rigidity values. In this case, the cutter is undercut, the amplitudes
of vibrations increase (the logarithmic vibrations decrement decreases), which leads to
a loss of vibration resistance.

At the same time, when studying dynamic interactions, boring cantilever bars with
a ratio l/d > 3 are often used in experiments. In this case, depending on the cutting
conditions, the machine’s closed dynamic system has a small stability margin. When
using such boring bars with a long reach, the limiting processing conditions are easily
determined, which ensures the tooling’s operability [1, 2].
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The accepted process flowsheets provide adjustment of finishing boring machines
with a rotating boring bar and a stationary workpiece for fine boring and a rotating
workpiece and a boring bar installed in a rigid fixture. Note that the vibration level during
the cutting zone rotation is slightly higher than during boring with a boring stationary
bar, although the patterns of variation in the vibration amplitudes in both flowsheets are
preserved.

2 Literature Review

The complexity of the study of flexural-and-torsional vibrations is that both forms arise
together and simultaneously in the cutting zone. Therefore, the problem of studying the
features of each vibration mode in conditions of their joint excitation arises. On the other
hand, the so-called ‘internal resonance’ should be realized when the natural frequencies
of flexural and torsional vibrations coincide.

Cantilever boring bars ensure high performance when boring and, therefore, are
widely used. However, their use generates increased flexural compliance at the cutter
(technological compliance), and as a result, reduced vibration resistance. These features
of boring cantilever bars have led to the fact that the study of their vibrations in the
dynamics of machine tools occupy one of the leading places.

The use of vibration dampers to reduce the level of vibrations in small-diameter
boring bars is limited due to the impossibility of placing them in the boring bars’ inner
cavities. Therefore, it led to the impossibility of setting optimal parameters [3].

In [4], the influence of various internal cores on boring unit dynamics was studied. It
is shown that the use of inner cores made of reinforced hydrocarbon fiber (carbon fiber)
embedded in boring units with a large length-to-diameter ratio provides an effective
reduction in the vibration level. CFRP is characterized by high rigidity and strength
combined with low density [5, 6]. A decrease in forced vibrations’ amplitudes has been
studied both experimentally and theoretically based on a combined approach: finite
element analysis, experimental model analysis, and machining tests.

The ‘standard’ boring bar does not have an inner core and is a supporting tool. The
other two boring bars have an inner core made of 31% carbon fiber by volume. Unlike
the CFRP_1 inner core, the CFRP_2 inner core consists of two different carbon fiber
materials. The bonding polymer used in the carbon fiber is an epoxy resin and a carbon
fiber composite material (CFRP_1: Tenax HT 5631; CFRP_2: HS carbon 50K) (Fig. 1).

Amplitude-frequency characteristics, vibration spectra, and values of logarithmic
vibration decrements have been obtained, making it possible to evaluate the efficiency
of vibration damping and an increase in productivity.

The study [7] performed a theoretical analysis of the flexural characteristics of a
rotating composite boring unit’s vibrations. The dynamic model of a boring composite
unit is developed using Bernoulli-Euler beam theory. The dissipative properties of the
viscoelastic composite material are considered. Changes in natural frequency, damping,
and dynamic rigidity for variation in rotational speed, as well as the technology of
composite manufacturing, have been studied [8].

The work [9] shows a vibration-resistant design of a boring unit for deep hole pro-
cessing. For the efficient use of such a unit, amonitoring system (sensors), a drive system,
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Fig. 1. Structure of boring units tested.

and a control logic have been developed. Optimal actuators have been developed that
damp vibration in two respects: in radial when changing the cut depth and speed; drive
for preloading under different operating conditions.

Actuators with integrated sensors and piezometric drives respond to increased
dynamic tool responses and change either the feed rate or the cut depth.

In works [10, 11], dynamic interactions during bending and torsion of drilling boring
bars, optimal setting of unit’s vibration dampers are studied [12, 13]; the problems of
vibrations damping are studied considering feedbacks [14, 15].

In conclusion, we should note that the study of coupled flexural-and-torsional vibra-
tions during boring is presented insufficiently. In particular, their interactions and their
influence on the accuracy of boring have not been studied.

3 Research Methodology

The study aims to expand the technological capabilities of thin edge boringwhenmachin-
ing small diameter holes (10–20 mm) with a ratio of l/d> 3. Such machining conditions
require the solution of particular problems aimed at studying the features and patterns
of change in the amplitudes of joint flexural-and-torsional vibrations, as well as their
ratios. A design model should also be developed, and the vibration resistance of long
cantilever boring bars of small diameter is difficult. The boring conditions should be
determined.

A number of experiments were carried out to study joint flexural-and-torsional vibra-
tions. Samples of steel AISI 1045 and cast iron DIN GG-18 were machined. Boring bars
with a diameter of 10, 12, 16, 20 mm with a length-to-diameter ratio l/d = 3, 4, 6, 8
were tested.

In carrying out these experiments, the following recommended geometry of the
cutters was adopted [16]: - for steel boring ϕ = 60°, ϕ = 15°; for cast iron boring ϕ =
ϕ1 = 45°.

Cuttingmodes: when boring steel AISI 1045 – v= 125–150m/min, s= 0.04mm/rev,
t= 0.05–0.1 mm; when boring cast iron DINGG-18 – v= 100 m/min, s= 0.04 mm/rev,
t = 0.05–0.1 mm. Cutters material: TZ0K6 – for steel, VK3 – for cast iron.
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In each experiment, boring was carried out with a set of 5 cutters having the same
geometry. The criterion for regrinding with a cutter was the relative radial wear and the
machined surface’s roughness.

During the experiment, the boring bar was installed in the fixture, and the workpiece
was attached to the spindle flange. The general view of the test benches and the diagram
are shown in Figs. 2 and 3.

Fig. 2. Experimental test benches: a) with a piezoelectric sensor; b) with strain gauges.

Fig. 3. Schemes of experimental stands for studying vibrations of boring bars: 1 – tachometer; 2
– spindle head; 3 – frequency converter; 4 – workpiece; 5 – boring bar; 6 – fixture; 7, 7 * – strain
sensors; 8 – piezoelectric sensor; 9 – vibration spectrum analyzer; 10 – vibration recording device
(URK); 11 – personal computer (PC).

Measurements of flexural and torsional vibrations were carried out using strain
sensors. Flexural vibrations were measured (Fig. 4):

a) in the cutter plane y (along the normal to the machined surface – Ay);
b) in a plane tangent to the machined surface z – Az.
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These vibrations were measured by two pairs of strain sensors glued to the flange
of the boring bar (Fig. 3). Sensors 7 measured the amplitudes Ay and Az. Torsional
vibrations Ators were measured by a pair of 7 strain sensors glued at an angle of 45° to
the generatrix and perpendicular to each other. Each pair of strain sensors is included
in two adjacent arms of the measuring bridge, i.e., a differential circuit is used for their
inclusion. The amplifiers built into theURKallowmeasuring vibrationswith a frequency
in a range of 0–15 kHz.

In the experiments, the amplitudes of the vibrational displacements of the cutters
were measured, where the displacements were caused by bending in the normal (Ay)
and tangential (Az) directions to the bored holes, as well as those caused by the torsion
of the boring bar (Ators). The total amplitude of flexural vibrations was calculated:

A =
√
A2
y + A2

z .

4 Results

The cut depth affects the vibrations level significantly. Table 1 shows the experimental
results reflecting the dependence of the amplitudes of the flexural and torsional vibration
components of boring bars d= 16mmon the cutting depthwhen boring, steel AISI 1045,
and cast iron DIN GG-18. The amplitudes of flexural and torsional vibrations increase
with increasing in cutting depth. The same regularity is observed for boring bars of other
diameters and when boring samples from cast iron and other metals.

Table 1. Influence of the cutting depth on the amplitudes of flexural and torsional vibrations,μm,
db = 16 mm, l/d = 3 when boring steel AISI 1045 and cast iron.

t, mm Ay Az A Ators

Steel Cast iron Steel Cast iron Steel Cast iron Steel Cast iron

0.05 1 0.6 1.2 0.9 1.6 1.1 0.2 0.1

0.1 1.6 0.8 1.8 1.2 2.5 1.4 0.35 0.18

0.15 2 0.9 2.2 1.4 3 1.6 0.45 0.22

0.2 2.8 1 2.6 1.7 3.8 1.8 0.51 0.24

We should note that the amplitudes of flexural vibrations are significantly greater
than the amplitudes of torsional vibrations, and when boring steel, all the components
of the amplitudes are higher than when boring cast iron.

With an increase in the boring bars outreach (an increase in l/d), the intensity of the
cutting depth’s influence on the vibration amplitudes increases. It should be noted that
vibrations cannot be fully characterized by l/d ratio. The vibration amplitudes at constant
l/d and other equal conditions also depend on the boring bar’s diameter. Figure 4 shows
the boring bar diameter’s influence on vibrations at constant l/d = 3 when boring steel
samples.
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With an increase in the boring bar’s diameter, the amplitudes of the vibration
components decrease, although l/d does not change.

Fig. 4. Influence of the boring bar diameter on the amplitudes of flexural and torsional vibrations,
when boring steel AISI 1045 (l/d = 3), (v = 120 m/min, t = 0.05 mm, s = 0.03 mm/rev).

Figure 5 shows the results of changes in flexural and torsional vibrations when
changing the dimensions of the boring bar.

Since the amplitudes of torsional vibrations (Ators) characterize the cutter movement
in the tangential direction to the surface of the hole being machined due to the torsion of
the boring bar, it makes sense to consider the tangential component of bending vibrations
(Az) to compare the vibration intensity, i.e., characterize these changes by Az/Ators ratio.
Based on the results shown in Fig. 6, it can be concluded that with a decrease in the size
of boring bars at l/d=Const, an increase in Az occurs less intensively than an increase in
Ators. Figure 5 shows that for l/d = 3 with decreasing of the boring bar d, the amplitudes
of flexural and torsional vibrations increase, and Az/Ators ratio decreases (Fig. 6) and is
within 4–6 when boring steel, and for d = 25 mm – 8-12.

Therefore, a more informative term is the concept of ‘ultimate yield’. In the experi-
ments, the values of the limiting yield [K] were determined, which ensure the stability
of the cutting process: for steel AISI 1045 [K] = 0.06–0.15 μm/n; for cast iron [K] =
0.2 μm/n.

Therefore, the limiting yield concept means that the system is in the stability thresh-
old. The system transfers into an instability region for yield values exceeding [K]; in
this case, the vibrations are increasing process system loses its operability. When the
limiting yield is exceeded, the amplitudes of flexural and torsional vibrations increase
sharply.

Generalization of experimental studies results led to the following ratios of the com-
ponents of flexural-and-torsional vibrations: Az = (1.1–1.6)·Ay, Ators. = (0.2–0.5)·Ay.
The natural frequencies of torsional vibrations are 2–8 times higher than the flexural
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Fig. 5. Ratios of flexural and torsional vibrations componentsAz/Atorswhenboringbars diameter
and outreach are changed (steel AISI 1045).

ones, which for boring bars with a diameter less than 20 mm are in the range of 0.4–
1.5 kHz. Torsional vibrations are characterized by small amplitude, and their influence
on flexural vibrations is manifested at small values of the boring bar diameter (less than
12 mm).

Figure 6 shows typical oscillograms of flexural and torsional vibrations during
boring.

We should note that when treating cast iron, all the amplitudes’ components are
somewhat less than when treating steel, and the ratio of the amplitudes of the flexural
and torsional vibrations is within 4.0–4.5.
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а) flexural vibrations (Ау) – natural frequency fflex= 700 Hz;

b) torsional vibrations (Ау) – natural frequency ftors= 2.000 Hz;

Fig. 6. Oscillograms of flexural and torsional vibrations: v = 125 m/min, d = 12 mm, l/d = 8, t
= 0.15 mm, s = 0.03 mm/rev, cast iron DIN GG-18, Ra = 1.8 μm.

5 Conclusion

The features and regularities of the change in the amplitudes of the coupled flexural-and-
torsional vibrations of small diameter (10–20 mm) cantilever boring bars when boring
long holes l/d > 3 (4,6,7,8) have been studied. It was found in the experiments that the
frequencies of flexural and torsional vibrations differ by 3–6 times when the outreaches
of the boring bars change. The amplitudes of flexural vibrations are significantly greater
than the amplitudes of torsional ones (up to 8 times) when boring steel with a change
in cutting depth from 0.05 to 0.20 mm. The dependence of the amplitudes of flexural
and torsional vibrations on the change in the boring bars’ diameter has been established.
Analysis of the experimental results revealed the following relationships between the
components of the vibration amplitudes: Az = (1.1–1.6) Ay, Ators = (0.2–0.5) Ay.

In the following works, the developed computational model will be provided and
calculations of vibration resistance of a closed dynamic system according to the Ross
Hurwitz criterion. The methods of effective vibration damping will also be proposed
with the study of boring accuracy indicators.
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Abstract. The paper focused on analyzing the scheme of the effect of heat (cool-
ing) flows on the grinding wheelhead of a cylindrical grinding machine tool with
an estimate of the power of heat sources to determine the influence of the temper-
ature factor on the accuracy of machining. The most important sources of heat,
which act on the wheelhead body, and were studied in the paper are heat released
in the spindle bearings; heat released in guideways; heat released in the cutting
zone; heat received by the grinding wheelhead body as a result of the action of
heated liquid coolant on its front wall; heat from the airflow, removed by the
ventilation system of the grinding wheel drive electric motor; heat (cooling flow)
from the airflow arising from the rotation of the pulley and the movement of the
drive belts of the grinding wheel drive; heat from the ventilation effect that occurs
under the encasing of the grinding wheel as a result of its rotation at high periph-
eral speed; heat (cooling) supplied to the belt drive pulley of the grinding wheel
drive, installed at the output end of the spindle. The mathematical models for
determining the quantity of heat for each of the mentioned heat sources are given.

Keywords: Grinding wheelhead · Heat flow · Roller guideways · Coolant
liquid · Cutting zone · Heat transfer

1 Introduction

The accuracy of machining parts on cylindrical grinding machines is determined by
the total quantity of heat generated during machine tool elements and heat from the
environment [1, 2].

This is because of the effect of thermal deformations, the relative position of parts
and assemblies (including the grinding head - themost important element of the grinding
machine structure) changes in space [3–5].

On the one side, the grinding wheelhead is one of the heat sources, and a higher
temperature is observed in the areas where the bearings of the grinding wheel spindle
are located [4]. On the other side, the wheelhead takes heat and cooling flows from other
sources. Simultaneously, the heating rate of the grinding wheelhead in the first 4 h of
work of the circular grinding machine is 2 times higher than the heating rate of the bed.
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The temperature at different points of the wheelhead body of machine tools can
vary within 10–50 °C. The spindle temperature can be 30–40% higher than the average
temperature of the body part in which it is mounted.

All this affects the accuracy and quality of the part machined on the grindingmachine
tool.

In this regard, the purpose of the paper is to analyze the effect of heat flows acting
on the grinding wheelhead of a cylindrical grinding machine and arising from various
sources and evaluate the power of heat in these sources.

2 Literature Review

The study [6] on the thermal deformation of the spindle of the grinding machine depend-
ing on differences of temperatures of the front and rear bearings was done and confirmed
that the temperature of the hydrostatic bearings is the main cause for the occurrence of
the thermal deformation in all the cases of X, Y and Z axes.

The motorized spindle was modeled. Its thermal characteristics analysis by the finite
element method was done using ANSYS software, which confirmed that the heat gener-
ation becomes severe when the spindle is at high speed. It will become a big heat source
influencing temperature-rise [7].

Thework is devoted to the design and analysis ofwheelhead in tool grindingmachine,
consisting of various parts and units [8, 9].

For studying different phenomena inmachine tools and three-dimensional modeling,
mathematical modeling and numerical methods are also used [10, 11]. Analytical or
numerical models are necessary to understand better the thermal behavior of machine
tool parts and elements. For example, a new model for predicting the friction torque and
mechanical efficiency of ball screws based on the empirical equations for the friction
torque of rolling bearings has been presented [12].

It is noted [13] that thermal behaviors significantly affect the contact stiffness and
position accuracy of the rolling linear guide, which worsens the performance of the
precision machinery. Different approaches to modeling the thermo-mechanical behavior
of ball screws have been analyzed [14].

Energy consumption and dissipation are discussed, leading to a thermal model for
grinding, which provides a good estimation of contact temperature in the cutting zone
and the finished surface [15].

Variations in the thermal state of machine tools spindle-bearing system can have a
noticeable effect on the grinder’s performance.The impact of different systemparameters
such as speed of rotation, type of bearing, ambient temperature, type of oil, initial preload
on temperature output, and thermal growth within the system has been considered [16].
This impact can also be estimated using the parameter identification procedure [17, 18].
The issues related to the generation of working fluid temperature in the front and end
spindle bearings are considered [19].

Although the study of temperature deformations of various elements of grinding
machine has been devoted to many studies, the issue of the influence of heat flows
generated by thework ofmultiplemechanisms surrounding and conjugate to the grinding
wheelhead on it has not yet considered.
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3 Research Methodology

3.1 The Balance Equation of Heat Flows Acting on the Grinding Wheelhead

Analysis of the heat flow diagram for heating and cooling (Fig. 1) shows that the most
important sources of heat, which acts on the wheelhead body, are the following: heat
released in the left (LB) and right (RB) spindle bearings; heat released in guideways G1

and G2; heat released in the cutting zone CZ; heat received by the grinding wheelhead
body as a result of the action of heated liquid coolant on its front wall; heat from the
airflow, removed by the ventilation system of the grinding wheel drive electric motor
Ve; heat (cooling flow) from the airflow arising from the rotation of the pulley and the
movement of the drive belts of the grinding wheel drive PB; heat from the ventilation
effect that occurs under the encasing of the grinding wheel as a result of its rotation at
high peripheral speedW; heat (cooling) supplied to the belt drive pulley of the grinding
wheel drive, installed at the output end of the spindle, etc.

Fig. 1. The heating and cooling scheme flows on the grinding wheelhead in the technological
system of a cylindrical grinding machine.

The balanced equation of heat flows acting on the grinding wheelhead has the form:

Q� = QB + QCL + Q�AFW + QPB + QG + QEnv, (1)

where Q� - the total quantity of heat received by the grinding wheelhead; QB - heat
flow entering the wheelhead from the working fluid of the lubrication subsystem of the
bearings of the grinding wheel spindle; QCL The heat flow enters the wheelhead due to
its contact with the heated coolant; Q�AFW - the flow of heat (cooling) generated by air
flows resulting from the rotation of the grinding wheel; QPB - the flow of heat (cooling)
generated by air flows arising from the operation of the belt drive of the grinding wheel
drive; QG - the flow of heat (cooling) resulting from friction in the guideways; QEnv -
heat flow entering the wheelhead from the environment.

Analysis of the effect of heat sources in a cylindrical grinding machine shows that
the most intense of them is the grinding process.
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The quantity of heat released in the cutting zone QCZ during the grinding time t is
determined by the formula

QCZ = 3600 · P · t, (2)

where P - an effective grinding power, kW.
The accuracy parameters ofmachine tools are largely determined by the thermal state

of the spindle assembly during processing, which depends on the temperature fields and
the temperature deformations caused by them [20].

3.2 Determination of Heat Quantity Released in the Spindle Bearings

The highest temperature occurs in the spindle bearing areas. Heat generation in the
grinding wheel spindle bearings depends on the intensity of heat exchange with adjacent
elements of the technological system and the environment. Oil heating in the spindle
bearings depends on the specific heat capacity and density of the oil, its consumption,
and friction power losses.

The quantity of heat transferred from the bearings to the spindle and the wheelhead
body depends, on the one side, on the heat capacity of the last, and the other side, on the
operating conditions of the bearings and, especially, on the viscosity and thickness of
the lubricant layer. It is generally accepted that 30% of the generated heat is transferred
to the spindle and the rest to the wheelhead body. In connection with increasing the
grinding wheel’s speed, the most important criterion is the minimum power loss, which
determines the heat generation in the spindle units.

Heat generation in sliding bearings per unit of time is determined by friction power
losses and can be calculated [21] by the formula

QB = MBωs/60, (3)

whereMB - the total moment of friction in the lubricating layer of the bearings, Nm; ωs

– the angular speed of the spindle, sec−1.
The formula determines oil heating in bearings

�t = QB

c · ρ · Q , (4)

where c, ρ - the specific heat and density of the working fluid, respectively, for mineral
oil c · ρ = 1.7 · 106 J/(m3 · °C); Q- required consumption of working fluid, m3/sec.

3.3 Determination of Heat Quantity Released in the Guide Ways

The movement in the guideways of the kinematic pairs of machine tools is accompanied
by friction, which is one of the reasons for the release of heat. It can be somehow tangible
when using accelerated feeds. Preliminary calculations show that the quantity of heat
generated in the rod and piston seals of the hydraulic cylinder of the table drive is much
less than the heat generated due to friction in the table guideways.
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It should be noted that the heat released in the rolling guideways of the grinding
wheelhead is several times less than in the sliding guideways. It is important to consider
the effect of joints in the guideways on the temperature field, which contributes to the
uneven heating of the contacting surfaces.

The quantity of heat released due to friction in the guideways during the translational
movement of the grinding wheelhead can be determined using a simplified formula

QG = Ff · VWH, (5)

where Ff - frictional force (pulling force) in guideways, N; VWH - speed of movement
of the grinding wheelhead along with the guideways, m/sec.

In the general case, the friction force is determined by summing the friction forces
on all edges of the guideways under reactions on each face. Pulling force is defined as
the sum of the feed forces Fy and the total frictional force. The simplified formula for
calculating the pulling force has the form [22]

Fp = Fy + 3Ff 0 + 3fk
d

N∑, (6)

where Fy - cutting force component, N; Ff 0 - initial frictional force on one edge of the
guides (in the absence of external load), Ff 0 = 4… 5 N; fk - coefficient of friction in
the rolling guideways, for steel guideways fk = 0.001 cm for cast iron guideways, fk
= 0.0025 cm; d - the diameter of the rolling elements in contact with the edges of the
guideways, d = 0.07 cm; N� - total normal load on the guideways, N.

Total normal load on the guideways could be defined as

N� = FZ + GZ, (7)

where FZ - tangential component of the cutting force, N; GZ - the force of gravity of
the headstock assembly, taking into account the weight of its body, spindle, pulleys,
grinding wheel, faceplate and bearings, H.

3.4 Determination of Heat Quantity Released by the Airflow, Removed
by the Ventilation System of the Grinding Wheel Drive Electric Motor

In an electric motor, energy losses arise in the active resistance of the windings, in
steel when the magnetic flux in the magnetic circuit changes. Also, mechanical friction
losses in bearings and air friction of rotating parts must be taken into account. These
components are converted into heat energy, which is spent on heating the engine and the
environment.

The quantity of heat generated by the electric motor during the time τ is determined

Qem = 0, 24
∑

Pemτ, (8)

where Pem - total power loss in the electric motor, W.
The V-belt pulley drive belt movement helps to cool the right-side wall of the

wheelhead body, causing it to buckle.
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The heat flow from the belt drive to the spindle pulley can be determined by knowing
the relationship between the powers on the driven and driving shafts of the transmission,
that is Pbelt = ηbelt · Pem, where ηbelt is the efficiency of the V-belt drive.

Then

Qbelt =
(
100− ηbelt

100

)

Pbelt · τ, (9)

where τ - belt drive running time.
When the sidewall of the grinding wheelhead is blown with air flows from the move-

ment of the V-belt transmission elements (in particular, the pulley), the heat perceived
(lost) by this surface can be determined by the formula:

Q = α · A · (ta − tair), (10)

where ta - the average temperature of wall surface; tair - air temperature away from the
grinding wheelhead; A - the surface area of the wheelhead through which heat transfer
occurs; α - heat-transfer coefficient by convection.

Heat transfer of the wall surface is intensified by increasing the speed of its blowing.
To calculate formula (10), it’s necessary to know the value of the coefficient α.

Using the research data [23] on the experimental determination of the parameters of
blowing the surface (with an area comparable to the lateral surface of the grinding head)
by a disk (with a diameter comparable to the diameter of the driven V-belt drive pulley),
it’s possible to obtain the formula

α = 0, 271λa

(
πωp

νa

)0,6

D0,2
p , (11)

where λa - thermal conductivity coefficient of the environment, W/(m·K); ωp - angular
speed of rotation of the pulley, sec−1; Dp - pulley outer diameter, m; νa - kinematic

viscosity of the environment, m2/sec.
Considering (10) and (11), a formula for calculating the quantity of heat dissipated

by the lateral surface of the grinding head because of blowing air flows generated by the
V-belt pulley can be obtained

Q = 0, 271 · A · λa · D0,2
p

(
πωp

νa

)0,6

· (ta − tair). (12)

3.5 Determination of Heat Quantity Released by the Airflow from the Ventilation
Effect from the Rotating Grinding Wheel

The ventilating air flows inside the grinding wheel encasing can cool the encasing and
the left side wall of the grinding wheelhead body.

The effect of heat flux (cooling) inside the grinding wheel encasing can be simulated
depending on the stage of the grinding cycle.

When loading the workpiece (no grinding process), the liquid coolant does not enter
the cutting zone, and the air flow generated by the wheel acts on the grinding wheelhead.
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In the case of the rotation of the grinding wheel, it experiences resistance associated
with the friction of the air against the surface of thewheel and the imparting of a rotational
motion to the air, which forms air flows inside the encasing. In this case, the magnitude
of the friction force depends on the design of the encasing. If the encasing walls are
close to the ends of the grinding wheel, air movement can be minimized.

The work expended on rotating the wheel in the air (ventilation) varies in proportion
to the quantity of air and the quantity of kinetic energy imparted to it.

Further, using formulas 12, it’s possible to calculate the heat dissipated by the oppo-
site wall of the grinding wheelhead due to blowing it with air flows generated by the
grinding wheel at the stage of input and output workpieces.

However, this cooling process is partially neutralized by the ingress of heated liquid
coolant into the encasing, which, on the contrary, heats this sidewall.

The quantity of heat transferred to the liquid coolant can be determined from the
ratio

QLC = k · QCZ, (13)

where k - the coefficient determined by the grinding scheme.
The heated liquid coolant can also get on the front wall of the wheelhead body,

heating it up. As a result of a change in the temperature of the walls under the action of
the heated liquid coolant, their deformation occurs, which changes the spatial position
of the entire grinding wheelhead, which, in turn, reduces the accuracy of the ground
parts.

At the stage of grinding, the liquid coolant is supplied to the cutting zone and, in
contact with the wheel, is sprayed in the form of an aerosol in the encasing of the
grinding wheel on the side of the grinding wheelhead. Suppose the subsystem of use of
liquid coolant ensures the stabilization of its temperature. In that case, the total heat is
determined by the power spent on overcoming the friction force of the liquid coolant on
the grinding wheel, the power spent on spraying the coolant, and the grinding time.

The heat transferred by the liquid coolant is estimated by expression (11), from
which it can be seen that the amount of heat depends on the coolant temperature and
heat transfer. It can be seen from formula (12) that the heat transfer coefficient is directly
proportional to the coefficient of thermal conductivity of the medium washing the wall.
At the grinding stage, this medium is a gas-air mixture (aerosol) with very different
characteristics from those of the medium in air blowing. The coefficient of thermal
conductivity of air λa = 0.0257 W/(m·K), and of water - λw = 0.598 W/(m·K), which
is more than 20 times more. This greatly intensifies the heat transfer process compared
to air blowing.

The grinding wheelhead is also deformed due to the airflow created by the cooling
system (impeller) of the electric motor of the grinding wheel drive onto the upper plane
of the grinding wheelhead, on which the electric motor is mounted.

4 Results

Based on the mathematical models obtained above, the analytical studies were carried
out, the results of which are shown in Fig. 2, 3, 4 and 5.



Heat Flows Affected on the Wheelhead of a Cylindrical Grinding Machine 497

Fig. 2. Influence of grinding wheel speed and infeed on heat generation in the spindle bearing:
1, 2, 3 – infeed 2, 3, 4 mm/min respectively, grinding wheel characteristics - 14A2.5HC26B5,
diameter Dw = 300 mm, height H = 20 mm.

Analysis of the graphs in Fig. 2 shows an increase in the cutting speed from 10 to
100 m/sec leads to increased heat generation in the bearings by more than 3 times. An
increase in the wheel’s speed from 50 to 100 m/sec (in 2 times) leads to an increase in
the quantity of heat generated by 1.6 times. A 2-fold increase in infeed feed results in a
1.4-fold increase in the quantity of heat generated in the bearing.

Analysis of the graphs in Fig. 3 got according to the described method confirms the
fact of minimal heat generation in the guideways of the grinding wheelhead.

Analysis of the graphs in Fig. 4 shows that the intensity of cooling by air flows from
the grinding wheel increases by almost 8 times, increasing its speed and diameter.

As shown in the graphs in Fig. 5, the intensity of blowing the right wall of the wheel-
head depends largely on the speed of rotation of the pulley of the V-belt transmission of
the drive of rotation of the grinding wheel.

Fig. 3. Influence of the grinding wheel’s movement speed along the guideways on the quantity
of heat generated in them due to friction.



498 M. Stepanov et al.

Fig. 4. Influence of the speed of the grinding wheel on the quantity of heat dissipated as a result of
blowing air flows generated by the grinding wheel: 1, 3, 5 – grinding wheel diameter 300 mm; 2,
4, 6 – grinding wheel diameter 500 mm; 1, 4 - temperature difference is 0.5 °C; 2, 5 - temperature
difference is 1.0 °C; 3, 6 - temperature difference is 2.0 °C.

Fig. 5. Heat dissipated by the lateral surface of the grinding wheelhead as a result of blowing air
flows generated by the V-belt pulley: 1, 2, 3 - the temperature difference between the wall and air
is 0.5; 1.0; 2.0 °C, respectively; pulley diameter Dp = 200 mm.

5 Conclusions

At the present stage of the development of mechanical engineering, the accuracy of
parts increases. Therefore, the study of thermal processes in the units and assemblies of
machine tool equipment and the search for means and methods of controlling them are
becoming increasingly important.

1. It was revealed that the most effective thermal effect is produced by the working
fluid of the spindle bearing lubrication subsystem and coolant, acting on the outer
surfaces of the grinding wheelhead.

2. The least perceptible factor of thermal impact is the heat released due to friction in
the guides, which is several orders of magnitude less than the heat released by other
sources.
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3. The thermal effect of airflows generated by the moving elements of the machine
tool has been analyzed. A dependence is obtained for calculating the heat dissipated
by the side surface of the grinding headstock as a result of blowing with air flows
generated by the grinding wheel and the V-belt drive pulley of the wheel rotation
drive.
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Abstract. The analysis of the rheological model, which formalizes the influence
of the main technological factors on the formation of residual stresses and strains
in the cutting process, is described in the article. An explanation of the physical
phenomena of deformation processes during cutting and comparing theoretical
conclusions with simulation studies results are given. The main task, the solution
of which is proposed, is the generalization and system analysis of methodological
studies of the influence of the technological factors and the cutting tool’s geometry
on the formation of the stress-strain and thermodynamic state of the surfaces of
the workpieces during the cutting. Such problem-oriented modeling results are the
basis for predicting the impact of technological process parameters on the forma-
tion of product’s operational properties. An original scheme for determining the
residual strains on top and in the machined surface depth is proposed. The analysis
of the influence of technological operation data on residual strain formation was
carried out using DEFORM 3D simulation.

Keywords: Functional-oriented process · Residual strain · Simulation study ·
Finite element analysis · Cutting parameters

1 Introduction

The lifecycle of mechanical engineering products depends on a large number of dif-
ferent factors [1]. Most scientific research usually focuses on the design and operation
phases of a product. Undoubtedly, the macrogeometric shape of the part, material, qual-
ity of loaded surfaces of structural parts, conditions of their operation, the efficiency of
scheduled repair, and service are of great importance for ensuring a machine’s reliable
and long-term operation or mechanism. However, a large number of properties of an
engineering product are also formed at the manufacturing stage (machining and assem-
bly). Additionally, in the process of machining, only the requirements that the designer
assigned are met. However, this statement is only partially correct. For example, a given
surface quality requirement can be achieved by different machining technologies. How-
ever, due to the use of some technologies, residual compressive stresses will appear in the
processed layer of the workpiece (as a result of edge-tool cutting), and otherwise, resid-
ual tensile stresses appear on the surface layer (if abrasive processing technologies were
used). The designer cannot influence the formation of these properties since they result
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from the subsequent design stage of the product manufacturing technology. However,
the sign of the residual stresses has a significant impact on ensuring the product’s fatigue
resistance. There are many examples of the importance of the impact of technological
process performance on the operational properties of a machine.

Thus, for a comprehensive increase in the efficiency of the engineering products
life cycle, the creation and implementation of scientific and applied foundations for
the design of functionally oriented technologies are relevant [2]. The function of the
goal in the formation of the optimal data of technological operations is to provide using
concurrent engineering a complex of functional and operational properties of the product
while observing the parameters of accuracy and quality of surfaces, service life, as well
as organizational, technical and economic constraints specified by the designer [3].

2 Literature Review

The section of technological science, “Surface Integrity”, is devoted to solving these
issues. The most important studies were carried out by such scientists as J. Paulo Davim
[3], Fritz Klocke [4], Viktor P. Astakhov [3], Wit Grzesik [5]. There are two aspects
of surface integrity: topography characteristics and surface layer characteristics. The
topography consists of surface roughness, waviness, shape errors, and imperfections.
Characteristics of the surface layer can change during machining: plastic deformation,
residual stresses, cracks, hardness, wear resistance, phase transitions, recrystallization,
intergranular fracture, and hydrogen embrittlement. In traditional manufacturing pro-
cesses (such asmachining), the surface layer canwithstand localized plastic deformation
[6].

The chemical composition, mechanical properties, microstructure of the workpiece
surface layer primarily affect theworkability of the processedmaterials and thermal state
in the cutting zone [7, 8]. Besides, there are intense processes in the chip-forming zone,
accompanied by significant differences in force and stress-strain state of the machined
layer and are a source of self-oscillations of the tool [9], loss of workpiece stability,
various thermal deformation phenomena [10]. All this will affect the formation of the
accuracy and other performance properties of the product.

It is known [7] that the cutting tool’s forceful action causes the compaction of the
crystal lattice of the processed surface layer of the workpiece. A layer of material with
increased hardness is formed on the surface as a result of work hardening. However, the
thermal state in the cutting zone within the range (0.25–0.30) of the processed material’s
melting temperature causes the tempering of the deformed metal of the surface layer,
and the temperature above 0.4 of the melting temperature causes its recrystallization.
A partial decrease in strain hardening accompanies this process. That is, in the process
of cutting in the surface layer of the workpiece to be machined, two opposite processes
simultaneously occur: strain hardening and thermodynamic softening. The physical state
of the machined layer of the workpiece is determined by the ratio of these processes’
intensity and velocity.

Furthermore, such a dynamic process’s analytical description is extremely compli-
cated and often inadequate [11, 12]. The decrease in the yield stress’s actual value can be
explained by the dominant influence of the thermal factor, which leads to the softening
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of the material. An increase in the shear stress of the cut layer can be explained by the
fact that a leading strain zone leads to an intensive increase in the dislocation density
near the shear zone and, consequently, strengthening the material. This is explained by
the fact that the layers of material from the main cutting edge, rounding the edge, and
the auxiliary cutting edge are superimposed when they move along the corresponding
shear planes. Therefore, there is a “self-locking” of the material layers [7].

The residual stresses imposed in this way from all these factors are diverse and
opposite in signs. Establishing the dominant factor and not taking into account others is
a difficult task that requires additional experimental research. Besides, inmany cases, the
actions of all these factors are approximately equivalent and interrelated. Therefore, the
possibility of imitating rheological simulation of the cutting processes is the only way to
quickly and adequately analyze the influence of cutting technological parameters (e.g.,
the structure of technological operation, machining parameters, tool coating, selection
of an external technological environment) on the formation of residual stresses [13].

Another essential property of the machined layer is a residual strain (mechanical
hardening). This deep inhomogeneity of properties is primarily due to the uneven dis-
tribution of the deformation accumulated due to cutting. Deformation anisotropy and
the associated residual stresses can significantly reduce the product’s strength when it is
not subject to further heat treatment. In other cases, the machined layer’s hardening has
a positive effect on the wear resistance, as soon as an increase in corrosion resistance.
A negative consequence of this phenomenon is a reduced oil-holding property of the
surface layer, which is especially important for high-speed moving joints’ efficiency.
The calculation of residual stresses is performed according to the unloading theorem
[14], according to which the residual stresses after plastic deformation are equal to the
difference in stresses during plastic deformation and the so-called unloading stresses,
which the material is deprived of during unloading. If during unloading, purely elastic
deformations occur, then the unloading stress can be determined using the theory of elas-
ticity [15]. The hardening of the surface layer of the machined surfaces is characterized
by its microhardness and X-ray characteristics (expansion or blurring of interference
lines), which is a consequence of the fragmentation of crystal blocks, an increase in
crystal lattice distortions, and the development of dislocations. In the cutting process,
the hardening of the surface layer increases with an increase in feed and depth of cut due
to an increase in the cutting edge rounding and the transition from positive rake angles
of the cutter to negative [16].

3 Research Methodology

The given research’s primary purpose is to assess the mutual influence of the main
technological parameters (cuttingmodes) on the formation of residual stresses and strains
during the cutting process with an edge tool. The influence of cutting parameters on the
formation of stress-strain state (including the residual) is usually presented in the form
of statistic equations [17], based on conducting experiments using one- or multifactor
experiments. Therefore, the main task, the solution of which is proposed in this article,
is the generalization and system analysis of methodological studies of the influence of
force, thermal factors and parameters of the tool geometry on the stress-strain and thermal
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state of the workpiece surfaces during the cutting process. The analysis of such problem-
orientedmodeling is the basis for building predictivemodels of the technological process
parameters’ effect on the formation of product’s operational properties.

The machined surface layer’s mechanical state has mainly resulted from the after-
effect of elastic-plastic strains, which occurs in the cutting zone, thermal exposure, and
chemical reactions of the machined material with the cutting tool material and with the
external technological environment (including coolant and lubricant). When the tool is
cut-in into the metal being processed, the wave of plastic deformation, propagating in
front of the tool’s cutting edge, covers the chips and the metal located along the cut line.
Therefore, machined material at the cutting edge itself is subjected to the normal force
and the friction force acting in the shear line’s direction. The normal force causes the
compressive stress, and the friction force induces tensile stresses of the surface layer
adjacent to the tool’s flank face (Fig. 1). The surface layer of the part is subject to
inhomogeneous plastic strain, monotonically damping, and cutting depth [13].

Fig. 1. Simulation pattern of residual stresses causal factors as interference of the compression
and tension phenomena in the cutting zone.

Another reason for the occurrence of residual stresses is the thermal deep processes
analysis [13]. The outer layer of the workpiece, heating up during the cutting process,
tends to linear expansion. However, this is prevented by the cold inner layer, which is
compressed. With intense heating, the current stresses on the surface exceed the yield
stress, which causes plastic compression strain of the outer metal layer. The outer layer
shrinks to a size less than the original by the value same as additional compression
strain during subsequent cooling. This will be blocked by the stressed workpiece inner
layer (Fig. 1). Therefore, either the mechanical factor can be dominant, and then the
macrostress of compression prevails on the processed surface; or the heat factor, and
then tensile stresses on the surface will become superior. However, this sequence will be
violated if the cutting process is accompanied by significant phase transformations that
are significant in intensity and depth. This phenomenon is sometimes a stronger source
of stress formation in surface layers than mechanical and thermal factors.
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The disadvantage of analytical modeling of the macrostress formation process is
conventionality in the differentiated analysis of the influence of mechanical or tempera-
ture indicators, dependence on experimentally obtained correction factors, and the fact
that it does not consider the force acting on the machined layer. This relativism does not
correspond to the actual process of the temporary or residual stresses appearance. Until
now, the only way of analysis was considered by the methods of experimental research:
X-ray, experimental-mechanical, and the method of measuring microhardness [18]. The
problem-oriented analysis of the corresponding simulation rheological modeling results
will comprehensively and adequately assess the picture of the mutual influence of the
force, mechanical and metallographic factors. This will contribute to implementing the
optimal structure and parameters of the technological processing operation to minimize
residual stress and strain.

One of the effective tools for the operational study of local characteristics of the
stress-strain state in the chip’s formation zone is the finite element analyses implemented
in suchwell-known software products asDEFORM,ABAQUS,LSDYNA,AdvantEdge.
These software products allow accurately calculating the cutting forces, chip thickness
ratio, configuration, and area of the contact surface of the workpiece with the tool and
the boundaries of the plastic zone, to make the distribution of force and deformation,
obtain strain rates, and temperatures in the machined zone and the tool [2].

4 Results

The results of microhardness studies prove the presence of residual stresses and plastic
deformations. The thin surface layer of machine parts has various mechanical, physical,
chemical properties and stress than in the deep of the part. As noted above, the difference
in the properties along the depth of the part is caused by a defect of mechanical, thermal,
and physicochemical factors of different intensity and is obtained as a result of power and
thermodynamic machining processes. This contributes to an increase in the free energy
of the surface, increasing its adsorption activity and other changes that significantly
impact the performance of the machined products [17].

The plastic strain must be accompanied by structural changes in the material of the
machined layer. The number of dislocations, vacancies, and other defects in the crys-
tal lattice increases sharply. During cutting, plastic deformation occurs, accompanied
by fragmentation and drawing of crystal grains in the direction of deformation (texture
formation), the curvature of sliding planes, and the appearance of fragments of crystal
grains, the emergence of intercrystalline stresses. Besides, when processing plastic met-
als, the subsurface layer is deformed not only due to the force field of the rake face but
also simultaneously deformed under the action of flowing chips. Due to the intensity
of plastic strain of the metal chips is much higher than the intensity of deformation
of the metal under the shear surface, the deformed particles under the influence of the
upper layer of metal going into the chips are further stretched in the direction of chip’s
moving at the angle greater than 45°. This increases the specific volume of the metal and
decreases its density, increases the strength, hardness, and brittleness, decreases ductility
and viscosity, changes the magnetic and some other properties of the metal.

The cutting speed and feed have the most significant influence on the deformation
of the surface layer because these parameters of the cutting mode determine mainly the
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mechanical and thermal effects on the metal. As the cutting speed increases, the strain
rates and the heating temperature increase, but the duration of stresses and the heating
time of the surface layer of the workpiece decrease. Increasing heating of the deformed
metal with increasing cutting speed increases the diffusion mobility of atoms, activates
the softening processes due to recrystallization, reducing the intensity of deformation
hardening of the surface layer. If the strain rate exceeds the recrystallization rate, only
partial removal of the strain hardening is observed, despite the deformation will occur
at a temperature exceeding the recrystallization temperature. The simulated rheological
studies of technological transitions of machining of parts from the most representative
machinery materials show that with increasing cutting speed, the thermal effect on the
deformed metal of the surface layer increases and hardness decreases.

Compared with other parameters of the cutting parameters, the feed rate has the
most significant effect on the deformation hardening of the surface layer. The values of
the depth and hardening depending on the feed have extremes, i.e., there is an optimal
feed, in which this hardening is the least important. The optimal feed for heat-resistant
alloys is about 0.10–0.15 mm/rev. The increase in strain hardening with decreasing feed
outside the optimal feed values is explained by the influence of the sliding process of
the cutting edge, which creates additional deformation of the surface layer. The force
load and the heating temperature of the metal in the cutting zone determine the nature
of these dependencies. The feed has the most critical effect on the force acting on the
surface layer. With an increase in cutting depth in turning, planning, and drawing, the
main parameters of deformation hardening are increased. The rake angle of the tool
cutter also affects the conditions of chip formation, which determine the formation of
the surface layer. For example,when turning aNiCr20TiAl alloywith a change in the rake
angle from +15° to –15°, the depth of hardening increases 3 times, which is associated
with an increase in the resistance of the chips on the rake face of the cutter.

Rheological simulation of the heat-resistant alloy IN 718 turning, determined based
on the analysis of the simulationmodel in Deform 2D, showed a decrease of the hardness
by 55% compared with the processing of steel AISI 1045 in cutting parameters – feed S
= 0.25 mm; cutting depth t = 1 mm; cutting speed V = 120 mm/min. The reduction of
hardness, in this case, can help increase the strength and decrease the plastic properties
of alloys and significantly reduce the coefficient of friction on the flank face of the cutter.

It is known [3] that the degree of hardening is defined as the ratio of the initial H0
and the newly created (after machining) H hardness of the workpiece to its initial value:

N = H − H0

H0
, (1)

when turning heat-resistant alloys, the degree of hardening can be calculated
according to the empirical equation [19]:

N = 40 hT−0,72
0 , (2)

where h is the depth of hardening, which is determined by the results of rheological
simulation of machining, μm; T0 - the temperature in the cutting zone when working
with a carbide tool, which can also be determined by the results of rheological simulation.

Plastic strain and hardening of the surface layer of the metal occur in oppositely
oriented grains of different compositions with different intensities; at that, ferrite grains
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are deformedmore intensely than pearlitic. This causes an uneven increase in energy and
various changes in the electrode potential. During turning, more hardened ferrite grains
and martensitic domains become anodes, less hardened pearlite grains are cathodes. For
the same reasons, the distortion of atomic lattices in different crystal grains is different.

Hardening of the machined surface layer in most cases is harmful and reduces the
performance of machine parts. Consequently, after the plastic deformation of the sur-
face layer metal at room temperature, its specific volume increases, and the density
decreases, promoting faster diffusion processes at high temperatures and thus accel-
erating the processes that reduce the resistance of the metal to dynamic destruction.
Prolonged exposure to high temperatures on the hardened metal quickly leads to its
intensive softening, which reduces the overall performance of the parts. The micro-
hardness of the metal surface layer is responsible after its operation at high operating
temperatures. Reducing the density of hardened metal facilitates the process of burning
alloying elements of heat-resistant alloys, which leads to a decrease in the strength of
alloys. A sign of burnout of alloying elements may be a change in the crystal lattice
parameter of the heat-resistant alloys. With increasing degree and depth of hardening
of heat-resistant alloys, their fatigue strength when working in an environment with
high temperatures decreases significantly. Thus, at a hardening depth of 190 μm, which
occurs during rough turning, the number of cycles before the destruction of the alloy at
700 °C is approximately twice lower than after electropolishing, which does not cause
hardening [4].

Scheme for determining residual strains on the basis of a 2D model of milling a
workpiece made of steel AISI-N-13 by the CoroMill 300 cutter with a R300-1032E-
PL S30T insert γ = 8°, α = 15° (S = 0.1 mm; t = 0.25 mm; V = 120 m/min) is shown
in Fig. 2. The total path of the tool along the length of the machined part of the part
is separated into 22 ranges, and along with the depth - into 10 measurement ranges in
order to analyze the dynamics of attenuation and studying the residual component of the
stress-strain state as the aftereffect of the machining process.

Fig. 2. Scheme for determining residual strains on the basis of a 2Dmodel of milling a workpiece
made of AISI-N-13 by the CoroMill 300 cutter with a R300-1032E-PL S30T insert γ = 8°, α =
15° (S = 0.1 mm; t = 0.25 mm; V = 120 m/min).
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The pattern of residual strains rheological simulation during milling a workpiece
(material is alloyed steel X40CrMoV5) by the CoroMill 300 cutter with the R300-
1032E-PL S30T insert (γ = 8°, α = 15°; S = 0.1 mm; t = 0.25 mm; V = 120 m/min)
is shown in Fig. 3. As a result of thermal relaxation with increasing distance from the
head of the cutting wedge, these deformations exponentially decrease to some steady-
state value in the zone of thermal deformation stabilization. It is this value that is the
residual strain. The curve of residual strains (Fig. 3) shows the interference pattern of
the fluctuations in thermal, load, and frictional processes arising in the cutting process.
The average statistical value of residual strain in the zone of thermal stabilization (at a
temperature of about 100 °C) will be approximately ε ≈ 2.5 (mm/mm).

The method for determining the depth of residual strains is similar, but the test points
for measuring deformations are not located along the length of the processed surface
but into the deep (Fig. 2). The modeling of the depth pattern should also be done in the
zone of thermal stabilization of the machined surface. The simulation results are shown
in Fig. 4.

Fig. 3. Graph of surface residual strains obtained as a result of rheological simulation of milling
a workpiece made of X40CrMoV5 (S = 0.1 mm; t = 0.25 mm; V = 120 m/min).

The presence of local traces of residual strains during the machining of plastic mate-
rials (for example, titanium alloys) is due to the complex nature of the dynamic load on
the tool (Fig. 5). The sinusoidal and dissonant character of the longitudinal and trans-
verse component of the cutting force causes local hardening zones of the surface layer’s
material and local softening zones. Themost representative of this can be seen frommod-
eling in Deform 3D (Fig. 6). The presence of alternating hardness zones significantly
reduces the fatigue strength of the surface and the corrosion resistance of the machine
part. Therefore, an essential step in assigning cutting parameters for such alloys is to
reduce the dynamic component of the force action. The general recommendations of
such a study are presented in [13].
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Fig. 4. Graph of residual strains into the deep obtained results from rheological simulation of
milling a workpiece made of X40CrMoV5 (S = 0.1 mm; t = 0.25 mm; V = 120 m/min).

Fig. 5. Local traces of residual strains during the machining of titanium alloy Ti6Al4V.

Fig. 6. Local traces of residual strains simulated in Deform 3D.
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The analysis of the adequacy of modeling was carried out due to comparison with
the results of experimental studies. Such comparative results were carried out using the
method of measuring the microhardness of the surface layer before and after machining
(Fig. 7). The analysis of the research results showed the comparability of the surface
hardening value obtained from modeling and experimental research within 6–8%.

Fig. 7. Experimental study of the machined surface layer microhardness of the alloyed steel
workpiece (X40CrMoV5).

5 Conclusions

Analysis of the influence of the technological operations data such as cutting parameters,
tool’s material, and the geometry of the cutting wedge on the residual strains, carried out
based on rheological simulation in Deform 2D and 3D, allowed us to make the following
conclusions.

Analysis of graphics (Figs. 3, 4) proves the exponential nature of the reduction of
residual strains: if on the top of machined surface this value was ε ≈ 2.5 (mm/mm),
then for the depth of 0.25 mm, it is already ε ≈ 0.7, and for the depth of 1.0 mm, the
cutting-induced strain almost completely disappears and is only ε ≈ 0.06 (mm/mm).
The qualitative and quantitative nature of the distribution of strains proves the adequacy
and effectiveness of the used methods for the formation of the analytical base in the
functionally oriented technological process planning.

The influence of the cutting speed is declared, first, in the change in the duration
of the thermal contact and force impact between the flowing chips, the treated surface,
and the tool’s cutting edge. Increasing the cutting speed contributes to the emergence of
additional tensile strain,which increases the total residual tensile stress.Whenprocessing
low-carbon steels (for example - AISI 1020), the increase in heat in the cutting zone,
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associated with increasing the cutting speed, can harden the surface layer. The increase
in the specific volume of the metal of the surface layer during its hardening leads to
a decrease in residual tensile stresses formed at low speeds (V = 40–80 m/min) and
their conversion into compressive stresses during machining at high cutting speeds (V>

100 m/min). Besides, when processing plastic metals, the subsurface layer is deformed
not only under the influence of the force field of the cutter’s rake face but also deformed
under the influence of the flowing chips. Since the intensity of plastic strain of the metal
chips is much higher than the intensity of deformation of the metal under the shear
surface, the deformed particles under the influence of the upper layer of metal going into
the chips are further stretched in the direction of chip’s moving at the angle greater than
45°. This increases the specific volume of the metal and decreases its density, increases
the strength, hardness, and brittleness, decreases ductility and viscosity, changes the
magnetic and some other properties of the metal.

The presence of local traces of residual strains during the machining of plastic mate-
rials (for example, titanium alloys) is due to the complex nature of the dynamic load
on the tool. The sinusoidal and dissonant character of the longitudinal and transverse
component of the cutting force causes local hardening zones of the surface layer’s mate-
rial and local softening zones. The presence of alternating hardness zones significantly
reduces the fatigue strength of the surface and the corrosion resistance of the machine
part. Therefore, an essential step in assigning cutting parameters for such alloys is to
reduce the dynamic component of the force action.

When processing carbon steels (for example, AISI 1045) and low-alloy steels
(34CrNiMo6), increasing the heating of the surface layer by increasing the cutting speed
above 120 m/min can cause the material’s tempering. As a result, there are changes in
the material structure associated with a decrease in the specific volume of the metal,
which leads to a decrease in residual compressive stresses. Increased feed rate during
the processing of hard-to-cut steels and alloys (for example, IN718), in which residual
tensile stress is formed, leads to an increase in the plastic strain of the surface layer
and a corresponding increase in residual tensile stresses. This leads to a significant
reduction in the fatigue strength of the machined surface. Rheological simulation of the
heat-resistant alloy IN 718 turning, determined based on the analysis of the simulation
model in Deform 2D, showed a decrease of the hardness by 55% compared with the
processing of steel AISI 1045 in cutting parameters - feed S = 0.25 mm; cutting depth
t = 1 mm; cutting speed V = 120 mm/min. The reduction of hardness, in this case, can
help increase the strength and decrease the plastic properties of alloys and significantly
reduce the coefficient of friction on the flank face of the cutter.
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Abstract. MachiningAISI 304 austenitic stainless steel iswell-known as it is very
challenging due to its low thermal conductivity and hardening tendency. High-
cutting forces are one of the common problems encountered during the machin-
ing of this kind of hard-to-cut materials. An attempt to improve its machinability
while ensuring environmentally friendly conditions has been made. This experi-
mental study was conducted from the perspective of performance assessment of
machining parameters in turning AISI 304 under dry, minimum quantity lubri-
cation (MQL), and nanofluid MQL conditions with consideration of the cutting
forces. Additionally, as a methodology, the response surface methodology (RSM)
and quantitative evaluation based on the primary effects plot were used. The study
revealed that nanofluid MQL offered encouraging results compared to the MQL
and dry conditions. Ultimately, the desirability function optimizationmethod (DF)
has been successfully executed to determine the best optimal machining responses
under different cutting cooling conditions.

Keywords: Cutting forces · MQL · Nanofluid · Nano graphene · AISI 304 ·
Response surface methodology · ANOVA

1 Introduction

In recent years, the need to meet the machining field’s ecological and environmen-
tally friendly aspects has become an increasingly relevant theme in research trends.
Researchers have attempted a number of sustainable machining methods, such as dry,
minimum quantity lubrication (MQL), and nanofluid-MQL cooling. Therefore, some
investigations have been undertaken on this issue, particularly in the machining of
difficult-to-cut materials such as AISI 304 stainless steel, Ni-based alloys, and Ti-based
alloys. Based on the previous studies, eco-friendly sustainable machining has greatly
increased its importance in the metal-cutting industry, especially in difficult-to-cut mate-
rials. Apart from that, an experimental investigation was carried out in this paper on the
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straight turning of AISI 304 stainless steel to statistically investigate the effect of cutting
speed, feed, and cooling/lubricating conditions including dry,MQL, and nanofluidMQL
on the main cutting and thrust forces.

2 Literature Review

Elbah et al. [1] performedAISI 4140 high-strength-low-alloy (HSLA) steel turning tests.
Researchers studied the influence of cutting parameters such as cutting speed, feed, depth
of cut and cutting radius, and dry, wet, and MQL machining environments on cutting
force components. As a result, greater enhancement of the resulting cutting force was
achieved under MQL machining compared to wet and dry machining environments. In
their study, Rajmohan et al. [2] used a tow form of cutting fluids when turning of AISI
316L stainless steel. The authors observed that the cooling and lubricating properties
of cutting fluid had been enhanced due to the inclusion of nano-particles, and the feed
greatly impacted the cutting forces. Das et al. [3] carried out the hard turning experiments
of HSLA steel using three different nanofluids and compared the results in terms of
cutting force. The experimental findings concluded that copper oxide (CuO) nanofluid
performed better than other nanofluids in terms of cutting force. Nouioua et al. [4]
experimentally investigated the machinability issue of X210Cr12 steel under dry, wet,
and MQL cooling conditions. It was achieved that better results in terms of cutting
forces were observed for the MQL method than wet and dry machining. Bedi et al. [5]
studied the effect of cutting speed on machining performance of AISI 304 under MQL
conditions. Researchers examined the application potential of coconut oil and rice bran
oil as cutting fluids.

Response surface methodology (RSM) -modeling method- has been widely used in
the machining process. It has been proven to be effective for establishing productive
models. For instance, in the study reported by Nouioua et al. [4], cutting force models
were developed using the RSM approach. Based on the results, RSMmodels were found
to be suitable for predicting cutting forces with accurate goodness of fit. In another
investigation, Tebassi et al. [6] applied the RSM technique to predict cutting forces
during the turning of Inconel 718. Researchers found out that RSM-generated models
present a satisfactory agreement between actual values of cutting forces and estimated
ones.

Likewise, finding the optimum cutting parameters has been considered a necessity
in the machining process field to prevent poor quality characteristics. Therefore, var-
ious alternative computational methods such as Desirability Function (DF) have been
applied successfully to optimize process parameters. Touggui et al. [7] optimized the
cutting parameters during dry turning AISI 316L. The authors found that cutting speed
of 212.84 m/min, feed of 0.08 mm/rev, and depth of cut of 0.1 mm were determined to
minimize cutting force. Similarly, Selaimia et al. [8] experimentally explored the influ-
ence of design variables on cutting force in milling of AISI 304L and optimized the
DF method’s outcomes. From experimental results, a cutting force was impacted by the
depth of cut followed by feed. In their study, Laghari et al. [9] used the DF approach
to optimize cutting forces in turning hard-to-cut material. In literature [10, 11], it was
reported that the DF technique was successfully implemented to determine the ideal
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solutions under different nano-cutting cooling environments. Notably, Pavlenko et al.
[12, 13] applied artificial neural networks for parameter identification of cutting forces.
The influence of the contact zone’s parameters on the turning of stainless steels was
studied by Klimenko et al. [14]. Recently, the optimization of process parameters for
reducing cutting forces while turning of AISI 316L was investigated by Touggui et al.
[15].

3 Research Methodology

Straight turning experiments of AISI 304with an axial length of 300mm and diameter of
70mmwere carried out on a CNC lathe under dry, minimum quantity lubrication (MQL)
nanofluidMQLcutting conditions. The cutting insertswere used as coated carbide inserts
which are designated as ISO specification, namely TNMG 160408-MM 2025 supplied
by Sandvik. In the MQL method, a commercial vegetable cutting fluid was used. In the
nanofluid MQL method, graphene particles were added to the vegetable cutting fluid at
0.1% wt. During the turning operation, the metal-working lubricant was sprayed by a
nozzle to the rake face at a flow rate of 30 ml/h and a pressure of 0.5MPa using theMQL
system. Cutting forces measurements were performed by utilizing Kistler piezoelectric
dynamometer (type 9257B), which was attached to the charge amplifier, and LabVIEW
software for measuring the sampling frequency and recording the force’s database. The
experimental set-up is given in Fig. 1. Twenty-seven experimental tests were conducted
according to Taguchi’s L27 orthogonal array. The parameters tested and their levels are
given in Table 1.

Fig. 1. Experimental set-up.
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Table 1. The studied control factors and their levels.

Factors Level 1 Level 2 Level 3

Cooling and lubricating conditions Dry MQL Nanofluid MQL

Cutting speed (m/min) 160 190 220

Feed (mm/rev) 0.12 0.16 0.2

4 Results

Experimental findings associatedwith turningAISI 304 under various cutting conditions
are discussed in this section. The first set of 9 experiments was conducted under dry
conditions, the second set of 9 underMQL, and the next 9 under nanofluidMQLcondition
using nanographene as a cooling and lubricating agent. The results of main and thrust
cutting forces are depicted in Figs. 2 and 3.

Fig. 2. Main cutting force in dry, MQL, and nanofluid MQL straight turning.

It can be observed that the nanofluidMQLcondition provided the best results in terms
of cutting forces (Fy and Fz) compared to dry and MQL approaches. In comparison,
the MQL offered improved results than the dry machining tests. This is primarily due
to the cooling and lubricating capabilities of both nanofluid MQL and MQL methods to
significantly minimize the intense rubbing between the cutting and machined steel. In
addition, the mist used tends to prevent the thermal shock process and therefore balances
the thermal softening happening to the cutting tool [16, 17]. The lowest cutting force
values were found in the cutting test No. 21, which was conducted at a cutting speed of
220 m/min and feed of 0.12 mm/rev when nanofluid MQL was used, compared to MQL
and dry conditions with an improvement of 5.80% and 11.65%, respectively.
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Fig. 3. Thrust force in dry, MQL, and nanofluid MQL straight turning.

In this study, the RSM was used to formulate a regression model between turning
process responses and the design factors. The regression model for response parameters
is expressed by Eq. 1:

ϕ = a0 +
∑k

i=1
aiXi +

∑k
i=1
i �=j

aijXiXj +
∑k

i=1
aiiX

2
i + ε (1)

The established models for Fy (main cutting force) and Fz (thrust force) under dry,
MQL, and nanofluid MQL are given in Eqs. 2–4 and 5–7. The correlation coefficients
of all proposed models were greater than 0.98. Besides, these constructed models will
be used in the multi-objective optimization process case.

FyDry = + 438.05111 − 1.69222 ∗ Vc − 465.15972 ∗ f − 1.32153 ∗ Vc ∗ f

+ 4.18889E − 003 ∗ Vc2 + 8135.41667 ∗ f2 (2)

FyMQL = + 422.64722 − 1.69017 ∗ Vc − 465.40972 ∗ f − 1.32153 ∗ Vc ∗ f

+ 4.18889E − 003 ∗ Vc2 + 8135.41667 ∗ f 2 (3)

FyNanofluid MQL = + 425.29278 − 1.71206 ∗ Vc − 565.32639 ∗ f − 1.32153 ∗ Vc ∗ f

+ 4.18889E − 003 ∗ Vc2 + 8135.41667 ∗ f2 (4)

FzDry = + 217.98198 + 0.20170 ∗ Vc − 106.04861 ∗ f − 1.40069 ∗ Vc ∗ f

− 4.26543E − 004 ∗ Vc2 + 2209.02778 ∗ f2 (5)
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FzMQL = + 217.21698 + 0.20975 ∗ Vc − 147.13194 ∗ f − 1.40069 ∗ Vc ∗ f

− 4.26543E − 004 ∗ Vc2 + 2209.02778 ∗ f2 (6)

FzNanofluid MQL = + 208.31586 + 0.20364 ∗ Vc − 173.34028 ∗ f − 1.40069 ∗ Vc ∗ f

− 4.26543E − 004 ∗ Vc2 + 2209.02778 ∗ f2 (7)

The main effects plot shows each control factor’s importance, such as cutting speed,
feed, and cooling/lubricating condition on Fy and Fz. The effects of the studied turning
process parameters on the main cutting and thrust forces are seen in Figs. 4 and 5 and
discussed as follows:

The Effect of Cutting Speed
The cutting speed affects the cutting forces (Fy and Fz), particularly the main cutting
force (Fy). The increase in cutting speed results in the reduction of Fy and Fz. It was
observed that the lowest cutting forces could be attained by turning AISI 304 with
the highest cutting speed (220 m/min). With the increase in cutting speed, a higher
temperature is generated in the chip contact area. As a consequence of this, thermal
softening takes place in the cutting area [18]. As a result, the chip becomes thinner and
reduces the cutting forces [19].

The Effect of the Feed
The feed shows a strong effect on the cutting forces Fy and Fz. It is evident that, with
the rise in feed, the cutting force tends to increase. This can be clarified as due to the
long-chip contact region on the rake face [18]. Hence, an increase in the tool-chip section
is a function of increased feed, leading to increased cutting forces. Other researchers
have also outlined that feed is the most contributing parameter for cutting force [2, 20].

The Effect of Cooling and Lubricating Condition
The cooling and lubricating conditions also substantially affect cutting forces, especially
on the thrust force (Fz) (shown in Figs. 6 and 7). Interestingly, the findings demonstrate
that graphene-based nanofluid MQL exhibits efficiency in reducing main cutting and
thrust forces. The explanation for this was attributed to the nanoscale structure (platelets)
and lubrication properties of graphene, which could reduce friction between the tool
and the workpiece [21], thus minimizing cutting forces and improving the dimensional
accuracy of the workpiece.

Among the studied factors, including cutting speed, feed, and cutting condition, the
feed has the most significant effect on Fy and Fz, followed by cooling and lubricating
conditions.

The normal probability plots of RSM-derived Fy and Fzmodels were given in Fig. 6.
It was clear thatmost data pointswere fallen close to the straight-line trend. Itmay also be
suggested that the assumptions of normality have been verified [22]. The estimated RSM
values were compared with the experimental values and obtained in good agreement, as
shown in Fig. 7.
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Fig. 4. Main effect plots for main cutting force (Fy).

Fig. 5. Main effect plots for thrust force (Fz).

In this study, the desirability function (DF) is performed using Design-Expert (10)
software to accomplish the multi-objective purpose.

The best optimum cutting setting determined by multi-objective optimization using
DF tominimize Fy and Fzwas also found to be similar to the cutting setting in cutting test
No. 21, when the lowest Fy and Fz were achieved during turning with the highest cutting
speed (220 m/min) and smallest feed (0.12 mm/rev) under nanofluid MQL condition as
shown in Fig. 8. Thus, there is no need to do a confirmation test.
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Fig. 6. Normal probability plots for a) Fy and b) Fz.

Fig. 7. Cutting force comparisons between experimental and RSM estimated values of Fy and
Fz.

Fig. 8. Ramp function graph of the combined optimization.
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5 Conclusions

In the current experimental research, an attempt was made to investigate the effects of
turning process parameters on the main cutting and thrust forces when turning AISI 304
stainless steel. The considered turning process parameters were taken as cutting speed,
feed, and cooling/lubricating condition. The RSM and main effects plots were used
to develop the mathematical predictive models and assess the effect of various factor
variables on responses. The desirability function was employed for the optimization of
the responses. Based on the results, the following conclusions can be drawn:

• The nanofluid MQL gave promising results for the reduction of cutting forces relative
to dry and MQL techniques. This is mainly accredited to the cooling/lubricating
capability of the nanofluid MQL to reduce the intensity of the high heat produced in
the shear plan region.

• The rise in cutting speed contributes to a decrease in cutting forces (Fy and Fz). This
is due to the rise in cutting temperature in the cutting zone, which leads to the thermal
softening of the manufactured material.

• The cutting forces (Fy and Fz) tend to increase with the increase in feed attributed to
a large tool-chip contact area due to increased feed.

• The lowest Fy and Fz were obtained while turning at the highest cutting speed
(220 m/min) and smallest feed (0.12 mm/rev) under nanofluid MQL.

In further research, more focus will be given to investigate and compare the effect
of different solid lubricants concentration and their hybrids on machining AISI 304
stainless steel in terms of surface roughness, temperature, and chip morphology.
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Abstract. The paper is devoted to studying the process of nitrocementation with
cycling heating compared to nitrocementation with isothermal heating. The pur-
pose of thermocycling nitrocementation is to grind the base’s structure and the
surface layer of steel type AISI 5140, which produces the centrifugal pump’s
shaft. The metallographic analysis showed that the grain score after isothermal
and after thermocycling nitrocementation varies from № 5–6 to № 9 in the core
and № 5–6 to № 10 in the diffusion layer (respectively). The thickness of the
protective layer after thermocycling nitrocementation is 1.50 more than isother-
mal nitrocementation, which indicates a positive effect of thermal cycling on the
saturation rate of the steel matrix. The depth of the protective layer obtained dur-
ing nitrocementation and surface hardness are the criteria for assessing the shaft’s
serviceability. It is established that thermocycling nitrocementation in comparison
with isothermal leads to increase cavitation resistance by 0.6–1.5 times. The use
of chemical-thermocycling treatment leads to reduced time, grinding of grain, and
improved mechanical properties of constructional steel.

Keywords: Pump · Shaft · Nitrocementation · Thermocycling treatment ·
Cavitation wear · Cavitation resistance

1 Introduction

Sumy is a powerful center of pump building, including a complex of leading manu-
facturers of pumps: JSC Nasosenergomash Sumy, SUMY ENGINEERING WORKS
Ltd, JSC «VNIIAEN» etc. [1]. Departments of Sumy State University should be added
to this complex because they are engaged in training students for further employment,
development, and modernization of pumping equipment and modification of materials
and technologies for strengthening the main parts of pump units.

The priority of Sumy pump manufacturers is the creation of responsible pumps for
thermal and nuclear energy, oil production and pipeline transport of oil, and the complete
supply of technological equipment for the oil, gas, and chemical industries.

Oil centrifugal pumps NK and NKV type and pumping units based on them ANK
and ANKV type are used in technological installations of oil refining and petrochemical
industries for pumping oil, petroleum products, liquefied hydrocarbon gases, and other
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liquids, similar to those specified in the material properties and corrosive effects on the
material of pump parts, with temperatures up to 360 °C [2].

Modernization of the pump design aims to reduce the metal content at the same
parameters of the pumps, ensuring the greatest unification of pump parts, allowing to
extend the range of pumps without significant additional costs for their production.
Improving the quality and reliability of pumps,which saves energy resources and reduces
the complexity of their operation and repair, is relevant and important.

1.1 Purpose and Operating Conditions of the Shaft of Centrifugal Pump

The main parts of the centrifugal pump are pump body, cover, bearing body, shaft,
angular contact ball bearings, radial roller bearing of the shaft seal, impeller (Fig. 1) [3].

a           b 

Fig. 1. Appearance (a) and a longitudinal section (b) of the pump NKV type: 1, 2 – bearings; 3
– shaft; 4 – stuffing box seal; 5 – impeller 6 – body; 7 – cover with the inlet pipe.

Shaft 3 of the pump (Fig. 1) is a cylindrical part with a step change of diameters
and is used to transmit rotation to the impeller from the pump motor. The shaft of the
multistage pump is the basic part of the pump rotor. Pumps NKV type are designed for
pumping flammable and combustible liquids in the technological processes of the oil
refining industry. They can be used to pump water in hazardous areas.

The shaft operates under conditions of intense alternating loads [4, 5]. This type
of work requires a combination of high surface hardness and a sufficiently viscous
core. When the material of the shaft interacts with the pumped environment (often
inhomogeneous, containing abrasive particles), the processes of corrosion, cavitation,
and abrasive wear occur. Significant wear can also occur during shaft operation in dry
friction conditions in contact with bearings or directly with the impeller. Under such
operating conditions, the surface layer must have high hardness and wear resistance, be
inert to the material of bearings and impellers.

2 Literature Review

For improving the properties and characteristics ofmaterials for the production of pumps,
including shafts, extend their service life, increase reliability and durability, use various
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technologies of thermal and chemical-thermal, as well as thermocycling and chemical-
thermocycling treatment [6–8].

The author [9] developed and investigated the technology of local surface hardening
of cylindrical gear of steel 45L. It was found that the higher the temperature of nitroce-
mentation, the greater the depth of the diffusion layer and a more uniform difference in
hardness over the thickness of the layer.

At the development of diffusion layers, it is necessary to observe a condition of the
saturating atmosphere and conditions of heating of the material processed by chemical-
thermal treatment, including to temperature of nitrocementation [10].

If in the process of heating and processing of the material the value of this potential
remains above the ratioγ′/ε, the diffusion layerswill consist ofγ′- and ε-phases.However,
if the potential value is lower than the above ratio during nitrocementation, the layers
formed on the metal substrate during the diffusion saturation process will consist of only
one γ′-phase [7]. The authors [11, 12] investigated the influence of laser heat treatment
of nitrocementation steel on the phase composition, structure, and hardness of surface
layers. It was shown that the combined heat treatment of steels (nitrocementation+ laser
hardening) allows providing high wear resistance of surface layers of steel.

Thermocycling treatment (TCT) is one of the promising types of hardening steels.
Structural and phase transformations, in contrast to other types of heat treatment, repeat-
edly occur at a variable temperature «heating-cooling» during thermal cycling. The need
for repeated processing at specified temperatures, as a rule, due to the desire to accumu-
late changes in the structure radically improves the quality of products and gives them
properties that are unattainable with a single heat treatment [13].

In the paper [14], it was shown that cyclic heating and cooling significantly accel-
erate the kinetics of the process of chemical heat treatment of steel. The regularities
of the formation of reinforced layers during thermocycling nitrocementation of steel
20H were considered. Production tests of machine parts after chemical thermal and
chemical-thermocycling treatment were performed. The structure, phase composition,
and intensity of the wear process depending on the number of cycles were studied.

TCT has the following main parameters: heating rate; cooling rate on each cycle;
highest and lowest temperature; cooling rate on the final cycle; the number of cycles
from 2 to hundreds.

The main schematic models, phase transformations, and mechanisms of structural
change during thermocycling are described in detail in papers [13, 14].

The authors [15] were considered the processes occurring when the surface is satu-
ratedwith various elements. Porous and high-density powdermaterials were subjected to
chemical-thermal treatment. Various ways of technological processes have been devel-
oped. The dependences of the thickness of the nitrocemented layer on the total porosity
at different temperatures of nitrocementation and the change in the proportion of open
porosity on the granulometric composition of the powder were investigated. The optimal
saturation modes and the parameters affecting the formation of the diffusion layer have
been determined.

It was established that as a result of thermocycling processing, only a fine-grained
structure up to nanometric is formed, which gives the steel product high operational
properties [16].
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In the paper [17], the influence of electrolytic-plasma carbonitration on the disloca-
tion structure and field strength of low-carbon steel 18HN3MA-SH was studied. It was
shown that after carbonitration in electrolytic plasma, the shape of the phase particles,
their size, and relative position are different, and an α-matrix surrounds the particles of
all phases. Compared with the initial state of the steel, the torque stresses were much
lower, i.e., electrolyte-plasma carbonitration led to a decrease in internal stresses.

The paper [18] focused on creating a technology to improve the performance parts’
properties due to the regularity of the structure of the core and surface of steels in
thermocyclicmodes of thermal and chemical-thermal treatment. Induction cyclic heating
grinds steel grain to 12–14 points, and after cementation increases the number of carbides
in the diffusion layer (hardness 66–68 HRC). Medium carbon steel after cementation,
induction cyclic heating, quenching, and low tempering have a high toughness of 35–
45 J/cm2.

In article [19], the structure, morphology, and mechanical properties of carbon coat-
ingswere investigated. Also, the influence of heat treatment technologies on the structure
and properties of corrosion-resistant steels was studied in the article [20].

Additionally, artificial neural networks for ensuring the reliability of pump shafts are
applied in research works [21, 22]. Finally, TCT is a method of heat treatment based on
constant accumulation from cycle to cycle of positive changes in the structure of metals
[13, 23, 24].

3 Research Methodology

This paper presents the research results of structural alloy steel type AISI 5140 during
nitrocementation with TCT.

For the experiment, samples measuring 10 × 10 × 20 mm were made, the surfaces
of which were thoroughly cleaned of dirt, rust, and polished. The surface of the sample
was decreased with alcohol. The process of saturating the surface of steel type AISI
5140 with nitrogen and carbon was combined with the process of thermal cycling and
quenching. This technology aimed to obtain on the surface of the product a protective
layer of high enough hardness and wear resistance.

The process of nitrocementation with thermocyclic heating and subsequent quench-
ing was performed in a furnace CXOL 1.1.6/12. The maximum heating temperature
was (Ac3 + (30–50)) °C. Theminimum temperature of thermal cycling is equal to 450 °C
(Fig. 2). At the maximum temperature and minimum temperature of the thermal cycling
used in this work, an isothermal exposure of 0,5 h. was performed. The total time of the
chemical-thermocycling treatment process (Fig. 2, b) was 6 h.

Exposure at a temperature of 450 °C was realized by transferring the container from
this furnace to the furnace CXO 2.4/7. This furnace was also used for low tempering.
Quenching was implemented in oil quenching tanks. Pincers were used to load and
unload the container into the furnace.

Microstructure studies were performed on a metallographic microscope MIM-7.
Identifying the steel structure was carried out by chemical etching with a 3–4% solution
of nitric acid in ethyl alcohol.
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a 

b 

Fig. 2. Graphics of heat treatment of steel type AISI 5140 during nitrocementation (a) and
nitrocementation with TCT (b).

Wear tests in the conditions of dry friction-sliding were implemented on a friction
machine SMT-1.Wear twomethods performed resistance tests. The amount of wear was
evaluated relative to the weight of the sample, before and after testing, on high-precision
analytical balances VA-200.

Tests for cavitation resistance were carried out on a magnetostrictive ultrasonic dis-
perser UZDN-2T of samples after nitrocementation, quenching, and low tempering for
8 h, measuring the weight loss every 30 min.
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4 Results

The following structure was recorded bymetallographic analysis of type AISI 5140 steel
samples. The basis of steel type AISI 5140 after nitrocementation, quenching, and low
tempering is fine-needle martensite and residual austenite. The surface layer of steel
after nitrocementation coincides with the data of the authors [7, 11, 12, 25] and contains
carbonitride ε-phase (Fe, Me)2–3(N, C) or oxycarbonitride (Fe, Me)2–3(N, C, O) phase.
In some cases, the surface zone of the ε-phase contains a significant number of pores.
The surface nitride zone located evenly on thickness makes 25–30 μ. Iron carbonitride
(Fe, Me)4NC (γ-phase) is also present in this zone.

One of the objectives of thermocycling nitrocementation is grinding the structure of
the base and the surface layer of steel type AISI 5140, that used for the producing of the
shaft of the centrifugal pump. It was established that the grain score of steel type AISI
5140 after isothermal and thermocycling nitrocementation varies from № 5–6 to № 9 in
the core and from № 5–6 to № 10 in the diffusion layer respectively.

Twomethods determined the thickness of the protective layer – metallographic visu-
ally and using a microhardness tester PMT-3. The thickness of the protective layer after
thermocycling nitrocementation was 1.2–1.4 mm, which is more than with isothermal
nitrocementation by 1.50. Comparing the thickness of the layer after thermocycling and
isothermal nitrocementation, it can conclude the positive effect of thermal cycling on
the saturation rate of the steel matrix. The depth of the protective layer obtained during
nitrocementation and the surface hardness is the criteria for assessing the serviceability
of the shaft. The distribution profile of microhardness corresponds to the distribution of
nitrogen and carbon by depth.

The distribution of microhardness over the thickness of the layer is presented in
Fig. 3. It is possible to conclude the positive influence of nitrocementation and gradual
decrease in hardness from a surface to a basis of steel type AISI 5140. The hardness of
the base is 36–40 HRC.

Fig. 3. Distribution of microhardness by the depth of nitrocementized layer of steel type AISI
5140, where h –distance from the surface, Hμ – microhardness.

Tests for wear of steel type AISI 5140 after nitrocementation with thermocycling
heating, quenching, and temperingwere carriedout by sliding frictionwithout lubrication
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according to the liner-shaft scheme. The contact was realized on the side surface of the
sample (liner). The amount of wear was determined by weight. The metallographic
analysis of the wear holes gave information about the nature of wear. In wear holes of
steel type AISI 5140, the lines of microcutting are observed after complex processing.
They directed in the course of friction that is characteristic of the prevailing abrasive type
of wear are observed. The abrasive is individual particles of the coating separated from
the base during the test. The distance between the lines – traces of cutting are significant.
It can be assumed that the abrasive nature of wear according to this test method will be
decisive. If we take the coefficient of wear resistance of steel type AISI 5140 without
treatment per unit, we obtained the following data of relative stability after different heat
treatment (Table 1).

Table 1. Test results of steel type AISI 5140 for wear.

Type of processing Mass of the
sample before
testing, g

Mass of the
sample after
testing, g

Weight loss of
the sample
during the test, g

Coefficient of
wear resistance

Without processing 16.72896 16.47231 0.38664 1.00

Quenching,
tempering

11.50561 11.29991 0.21951 1.77

Nitrocementation,
quenching,
tempering

7.162010 6.994210 0.16781 2.31

Nitrocementation +
TCT, quenching,
tempering

15.45821 15.23871 0.13809 2.82

The amount of wear was determined by measuring the area of the wear hole. As a
result, the following data were obtained (Fig. 4). Steel type AISI 5140 after nitrocemen-
tation with thermocyclic heating, hardening, and low tempering is subject to the least
wear.

Most authors point out that nitrocementation increases the cavitation resistance of
steels [11, 26]. Figure 5 shows the curves of cavitation wear of the surface of steel type
AISI 5140 after various types of processing.

As seen from Fig. 5, steel type AISI 5140 has the highest resistance after nitrocemen-
tation with TCT, quenching, and low tempering at cavitation for 8 h. The nitrocemented
layer on steel type AISI 5140 has a lower cavitation resistance than the nitrocemented
layer with thermocycling heating. During the cavitation of the sample after nitrocemen-
tation with ordinary heating, brittle fracture and cracking occurred after 2 h. This is
due to the large grain size and lower microhardness of the layer than steel after complex
processing. Comparing the surface layers, we can conclude that at first, the level of resis-
tance of nitrocemented layers differs several times. After wear for 8 h, their cavitation
resistance levels off, which can be associated with the same level of microhardness at a
depth of 125–150 μ.
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Fig. 4. Dependence of the amount of wear of steel 40H on the load, t = 600 min., V = 0,36 m/s,
P – load, S – the amount of wear.

Fig. 5. Cavitation wear of steel type AISI 5140 after different types of processing: 1 – with-
out processing, 2 – quenching, tempering, 3 – nitrocementation, quenching, tempering, 4
– nitrocementation + TCT, quenching, tempering.

The highest cavitation rate for steel type AISI 5140 samples without treatment and
after heat treatment is observed during the first hour. In turn, the highest cavitation rate
for samples after chemical-thermal treatment is observed in the interval of 3–4 h of
testing. The increase in weight loss in the samples is associated with the acceleration of
electrochemical reactions due to cavitation mixing of the liquid and the acceleration of
diffusion. As a result of cavitation wear, uniform sloughing of the surface of the samples
occurred. In Fig. 6, they are represented as light areas.

An explanation of this behavior of nitrocemented layers can be the initiation of
subsurface (lateral) cracks. The formation of subsurface cracks is most likely at the
interphase boundaries and the boundaries «coating – steel type AISI 5140».

The results of laboratory tests showed that thermocycling nitrocementation, in
comparison with isothermal, leads to an increase in cavitation resistance by 0.6–1.5
times.
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a              b 

Fig. 6. Macrostructure of the surface of a sample of steel type AISI 5140 after cavitation wear
for 8 h: a – nitrocementation with isothermal heating, b – nitrocementation with TCT, x50.

5 Conclusions

1. When processing the shaft of the centrifugal pump NKV type from steel type AISI
5140, the use of nitrocementation in a solid carburetor with cycling heating was
proposed.

2. Nitrocementation with TCO consisted of processes of heating to temperatures of
3. 845 °C, cooling to a temperature of 450 °C and holding for 4 cycles. After 6 h,

quenching from nitrocementation temperatures was carried out. The final type of
heat treatment was low tempering at a temperature of 180–200 °C.

4. Nitrocementation with cycling heating has a number of advantages in comparison
with nitrocementation with isothermal heating: reducing the grain score, which in
turn leads to an increase in the thickness of the nitrocemented layer; increasing of
wear resistance of steel 40X by 1.3–1.5 times; increasing in cavitation resistance by
0.6–1.5 times.
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Abstract. Electrophysical parameters of the process synthesis of oxide ceramic
coatings in the plasma of spark discharge for electrolytes 1 g/l KOH (S1); 3 g/l
KOH + 1 g/l of liquid glass and 5 g/l KOH + 6 g/l liquid glass, and distances
between electrodes from 0.05 m to 4.5 m have been investigated in this work. The
influence of synthesis regimes on the physic andmechanical properties of coatings
has been researched too. Experiments helped us understand that the reduction in
coating thickness at a critical distance between electrodes is dependent on the
depletion of the electrolyte, and the maximum microhardness is dependent on the
growing of the power in separate spark discharges and (or) the growing of the
content of Al2O3 in this coating. The influence of the distance between electrodes
on its meaning was found with the help of the study on wear resistance. It is
experimentally set that the value of the synthesis voltage is influenced by the
composition, electrolyte concentration, and the distance between the electrodes:
an increase in the distance between the electrodes leads to an increase in the
synthesis voltage.

Keywords: Oxide ceramic coating · Plasma and electrolyte synthesis ·
Forming ·Microhardness · Thickness ·Wear resistance

1 Introduction

Ensuring the reliability of elements in constructions of technological equipment operated
under conditions of friction was and is at the center of engineering practice. Currently,
this problem is of growing importance, and it gets new accents in connectionwithmodern
trends of technological development processes, which are characterized by more rigid
operating modes of the equipment.

Today, aluminum alloys are widely used in aviation, automobile construction, and
building constructions with the help of their properties [1]. The feature of duralumin is
a combination of low density, high ductility, and specific strength. However, the rapid
development of modern technologies requires increased functional properties of such
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alloys. For solving this problem, work surfaces of details are applied with protective
coatings with predictable properties [2]. According to widely used chemical and ther-
mal analysis (methods) of the coatings creating, we must pay attention to possible envi-
ronmental problems and other negative phenomena which are associated with intensive
heating of the detail or its large part that leads to a change in its matrix structure, the
scale formation, and surface curvature [3]. The existing competitive method of surface
hardening is coating creations on valve metals by plasma electrolytic oxidation (PEO)
as a new technology of intensive anode treatment of metal surfaces [4, 5].

The purpose of thisworkwas to investigate the influence ofmutual electrode arrange-
ment on the properties of oxide ceramic coatings (OCC), which are synthesized in
alkaline electrolytes and the plasma of spark discharges on the ENAW-2024 alloy.

2 Literature Review

At present, there is no generally accepted model of the process for the conversion of
oxide-ceramic coatings on metals. The first attempt to briefly describe the stage of
the process was made by such scholars as G.P. Wirtz, K.H. Dittrich, H.G. Schneider.
The subsequent attempts of this process describing were made by J.C. Marchenoin and
J.P.Masson, who used analogies with classical anodizing and saturation or surface phase
formation in the vapor gas membrane [6, 7]. These work [8, 9] describe properties of
oxide ceramic coatings synthesized in alkaline electrolytes on titanium alloy and their
biological response. Snizhko, L.A, Kalinichenko, O.A., Misnyankin, D.A. investigated
the influence of synthesis modes on properties of anodized Ti-15Mo alloy described in
the works [10]. In most works related to the modeling process, there are only separate
processes stages of the coating forming to be more or less deeply analyzed and described
[11, 12]. In particular, there are analyzed and modified stages of electric breakdown in
primary oxide film [13], the stage of the start development and ending of the spark
discharge through the breakdown of the vapor gas bubble and the transfer of charge and
substance in it into these works [14, 15].

There is used an electrochemical cell for the process realization of plasma electrolytic
oxidation (PEO). This cell consists of the scheme “working electrode – electrolyte –
auxiliary electrode” [16]. Exactly on the working electrode, the PEO process is carried
out. There are used corrosion-resistant metal plates placed on one side or on the other
side from the working electrode as an auxiliary electrode. However, in most cases, as the
auxiliary electrode, we can use a corrosion-resistant metal bath. However, the influence
of the distance between electrodes on properties of synthesized oxide ceramics on the
aluminum alloy is interesting.

3 Researches Methodology

The plastic bath used the shape of the cutting in a high cylinder with a length of 5 m and
a radius of 0.1 m. One of its butts was placed as an auxiliary electrode with stainless
steel 1.4541 in size 10 × 12 × 1 cm as the electrochemical cell for the research. The
working electrode of the aluminum alloy ENAW-2024 with dimensions of 15 × 20 ×
3 mm was placed at a distance of 0.05 m–4.5 m from the working electrode. Electrical
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impulses of anode and cathode stresses were filed on electrodes. Integral densities of
anode and cathode currents and integral anode and cathode voltages, each, in particular,
were measured by voltammeters of the magnetoelectric system of typeM2044. The total
voltage U∑ between the electrodes was measured by the tester of the magnetoelectric
system of type C4315 in the mode of voltage measuring. The general scheme of the feel-
ing of electrical impulses to the electrochemical cell and the measurement of electrical
parameters is presented in Fig. 1.

Fig. 1. Principle scheme for measuring of electric parameters in electrolyte bath: Da – a source
ofsource of anode tension; Dk – cathode tension; Aa, Ak – voltamperemeter M2044 for measuring
of anode and cathode the currents accordingly; Va, Vk – voltmeters for measuring of anode and
cathode tensions; B – bath; D – auxiliary electrode, M – measuring electrode; R – working
electrode.

The working electrolyte were solutions in distilled water such as 1 g/l KOH (S1);
3 g/l KOH+ 1 g/l liquid glass (l.g.) with density 1.38 g/l and module 3 (S2); 5 g/l KOH
+ 6 g/l. g. (S3).

The work density of anode current Ia was 10 A/dm2, and cathode – Ik 7.5 A/dm2,
namely – Ik /Ia = 0.75. Synthesis of oxide ceramic coatings was carried out for 120 min
without stirring of the electrolyte (Fig. 2). Metallography researches were performed
on micro-cuts, using microscope Microtech MMP - 14C. The microhardness of the
coating was determined on micro-cuts using a stationary hardness tester micro Vickers
NOVOTEST TC - MKB1. The microhardness was investigated under an indenter load
of 0.001 g with a holding time under a load of 20 s.

Friction tests were carried out on a PTLK friction machine (f. p.). Speed of the
slip friction was 0.3 m/s and was regularly supported. The roughness of a surface of
the counter sample made of Steel 1.3505 was proved by diamond paste to a value of
0.02μm by the parameter Ra, controlled by a laser microscope – profilometer LMP. The
axial contact load was determined by the Hertz formula and was 400 N.

The criterion of linear wear was taken the average depth of the friction track on a
static sample with the investigated coating, which was measured on the profilograph
– profilometer “Caliber M - 201”. The friction path for the first, second, and third tracks
was 500 m, for the fourth – 1000 m (Fig. 2). The total friction path was 2500 m.
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Fig. 2. Samples synthesized on the 2024 alloy after a friction test.

4 Results

ThePEOprocess occurs in the anode and cathodemodes.Appropriate voltagesmeasured
by voltmeters Va, Vc, stabilize in a fewminutes (Fig. 3). The initial rapid growth of such
voltages is due to the breakdown of the electrically conductive film on the metal, which
is fixed by high voltages. Depending on the composition of the electrolyte and the
distance between the electrodes in the synthesis of coatings, the values of the anode
Va and cathode Vc voltages vary. They are not significantly reduced for large distances
between electrodes, and they are constant or slightly increasing for smaller distances.
After the breakdown phase of the oxide film, the synthesis process proceeds evenly, as
evidenced by a slight change in voltage at the anode over time, which is characteristic
of all electrolytes.

For example, the initial value of the voltage at the anode is 280 V in an electrolyte
S1 at a distance of 1 m between electrodes. It falls to a value of 250 V in the synthesis
process. The decrease between the electrodes’ distance to 0,5 m leads to a decrease in
voltage to its first value of 185 V. In this case, a breakdown of the conductive films on
the anode occurred in the first 10 min. After that, the PEO process was stabilized and
was occurred at values about 210 V. The breakdown in the conducting channel metal–
electrolyte in the synthesis of oxide ceramic at a distance of 0,25 m exists no longer
than 20 min. In this case, the coating is formed at a voltage of 180 V. The PEO process
stabilizes during the first 9 min at a distance of 0.1 m between electrodes. However, the
coatings are formed, in this case, for a voltage of 175 V.

In case, the OCC formed approximately at 260 V at the most distance between the
electrodes (4.5 m) (electrolyte S2). It should also be noted that the breakdown of the
natural oxide films on the anode occurs something faster – after 6 min. In an electrolyte
S3, coatings are formed at a distance of 4.5 m at a voltage not much smaller than 200V.
Reducing the distance between electrodes to 2.25 m leads to the ability to form a voltage
coverage of an average of 155 V. At a distance between electrodes from 0.5 m or less, the
coating is formed at about the same voltage, which is equal to 125V. In such distances the
process goes uniformly compared to the others: the voltage after breakdown practically
does not change its value in the process of synthesis.

The composition change of the electrolyte also influences the value of the voltage
generated. So the increasing of the concentration in the electrolyte KOH from 1 g/l to
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Fig. 3. a - Kinetics of anodic (1–4) and cathodic (5–8) tension in the 1g/l KOH electrolyte for
the following distances between electrodes: 1 m (curves 1, 5); 0,5 m (2, 6); 0,25 m (3,7); 0,1 m
(4, 8); b - kinetics of an anodic (1–4) and cathodic (5–8) tension in 3 g/l KOH+ 2 g/l liquid glass
electrolyte for the following distances between electrodes 4,5 m (curves 1, 5); 2,25 m (2, 6); 0,5 m
(3,7); 0,05 m (4, 8); c - kinetics of anodic (1–5) and cathodic (6–10) tension in 5 g/l KOH + 6 g/l
liquid glass electrolyte for the following distances between electrodes 4,5 m (curves 1, 6); 2,25 m
(2, 7); 0,5 m (3, 8); 0,25 m (4, 9); 0,1 m (5, 10).

3 g/l and the adding 2 g/l of liquid glass makes it possible to reduce the synthesis voltage
at the anode by approximately 85 V (curve 2 in Fig. 3a, and curve 3 in Fig. 3b). Further
increase of electrolyte concentration up to 5 g/l KOH + 6 g/l of liquid glass allows
synthesizing a coating for a voltage lower than 5 V compared to the previous electrolyte.

The stability of the process in time makes it possible to measure the total voltage
over the cell length for different distances between the electrodes (Fig. 4).

The investigation of thickness and microhardness of OCC, which are synthesized
in different electrolytes and at different distances between electrodes, are presented in
Fig. 5a and b. It has been experimentally established that coatings synthesized in an
electrolyte S2 at a distance more significant than the critical one (from 0.5 m to 4.5 m)
are thicker than more complexly-doped electrolyte S3.

The microhardness of oxide ceramic coatings varies from 600 kg/mm2 to
1100 kg/mm2 (Fig. 5b). It has been established that the highest microhardness of
1100 kg/mm2 has coatings that are synthesized in an electrolyte S2 at an inter-electrode
distance of 0,25 m. The reduction of an electrolyte concentration makes it possible to
form a coating with a microhardness of 950 kg/mm2.
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Fig. 4. Kinetics of the total tension in an electrolyte for the following distances between
electrodes: 4,5 m (1); 2,25 m (2); 0,5 m (3); 0,05 m (4).

The studies showed that the coatings, which are synthesized in the electrolyte S2,
have the best optimal thickness and microhardness. Consequently, we have researched
the oxide ceramic durability formed in this electrolyte at distances from the electrodes
of 0.05 m, 0.25 m, and 0.10 m.

Traditionally, the most common contact in technique is linear. Therefore, using this
kind of contact in work [17, 18], the developed testing method of lubricants was illu-
minated, making it possible to diagnose the lubricity of materials correctly. It can be
obtained first of all with the help of the step-by-step test. We have modernized this tech-
nique (methodic), and it has been adapted to dry friction conditions. It was revealed that
the opposite element’s friction surface is worked out secondary structures at the first
stage (the initial stage of an embedding). At the second and third stages, the stability
of the developed secondary structures is estimated on the criterion of the linear wear
value. At the fourth stage, the generated secondary structures in time with a big friction
path and wear resistance of estimated coatings are evaluated. As a result of the tests,
we have gotten wear traces with the help of test samples, which are described in Fig. 2.
Secondary structures on the surface of the opposite element are formed due to complex
physical and chemical processes (temperature increase, chemical reactions).

We have found that the distance between the electrodes affects the wear intensity
(Ef ) of the oxide ceramic coating (Table 1).

During the experiment, the deterioration intensity of the oxide ceramic coating at
each stage was determined (Table 2). Thus, at the first start-up stage (Fig. 6, stage I),
Ef is the largest for the oxide ceramic, synthesized at a distance of 0.05 m. So, here
the secondary structures on the opposite element can soon be developed. This part is
straightforward for three researched samples (Fig. 7).

The stability of the generated secondary structures, estimated in the 2-nd and 3-rd
sections of the curves, is ambiguous. So, for OCC, which is synthesized at a distance
of the electrode 0.1 m, such structures are not stable and are changed over time (curve
2, Fig. 6). However, we can say it about two other curves, whose inclination angle
practically does not change during the next 1000 m. At the IV stage, it is possible to
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Fig. 5. Change of thickness (a) and microhardness (b) of the coatings obtained in 1 g/l KOH (1),
3 g/l KOH + 2 g/l l. g. (2), and 5 g/l KOH + 6 g/l l. g. (3) electrolytes at different distances
between electrodes.

а          b         c 

Fig. 6. OCC synthesized on alloy ENAW-2024 at a distance between the electrodes of 0,05 m (a)
and 0,25 m (b) after microhardness researches (c) (×200) in the electrolyte S2.

Table 1. The friction intensity of OCC depending on the traversed path.

The friction intensity I, m The traversed path L, m

The distance from the
electrode a, cm

0.05 0.1 0.25

11.4 12.9 12.5 500

23.4 25 26.2 1000

33.7 34.4 37.5 1500

47.2 40 51 2500

evaluate the wear resistance of researched coatings. Here all the curves change the angle
of inclination (Sect. 4, Fig. 6).

We have seen from surface studies, Ef is the same for coatings on an aluminum alloy
which are synthesized at a distance of 0.04 m and 0.25 m and is 0.135 μm/m, whereas
this distance for the covering is less than 2 times and equal to 0.0056 μm/m which is
formed at a distance of 0.1 m.
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Fig. 7. The dependence of friction intensity I from traversed path L of OCC, which is synthesized
through different distances from the electrode: 1 – 0.05 m, 2 – 0.10 m, 3 – 0.25 m.

Table 2. The deterioration rate of OCP, which are synthesized at different distances from the
electrode at different stages.

№ of the
sample

The deterioration rate of OCC Ef , μm/m

Friction stage

I II III IV

1 0.0228 0.024 0.0206 0.0135

2 0.0258 0.0242 0.0188 0.0056

3 0.025 0.0274 0.0226 0.0135

5 Conclusions

It was established that the voltage between electrodes varies almost linearly regardless
of the electrolyte composition and the distance between these electrodes at the constant
current density, and the breakdown of the oxide lamina occurs in the first 10–20min. It is
experimentally set that the value of the synthesis voltage is influencedby the composition,
electrolyte concentration, and the distance between the electrodes: an increase in the
distance between the electrodes leads to an increase in the synthesis voltage.

It was found that at a critical distance of 25 cm, theminimum thickness of the coating
is 75 μm, which is caused by the depletion of the electrolyte between the electrodes. We
propose, for partially reducing the negative influence of this effect, to increase the area
of the auxiliary electrode.

It has been experimentally established that the microhardness of the OCC, which
is formed on the critical distance, is the highest and is 1100 kg/mm2. It is explained
by increase the power of separate spark discharges and (or) increase the coverage of
α-Al2O3. It was investigated that the coatings of higher thickness and microhardness
are obtained through the composition of an electrolyte 3 g/l KOH + 2 g/l l. g. In our
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experiments on the durability of synthesized coatings, we have been determined that the
highest friction resistance 0.056 μm/m, is done by OCC, which is oxidized in plasma
of spark discharges at a distance of 0.1 m.

For scientific substantiation of the reasons of the received results further, it is
necessary to carry out the spectral analysis of the received coverings.
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Abstract. Themulti-parameter problem of the optimal design of composite sand-
wich structures with the honeycomb filler has been solved. For this purpose, the
optimization process was divided into several stages according to the reasonable
levels of significance of the objective function’s parameters, i.e., minimal weight.
At the first stage, preliminary analysis of thermal protection coatings of sand-
wich structures with the honeycomb filler is carried out, the most rational types
thereof are found, the values of physical and mechanical characteristics, as well
as the optimal ranges of variation and the initial value of the thickness of thermal
protection coatings for different sections of the structure, are determined. At the
second stage, the task of choosing the optimal relationship of the thickness of the
thermal protection coating, height of the honeycomb filler, size of its cell, and
thicknesses of bearing skins is solved, with simultaneous securing of the accept-
able temperature ranges for the outer and inner surfaces of sandwich shells and
bearing capacity of the rational variant in all critical areas. To further reduce the
weight, the honeycomb filler structure is optimized at the third stage by varying
the angle of opening of the cell of irregular hexagonal shape and coefficient of
its shape in each section of the structure. Implementation of the suggested app-
roach in weight optimization of a real object’s structural parameters showed its
efficiency, expressed in a significant reduction of the optimal structure’s weight
compared to its initial variant.

Keywords: Optimization ·Minimum weight · Bearing skins · Composite
materials · Thermal protection coating

1 Introduction

An increase in the efficiency of various applications’ modern structures is inseparably
associated with the searching for and implementing new design and technology solu-
tions [1, 2]. One of the essential directions in these search efforts concerning shell-type
structures is creating and broadening sandwich structures. Elements of such structures
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comprise two thin bearing skins and a lightweight honeycomb filler (HF) between them.
Its nature predetermines this loading pattern’s high efficiency; it is reliably proved the-
oretically and showed by experiments [3]. The development of sandwich structures is
accompanied by the active introduction of polymeric composite materials (PCM) [4].
It significantly increases the weight efficiency of structures due to high specific charac-
teristics of strength and stiffness of composite materials and the possibility of directed
formation of the desired mechanical properties [5].

Peculiarities of designing sandwich structures with HF of minimum weight require
the choice of design patterns consistent with the structure geometry and the range of
external actions thereon. It limits the applicability of the analytical design patternswidely
used in actual practice. The nature of variation in thicknesses of the bearing skins in PCM
use is associated with the need to consider the change in their physical and mechanical
characteristics (PhMC) due to varying reinforcement patterns. Wide opportunities of
HF PhMC variation by changing its cell’s geometrical parameters also complicate the
formulation and implementation of the optimal designing of shell-type sandwich struc-
tures in the rigorous mathematical setting because of the growing number of variables.
Considering a non-exhaustive list of peculiar features of shell-type sandwich structure
designing mentioned above, the authors attempt to use the unconventional approach to
synthesize the optimal structural parameters of a product and substantiated successive
approximation them.

2 Literature Review

Despite a number of developed methods for optimizing parameters of the considered
class of structures, which are widely used now, they are rather complex and time-
consuming ones. The common feature of most of the works dealing with this problem
is that the approaches suggested in them implement the analytical mathematical models
quite similar in their content [6].

The basis of the approach showed in [7, 8] is the analytical mathematical model that
allows establishing the general loss of stability of the conical and cylindrical honeycomb
shell under the compressive force and uniform external pressure.

The papers [9, 10] show the analytical dependences obtained to determine the stress-
strain behavior of honeycomb structures based onLagrange’s variational principle. How-
ever, these models demand the idealization of representation of the structure and types
of external actions.

Authors of [11, 12], using the examples of natural structures, show the methodology
for determining the areas of rational use of various structural arrangements of cylindrical
composite shells. Nevertheless, descriptions of employed solution methods given in
[11, 12] indicate significant idealization of objects’ representation under consideration
and external actions.

The paper [13] deals with optimizing cylindrical composite shells, which are homo-
geneous/inhomogeneous in thickness. As the bearing skins, the authors studied the PCM
pack composed of layers of different types at fixed reinforcement angles. However, the
above results were obtained under the action of isolated axial compression only.

The papers [14, 15] present the methods for determining the ultimate loads of shell-
type composite structures. A common disadvantage of the papers is that the authors paid
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considerable attention to the theory of ultimate load calculation based on the use of the
composite materials’ generalized characteristics. These characteristics of PCM can be
obtained for individual samples of the structure only.

Optimization of the structure of bearing skins, taking into account the design and
technological constraints on the thickness of the PCM pack, is the topic of [16]. How-
ever, the application of results to shell-type sandwich systems with HF under combined
loading requires an appropriate generalization of the proposed algorithms. The paper
[17] deals with the issues of optimization of HF parameters. The authors proposed a
method for analytical forecasting of the maximum possible reduction of weight of the
composite structures for space applications, taking into account their production’s tech-
nological capabilities. However, a simplified design pattern is used in this paper, which
is the reason for obtaining the knowingly approximate results. These simplifications are
also used in other authors’ works, for example [18, 19].

Consideration of HF structural parameters in the optimization, considering its pro-
duction process, was implemented in [20]. However, the proposed method can be used
to optimize the honeycomb shell parameters with a specific correction only, when they
are divided into cylindrical panels being joined together. The paper [21] further develops
the approach to weight optimization of structures such as the launcher’s nose fairings.
The minimum benefit (5%) in weight is shown due to the optimal reinforcement pattern
compared to the quasi-homogeneous shell. Nevertheless, the adopted design patterns are
highly simplified, which does not allow generalizing the results obtained.

A commondisadvantage of the papers published in this domain is that a small number
of variables are considered in optimization calculations. Given that the real composite
sandwich structures have a relatively large number of design variables, the generalization
of approaches suggested in the considered papers looks problematic.

At present, optimal designing of composite structures with the honeycomb filler is
based on computer technologies. In the last decade, these technologies are intensively
developed and implemented [22]. However, this optimization approach allows solving
a specific problem only. As a rule, it does not provide an opportunity to generalize the
results, considering technological constraints and other limitations [23]. An attempt to
reduce the weight of honeycomb composite structures for space applications by optimiz-
ing their parameters based on the synthesis of computer technologies of finite-element
analysis and analytical models was made [24]. The authors developed and implemented
a method for optimization of parameters of the launcher’s composite nose fairing. This
paper’s significant drawback is that the thermal effect is considered only by deterioration
of the structural materials’ physical and mechanical characteristics.

3 Research Methodology

As an object of research, the nose fairing (NF) within the space launcher vehicle’s head
unit is considered [21, 24, 25].

NF is a cylindrical-biconical module of 8590 mm long and 4000 mm in diameter,
having a spherical tip with a radius of 720 mm. NF housing consists of two sandwich
half-shells. All NF sections are connected with the use of metal stiffening rings. The
spherical tip is made of glass fiber plastic; bearing skins are made of carbon PCM;
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honeycombs of aluminum alloy with hexagonal cells act as fillers. The following design
cases of loading were considered: loading of structural elements by surface pressure at
the critical Mach number; maximum aerodynamic coefficients; maximum drag force;
area of maximum velocity head. Calculated components of the bending moments M,
shear forces Q, axial forces T in the NF design sections, and excessive non-uniform
pressure P were taken as the loads on the NF. For determining the stress-strain behavior
and optimization of design parameters of theNF under study, one of the software systems
of the finite-element analysis was used.

The problemwas being solved using linear equations from the theory of elasticity and
buckling analysis. The general statement of the elastic theory problem for the orthotropic
body contains equilibrium equations, generalized Hook’s law, Cauchy relations, and
boundary conditions. Theoretical solutions are obtained using the finite-elementmethod.
The Kirchhoff–Love hypothesis is applied for composite bearing skins. A linear distri-
bution of cross-section height is considered for the HF, and deformations in transversal
direction are not considered.

For the calculation and further optimization in the finite-element analysis software,
NF is presented as a system of shells supported by stiffening rings.

Sandwich shells represent conical and cylindrical parts of NF. The multilayered
second-order shell-type finite element with the relevant properties was taken during
their discretization on the finite element mesh. Bearing skins were modeled in the form
of packs of four layers of the considered PCMfiller with the total thickness of δi = 1mm
and reinforcement pattern [00.25s;± 450.5s; 900.25s]. HF is represented as a conventional
layer of the multilayered finite element of h = 25 mm homogeneous in volume, with
PhMC depending on the cell’s geometrical configuration, the thickness of foil, and its
PhMC. In discretization of the spherical tip, a single-layer shell-type finite element
was used. Stiffening rings and elements of the NF’s longitudinal joint were modeled
by the corresponding cross-section beam elements. For the proper consideration of the
condition of NF joining with the adjacent carrier sections (interstage section and payload
adapter), it was modeled together with them.

Load on the head unit elements was applied as a pressure normal to the surface,
distributed according to the given law within the limits of the relevant surface and
the equivalent longitudinal and transverse force reduced to the nodes in each section.
Bending moments in design sections were applied as the distributed pairs of forces were
reduced to the corresponding section’s nodes. The head unit was fixed along with the
nodes of the lower stiffening ring of the interstage section on all movements, which
corresponded to the condition of its joining with the second stage of the launcher.

Rationalization of the problem of optimal designing of carrier sections of the
launcher’s head unit (particularly NF), which are subject to the intensive thermal effects,
provides the need for simultaneous optimization of their parameters structural arrange-
ment and thermal protection coating (TPC). Therefore, preliminary analysis of employed
TPC is carried out in the first block of the proposed optimization method (Fig. 1).

At the same time, possible recommendations are developed for the subsequent opti-
mization of the thermal protection parameters, and the most rational types of it are
determined concerning the NF under consideration; PhMC values are found, as well as
the optimal ranges of variation and the initial value of TPC thickness for different NF
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Fig. 1. Method of minimization of the weight of sandwich nose fairing with honeycomb filler at
simultaneous thermal and strain loads.

sections. Boundary conditions for calculations of NF TPC are the aerodynamic heat flow
Qa and the maximum value of the NF structure’s temperature.

The second block of the proposed multistage mass optimization method solves the
task of choosing the optimal ratio of thermal protection thickness δTPC , HF height h,
HF cell size ac, thicknesses of bearing skins δ and also securing the acceptable ranges
of temperatures of the outer and inner surfaces of sandwich shells and bearing capacity
of the rational variant in all critical areas, taking into account the deteriorations in
the PhMC of the employed materials from the thermal effect. Optimization of these
HF parameters at this stage is caused by the fact that, as the experience shows [19],
heat-insulating properties of honeycombs mainly depend on the height and density,
which is primarily determined by the cell size, and to a lesser extent, is conditioned
by other parameters: angle of its opening β and coefficient of the shape K. As the
optimization constraints relating to the bearing capacity of structural elements of the NF
structure under study, layer-by-layer analysis according to Von-Mises–Hill criterion was
carried out for layers forming the bearing skins. When determining HF’s required safety
margins, the specified orthotropic filler’s adjusted characteristics were used [19, 21].
For isotropic materials, Von-Mises criterion was chosen. Besides, the modeled object’s
stability margins as a whole kst and possible forms of local losses of structural elements’
stability were the block’s active constraints. As an objective function is minimized,
the structure’s weight equal to the weights of the NF’s structural components: thermal
protection, bearing skins, and HF, is taken. While minimizing the objective function, the
optimization module performs complete enumeration of the design variables specified.
Therefore, while meeting the constraints for the acceptable ranges of temperatures and
providing the bearing capacity for all normalized loading cases, consider the reduction of
PhMCof the employedPCM.All designvariables on a stagedbasis enter the optimization
block where the task is solved concerning choosing the rational relationship of the
required thickness of thermal protection δTPC . Parameters of structural arrangement and
additional basic structure with the simultaneous securing of the permissible ranges of
temperatures of the outer and inner surfaces of the unit under study, bearing capacity of
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its rational variant in all critical areas, taking into account the deteriorations of PhMC of
the employed materials from the thermal effect and observance of additional functional
and technological constraints. To further reduce the NF weight at the final stage, HF
structure is optimized by varying the angle of opening of the cell of irregular hexagonal
shape β and coefficient of shape K in each NF section.

For getting the basic design before the optimization procedure, which is then can
also be compared to the final result of the calculation, the initial construction of the NF
was analyzed (Table 1).

Table 1. Results of initial NF construction analysis.

Indicator Design loading cases

1 2 3 4 5

The maximum value of the Von Mises-Hill criterion for
the layers forming the bearing skins of thicknesses:
δi = 1.0 mm

0.44 0.81 0.88 0.91 0.95

Maximum shear stress in HF
HF cell side width, by sections: aci = 5.0 mm
Cell shape coefficient, by sections Ki = 1
The angle of cell opening, by sections: β i = 60º
HF height, by sections: hi = 25 mm

τ xz max , kPa 134 171 172 173 175

τ yz max , kPa 23 27 52 72 72

NF stability margin kst 2.81 1.78 1.69 1.68 1.67

Mass of bearing skins, kg 275.37

Mass of HF, kg 57.03

The total mass of bearing skins and HF, kg 332.4

4 Results

As a result of the proposed multistage optimization technique, there was found a way to
select optimal relations between TPC thickness δTPC , HF height h, cell size ac, bearing
skin thickness δ providing permissible temperature range between the outer and inner
surface of sandwich shells as well as bearing capacity of final design within all critical
areas of its structure.

Rational TPC thickness as a function of the permissible temperature of outer bearing
skin is shown in Fig. 2.

Table 2 shows the results of optimization of the NF sandwich structure parameters.
The result of this stage of optimization of parameters of the NF sandwich structure

is the decrease in its mass compared to the basic variant:
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Fig. 2. Variation in TPC’s rational thickness depends on the permissible temperature of the outer
bearing skin of the NF.

Table 2. Results of optimization of parameters of the NF sandwich structure.

Indicator Design loading cases

1 2 3 4 5

The maximum value of the Von Mises-Hill criterion for
the layers forming the bearing skins of thicknesses:
δ1 = 0.9 mm; δ2 = 0.4 mm; δ3 = 0.9 mm; δ4 = 0.8 mm

0.62 0.9 0.95 0.97 0.98

Maximum shear stress in HF
HF cell side width, by sections:
ac1 = 6.6 mm; ac2 = 7.2 mm; ac3 = 4.8 mm;
ac4 = 7.2 mm
Cell shape coefficient, by sections Ki = 1
The angle of cell opening, by sections: β i = 60º
HF height, by sections:
h1 = 15 mm; h2 = 25 mm; h3 = 18 mm; h4 = 19 mm

τ xz max , kPa 78 99 101 120 150

τ yz max , kPa 9 11 33 37 37

NF stability margin kst 1.55 1.2 1.15 1.13 1.1

Mass of bearing skins, kg 244.88

Mass of HF, kg 34.22

The total mass of bearing skins and HF, kg 279.10

– bearing skins by 275.37−244.88
275.37 100% = 11.07% (30.49 kg);

– HF by 57.03−34.22
57.03 100% = 40% (22.81 kg);

– NF sandwich shells, as a whole, by 332.4−279.1
332.4 100% = 16% (53.3 kg).

Search for rational parameters of HF made it possible to decrease the mass of NF
further. The obtained result was predicted in [7, 21], and the minimal mass is achieved
with HF parameters: β i = 60° and Ki = 3. With these values, the NF stability margin kst
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is not changed noticeably. The final optimization stage result is the additional reduction
of NF weight compared to the variant where HF featured the regular hexagonal shape
cell by 279.1−263.4

279.1 100% = 5.63% (15.7 kg), and compared to the basic variant – by
332.4−263.4

332.4 100% = 21% (69 kg).
After determining HF’s rational structure, the data entered the optimization verifi-

cation blocks, which confirmed our findings.
The distinctive feature of the suggested optimization method is the obtaining of

maximum target efficiency from NF structures. The most of papers cited [6] above
deal with the typical approach to the optimal designing of structures of the class under
consideration, subjected to simultaneous strength and thermal loads, providing, as a rule,
division of the general task into a number of subtasks to obtain the rational parameters
for each type of action [9, 11]. As a result, even the individual optimal solutions of the
tasks taken separately do not provide the final structure’s integral optimality [7, 21]. In
contrast to the above papers, the proposed method allows the optimization for all design
cases of loading simultaneously, taking into account possible mechanisms of failure and
loss of stability of structural elements. Consequently, the structure’s resulting rational
parameters are not optimal in each loading case, but they are rational concerning their
totality. Furthermore, the permissible ranges of temperatures of the unit’s outer and inner
surfaces under study and the bearing capacity of its rational variant in all critical areas
are provided, taking into account the deteriorations of employed materials’ physical and
mechanical characteristics from the thermal effect. The method allows determining the
rational relationship of the thickness of thermal protection, bearing skins, and height of
the HF in each section, which ultimately decreases the weight of the necessary thermal
protection.

5 Conclusions

The research carried out allowed solving the multi-parameter problem of the optimal
design of composite sandwich structures with the honeycomb filler without noticeable
accuracy. For achieving this result, the optimization process was divided into several
stages under the reasonable levels of significance of the parameters included in the
objective function, i.e., minimal weight.

Implementation of the proposed approach for a real object’s parameter optimization
revealed its effectiveness in significant mass reduction compared to the basic design.
The obtained results allow further development and improvement of the approach by
including some auxiliary structural elements of composite sandwich structures with
honeycomb filler.
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Abstract. The problems caused by syntheticwaste have led to the need to develop
new materials that can be environmentally safe for living organisms and biocom-
patible with the environment, replacing widely used synthetic polymers. IF spec-
troscopywas used to study the chemical composition of the composite and to detect
harmful substances. The nature of the relationships of structural components in
the compositions was studied using scanning electron microscopy. The impact
strength was determined by the Charpy method. The nature of the interaction of
system components at the microstructural level is investigated. In particular, the
anisotropy of properties, which is ensured by the uniform distribution of cavities
in the volume of the composite and good adhesion of microcellulose with casein
binder, was investigated. It is established that the composite does not contain harm-
ful, toxic substances and can be positioned as a biocomposite. This material has
been shown to have sufficient impact characteristics, in particular, impact strength
a = 47 kJ/m2 and can be used in the manufacture of food packaging, such as an
alternative to polystyrene.

Keywords: Cellulose · Plant fibers · Biodegradable material · Casein · Food
packaging · Chemical composition · Impact strength

1 Introduction

World oil reserves are rapidly declining. There are deepening global environmental
problems such as accumulation of waste, pollution of ecosystems, and others. Such
challenges have contributed to the development of an alternative to existing polymer
materials [1]. Casein is widely used in the food, medical, woodworking industries, in
particular, the long-known casein glue for wooden surfaces and casein primers, casein
is added to paints, where it acts as a thickener and stabilizer, or it is added to textile
products because in the presence of casein fibers do not give shrinkage during washing.
One of the most relevant areas of its use in the manufacture of bioplastics capable of
biodegradation [2].

In recent years, scientists are increasingly using natural fibers as reinforcements for
composites. Natural fibers have many advantages, such as low specific gravity, low cost,
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biological degradability, and higher mechanical properties such as stiffness and strength
compared with synthetic fibers [3]. The most common plant fibers used as reinforcing
materials are lignocellulosic materials (containing cellulose, hemicellulose, and lignin)
and cellulosefibers. Thesematerials can be obtained frommany sources, such as sawdust,
cotton, technical hemp, recycled corrugated cardboard, sugar cane [4], etc.

2 Literature Review

In recent years, research on materials derived from natural renewable sources has
increased significantly. Examples of such materials are composites based on gelatin
[5], dextrin [6], chitosan [7], polylactide [8] pectin [9, 10] and casein [11, 12]. As a
result, knowledge about the functional characteristics of new materials and the scope
of such natural polymers is constantly improving. Natural polymers, such as casein and
pectin, are proteins and hydrogel-forming polysaccharides, so they are given special
attention because they are biodegradable polymers. An additional advantage of casein
is that they have no toxic effects.

Modification of the casein structure is the basis for developing new and improved
technologies for biodegradable materials. One of the promising areas of this research is
the creation of medical films and food packaging. However, solving this problem is not
easy, because pure casein materials have low technological characteristics, such as very
low strength and elasticity; they are easily soluble in water. Improving the properties can
be achieved by obtaining composite materials based on casein reinforced with natural
fibers. There are studies devoted to developing suchmaterials, particularly the possibility
of forming a copolymer of casein and methylcellulose and obtaining films [13].

To achieve the research goal, the following tasks were set: to obtain microcellulose
from fibers and technical hemp trusts, determine the composite’s chemical composition,
and investigate the structure and chemical composition of the composite.

3 Research Methodology

Examination of the surface condition was performed using an optical digital microscope
LEICA DMS300 (Leica Microsystems, Germany). The microstructure was examined
using aHitachi TM3000 (Hitachi High-Technologies Corporation, Japan) scanning elec-
tron microscope with the EDS SwiftED3000 microanalyzer system for quantitative and
qualitative analysis (percentage of elements contained in the samples). FTIR spectrome-
ter (Shimadzu, Japan) operating in the range of 4000–400 cm−1; at a resolution of 0.5, 1,
2, 4, 8, 16 cm−1, was used to study the chemical composition. The signal-to-noise ratio
S/N = 30000: 1 for 1 min of spectrum collection to calculate peak-peak at a resolution
of 4 cm−1. The spectrometer is equipped with a Gladi ATR Vision Base Optics adapter
from Pike Technologies, which allows measurements to be performed in the mode of
attenuated total infrared reflection.

Impact tests were performed under current international standards ISO 179 by the
Charpy method. For the study used a pendulum dill CEAST 9050 (Instron, USA).
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Impact tests were performed using pendulum copra with a maximum energy of 25 J
- CEAST 9050 (INSTRON). The hammer is intended for tests by the Charpy method at
a temperature of +20 °C without an incision.

Technical hemp fibers were used to obtain microcrystalline cellulose, hereinafter
“cellulose-1”; long flax (long flax fiber from long wetting trusts), then “cellulose-2”;
and hemp fiber from dew-soak trusts of the spring harvest period, hereinafter “cellulose-
3”. The method “Development of technology for obtaining cellulose from hemp fibers”
was used as a basis for pulp production [14].

The cellulose fibers (Fig. 1) of flax and hemp were ground to a size of 7 ± 1 mm.
The fibers were treated with a 1% solution of Trilon B (C10H18N2Na2O10) for 30 min
in a ratio of 10:1 at a temperature of 100 °C, to facilitate the removal of minerals from
the resulting cellulose.

Fig. 1. Shredded fibers of technical hemp.

The process (Fig. 2) is carried out in a heat-resistant flask mounted on a flask heater
connected to a reflux condenser.

Fig. 2. The process of obtaining cellulose.

After obtaining cellulose for the manufacture of composites, the cellulose was fur-
ther ground using a laboratory homogenizer, “CAT Unidrive X 1000”, at a speed of
20,800 rpm (Fig. 3). The crushed cellulose was filtered through filter paper and then
dried at room temperature overnight.
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Fig. 3. Cellulose-3, crushed using a homogenizer (photo from an optical microscope, magnifica-
tion, ×1.25).

4 Results

Samples with different percentages of cellulose in the range � = 25… 50% of the mass
fractions were prepared for research. Casein glue of the Extra (B-107) brand of animal
origin was chosen as a binder.

The adhesive is characterized by high reliability for gluing wooden surfaces and has
no harmful emissions, so it is suitable for producing environmentally friendly compos-
ites. The powder was gradually poured into the water at room temperature with constant
stirring to prepare the adhesive solution.

The gluewasmixed to a uniform consistency using a porcelainmortar. Then cellulose
was added, and the whole mass was thoroughly mixed.

The resulting mass is laid to the prepared aluminum molds, dimensions 10 × 10 ×
100.

The finished mass was dried in the mold in the air for 48 h, after which the fin-
ished samples were removed from the mold for research, and the samples were dried
at temperatures of 60–80 °C, which accelerates the drying rate, but slightly increased
the porosity of the structure. Structure studies were performed using a Leica DMS300
digital microscope. Figure 4 shows photographs of the macrostructure of samples filled
with different cellulose fibers and different content of mass parts. The structure of the
samples is cellulose fibers glued together with a matrix material. It should be noted that
the filler is not evenly distributed in the matrix.

The homogeneity of the samples depends on the amount of filler and the size of
the cellulose fibers. Also present in all samples structure defects (pores) of different
diameters. The fibers are arranged in the matrix chaotically at different angles, which
provides the system’s inhomogeneity and anisotropy of properties.

Using an EDS adapter (SwiftED3000 (EDS X-Ray microanalyzer)), the chemical
composition of the three types of cellulose obtained was studied. Table 1 shows the
percentage of elements obtained during the study of cellulose.

The molecular formula of cellulose is (C6H10O5) n. According to research, cellu-
lose contains the most carbon (53–55%) and oxygen (43–46%). Cellulose also contains
hydrogen, but due to the atomic mass, less than 3 of this element, so it is impossible to
detect during the study of the EDS prefix’s chemical composition. Chemical test results
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Fig. 4. Macrostructure of composites, ×6.

Table 1. Percentage of elements in cellulose.

Sample Percentage of elements [%]

C O Al Br Ca Si

Cellulose -1 53.186 45.88 0.674 0.248 – –

Cellulose -2 55.877 43.2424 0.7602 0.08 0.0392 0.0312

Cellulose -3 54.9292 44.8196 – – – 0.2512

show a small number of aluminum, bromine, calcium, and silicon elements. Their pres-
ence can be explained by contamination resulting from obtaining and contacting the
holder on which the test samples were placed (Fig. 5).

The study results show that all three types of cellulose obtained do not contain
harmful elements and heavy metals.

Figure 6 shows SEM samples’ images with different types of filler with a degree of
filling of 40% at magnification, ×310 at a voltage of 5.0 kV. The photo clearly shows
that the sample has structural defects (pores and cracks) ranging in size from 72.49 to
169.77 μm.
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Fig. 5. Spectrum of EDS cellulose-1.

Fig. 6. Microstructure of the SEM image: a) I-type; II-type; III-type.

FTIR infrared spectroscopy, which includes registration and analysis of spectra
(Fig. 7) of the tested samples’ oscillations, was used to study the chemical composi-
tion of the finished samples. The study was conducted to analyze organic compounds
and determine their structural features.

During the tests, all samples contain primary aliphatic amides in the range of 1600–
1690 cm−1; 3310–3410 cm−1; 3160–3220 cm−1; and primary aliphatic alcohols in the
range of 1000–1090 cm−1; 3200–3600 cm−1. Samples with cellulose-1 and cellulose-2
have aliphatic hydrocarbons in the range of 2840–2980 cm−1

. Sample cellulose-2 and
-3 have secondary aliphatic alcohols in the range of 950–980 cm−1; 1100–1150 cm−1;
3200–3600 cm−1. And only in one sample was found inorganic carbonate (Inorganic
Carbonate Compounds) in the range of 1300–1510 cm−1.

Fig. 7. Infrared absorption bands.
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It should be noted that all tested samples showed a brittle fracture. The results are
presented in Table 2.

Table 2. The results of measuring the toughness.

Cellulose content, % Abs. en. (%) ab.n. [KJ/m2] Energy [J]

0 10.31 6.93 0.34

30 30.85 25.31 1.24

40 32.06 32.65 1.61

50 47.07 46.94 2.35

60 49.12 37.96 1.86

Nodependence of the samples’ impact strength on the type of cellulosewas observed,
but only on the content. According to the study results, the impact strength and absorbed
impact energy increase almost linearly with an increase in the degree of filling to 50%,
and at higher degrees of filling begins to decrease. Due to insufficient wetting of the
binder.

To obtain a more detailed picture (the ability to resist shock load), these samples’
fracture surface (Fig. 8) was investigated using SEM.

Fig. 8. Fracture of composite material, SEM × 150.

The photo shows that the cellulose fibers lie well in the matrix, there is no pulling
of the fibers, and after the impact, there is a brittle fracture without signs of plastic
deformation in the material. Regardless of the porosity, the material exhibits quite good
mechanical properties.

Structural defects, pores of different diameters, the sizes of which range from 72
to 344 μm, which are a consequence of the composite’s high viscosity during mold-
ing, were also registered. However, these defects are characterized by a homogeneous
(uniform) distribution in the structure, which does not adversely affect the material’s
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mechanical properties; on the contrary, it increases the possibility of its use as a porous
material. The fracture surface is characterized by the absence of a large number of pro-
nounced microscopic chipping lines, which have significant branches, which indicates
the structure of the system with a low-stress state.

5 Conclusions

The research is devoted to creating biomaterial that could be used as packaging material
in food technology, medicine. Three types of crystalline cellulose were obtained from
the fibers of technical hemp, flax, and hemp trusts. It was found that the quantitative yield
of cellulose from different raw materials is the same, which in turn provides prospects
for the production of cellulose from trusts. Because trust is essentially a waste in fiber
production technology. Studies have confirmed that all three types of cellulose do not
contain harmful substances and heavy metals, which gives grounds for using such types
of fillers in materials for the food industry.

The chemical composition of casein-based composites was also investigated, and the
results show that the material does not contain toxic or harmful substances in general.

The impact strength of the casein matrix increases to 47 kJ/m2 for a composition
filled with 50% by weight, the increase is due to the reinforcement of cellulose fibers,
which corresponds to the impact strength of polystyrene, which is widely used for food
packaging.

Therefore, the obtained results confirm the prospects for further research of this
material. Accordingly, studies of tensile and flexural strength, thermal conductivity, and
biodegradability of the composite will be performed.
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Abstract. The work investigates the physical, mechanical, and technological
properties of mixtures to manufacture cores in a foundry. The filler is techni-
cal salt, the binder is an aqueous solution of sodium silicate, and the hardener is a
solution based on propylene carbonate on a silicate basis. These rods are used to
make internal surfaces in thin-walled castings. Thework proposes a newmethod of
manufacturing cores based on cold-hardening mixtures (CHM), which harden at
room temperature. The planned experiment was chosen as the basis for modeling
the properties of the mixture. The following parameters were chosen as optimiza-
tion parameters: compressive strength, friability, and durability. According to the
developed mathematical models, the mixture composition was optimized. The
optimum binder content is 4.0 to 6.0%, and the hardener content is 0.3 to 0.4%.
A technological process of preparing CHM for readily removable salt cores has
been developed. As a result, the surface quality of the internal surfaces of castings
improved. The cycle of core production was reduced, and the casting cleaning
costs were reduced due to the elimination of the decoring process; environmental
safety of the technological process was provided to the use of non-toxic materials.

Keywords: Cold-hardening mixture · Binder · Hardener · Salt · Core ·
Mathematical model · Casting · Quality

1 Introduction

Modern mechanical engineering focuses on the widespread use of resource- and energy-
saving technologies that provide high performance of parts and their minimal labor
intensity. These include, first of all, casting technique. Casting ensures that theworkpiece
is as close as possible in size and configuration to the finished part.

At present, small-scale production uses a technique of nonferrous sand and plaster
mold casting. There is a great variety in the scope of casting in these molds.
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Turbine wheels with complex blades, thin-walled body parts [1, 2], and unique
castings for artistic casting [3, 4] are obtained by casting in sand-plaster molds.

The advantages of this type of casting are as follows: obtaining castings with a clean
surface and high precision comparable to the castings obtained by lost-wax casting
and die casting; simplicity of the technological process of obtaining the casting on the
model made of various materials (wood, plastic, plasticine, and metal); the low thermal
conductivity of molds and their sufficient durability, which provides easy filling with a
metal of difficult and thin-walled castings [5]. Besides, this technology makes it possible
to obtain castings from several grams to tens of kilograms of various sizes [6, 7].

However, as of today, choosing a method of manufacturing the internal cavities
remains one of the difficult tasks when obtaining thin-cavity parts. Themethod of obtain-
ing thin cavities by machining is associated with the complexity of the technological
process and high costs.

2 Literature Review

There is a way to obtain the internal cavities in castings by using cores. When pouring
the mold, the cores are surrounded on every side by liquid metal, so they are to have
a number of properties: high gas permeability, as well as strength, ductility, decoring
ability, which is ensured by choosing the composition of the appropriate core mixture
and core design [8, 9].

More than ten main technological processes are currently used for producing cores
in industry, each of which has varieties, subtypes, and modifications.

In the context of foundry production, it is appropriate to use readily removable
salt cores for sand and plaster mold casting, die casting, and lost-wax casting. One of
the advantages of salt cores is that they do not need to be decored, i.e., they can be
easily removed from the finished part by dissolving in a non-toxic medium, such as
water. Salt rods are removed from the castings due to their dissolution in water, while
in the technological process, the operation of knocking out the rods from the castings
disappears. However, such rods must have good physical and mechanical properties,
qualitatively form the surface of the casting, have low shrinkage, and do not emit toxic
substances when filling the mold with metal [10, 11].

As a rule, these cores are made of substances that do not enter into reactions with
the release of gases, do not adversely affect the environment, either in the manufacture
of cores or in the casting process [9]. Thus, when filling the mold with metal, no gases
are formed, the quality of castings is improved, gas and shrinkage holes do not develop.
When removing the cores, no residues occur that require particular disposal. Depending
on the composition, the cores can be reused. Extracting salts from the liquid phase is
possible, for example, by spray drying or evaporation.

As of today, there is a whole range of materials that areused for the manufacture of
readily removable salt-based cores [11–13]. Salt cores can be obtained in various ways,
such as casting, pressing., casting, and pressing [14, 15].

One of the emerging technologies for obtaining cores is cold-hardening mixtures
(CHM) for their preparation. Fabricating cores from cold-hardening mixtures dates back
to more than a few decades and now dominates in foundries, allowing obtaining as
follows:
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– High dimensional and mass accuracy of cores and castings;
– Short production cycle;
– Better sealing of cores in the mold pattern owing to the high flow properties of the
core mixtures;

– Low energy consumption of the process;
– Using cheaper core patterns made of wood, plastics, and other materials;

The transition to the manufacture of cores from CHM dramatically improves the
accuracy of castings, production practices, minimizes losses due to rejects, and reduces
labor intensity.

However, the technology of obtaining salt cores based on cold-hardening mixtures
has not been used and has been poorly known to date. Therefore, the development
of readily removable cores based on cold-hardening mixtures in non-corrosive media
receives priority in foundry production.

3 Research Methodology

The main objective of the study is to develop advanced technologies for the manufacture
of cores in the foundry, in which the filler is technical salt, the binder is an aqueous
solution of sodium silicate (Recril Slow Set C), and the hardener is a solution based on
propylene carbonate on a silicate basis (Dursil C1).

Mixtures for CHM contain a filler, a binder, and a hardener. The filler is the basis
of the mixture. This component gives the mixture the required compressive strength,
fire resistance, and certain thermophysical characteristics. As a filler of the core mixture
food-grade, salt NaCl is used. The shape, size, and homogeneity of its grain composition
have a decisive impact on the properties of the mixture.

The binder envelops the grains of sand and separates them from each other by a thin
layer. The binding components impart strength and ductility to the mixtures. Reducing
the content of binding materials in the mixtures helps to reduce the amount of gases
formed during the casting process, facilitate the conditions of the decoring process, and
reduce the drying process of the cores.

Mixing the components is one of the main operations when preparing qualitative
mixes. The properties of molding and core mixtures depend on the uniform distribution
of binders in the volume of the mixture. The uniformity of distribution of components
and creation of envelopes of binders around the grains of sand is reached in preparation
of the mixture. The design of the working bodies of the mixer, the speed and time of
mixing affect the formation of a high-quality dense film on the filler grains.

The proper sequence of introducing the mixture’s components, the mixing time, the
optimummode of preparation of the mixture provide its homogeneity and the maximum
durability.

Salt is the most common and widely mined mineral, without which it is impossible
to imagine human life. Salt (NaCl) has over 14 thousand fields of application and is
used in the food, chemical, oil and gas, fertilizer, and leather industries, and mechanical
engineering,metalworking, ferrous andnonferrousmetallurgy,medicine, public utilities,
and agriculture. There is a technical one, fodder, tableted, and table salt. Technical salt
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(also called halite or deposited salt) is a natural mineral product, the main chemical
element of which is sodium chloride (NaCl).

The physical and chemical characteristics of halite are given in Table 1.

Table 1. Physical and chemical characteristics and types of halite.

Characteristics (mass fraction of the substance) Premium First Second

Sodium chloride, %, no less than 98.1 96.5 93

Calcium ion, %, no more than 0.35 0.35 1.8

Magnesium ion, %, no more than 0.05 0.05 0.8

Sulfate ion, %, no more than 1 1.2 0.9

Potassium ion, %, no more than 0.1 0.1 2.2

Iron oxide, %, no more than 0.005 0.005 0.1

Insoluble residue, %, no more than 0.25 0.75 2.5

Moisture content, %, no more than 0.25 0.35 3.5

According to the particle size distribution, technical salt is divided into the types as
follows:

• Type A: inclusions up to 1.2 mm not less than 85%, over 2.5 mm up to 3%;
• Type B: inclusions up to 2.5 mm 90%, over 4.5 mm up to 5%;
• Type C: inclusions up to 4.5 mm 85%, over 4.5 mm up to 15%;
• Type D: inclusions up to 20 mm 85%, over 20 mm up to 15%;
• Type E: blocks measuring (200 × 200 × 200) mm and (200 × 200 × 400) mm.

influence.

The mixture components were chosen for the experiments: technical salt Type A,
liquid hardener, and binder.

The core mixture was prepared as follows: the salt was sieved on a sieve with a
mesh size of 0.315 mm, and then the hardener was added to the salt and mixed for three
minutes, then the binder was introduced and mixed for another two minutes.

For studying the compressive strength of the proposed mixtures, standard specimens
were prepared. A nine-seater press die was used for this purpose. In the press die, the
specimens were kept for some time and then removed and tested after some time. It is
usually 0, 30, 60, 90, 180 min, and 24 h.

The curing time of the specimens mainly depends on the amount of binder and
hardener and the mixing time of the mixture.

The task of control and stabilization of the properties of mixtures is to select the opti-
mum average values of the controlled characteristics of the mixtures and the allowable
intervals of their change.

To stabilize and control the properties of core mixtures in the foundry, empirical
and computational-analytical approaches are used. The formulation and technology for
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preparing mixtures are developed and adjusted directly in production conditions with an
empirical approach. With the computational and analytical approach, the parameters of
the mixture preparation technology are determined using mathematical models.

The empirical approach to solving the problem is marked by high complexity, a sig-
nificant risk of obtaining low-quality products in the process of developing technical con-
ditions, and its results are suitable only for the specific conditions studied for the produc-
tion of castings. Recommendations for selecting components and the formulation ofmix-
tures are empirical, considering a limited number of variables. These recommendations
are not reliable enough and cannot be used in other production conditions.

The calculation and analytical methods are the most progressive. The method is
based on the use of a planned experiment. This approach opens up new opportunities for
controlling the properties of molding mixtures due to process control efficiency when
changing the properties of raw materials and the range of castings to be manufactured.
Only based on this approach automated control systems of processes of preparation of
molding mixes can be developed.

A planned experiment was performed to optimize the core mixture. Type 23-1 plan-
ning (half-replicates of a complete factorial experiment for two variables) were used for
the investigation.

The leading physical and mechanical indicators of the properties of the molding
mixture were selected as optimization parameters (y): compressive strength, friability,
durability (y1, y2, y3). Mixtures with different percentages of binder and hardener were
studied.

Durability is determined by the curing rate and depends mainly on the type of binder
composition, the quality of the starting materials and their temperature, the ambient
temperature, intensity, and duration of mixing.

The varied factors were as follows: the amount of binder (x1) introduced into the
mixture, the amount of hardener used (x2); was chosen as a hardener.

The quantitative indicators of the components, the main levels, and intervals of
variation of the factors are given in Table 2.

Table 2. Experimental conditions for CHM based on the Recril Slow Set C binder and Dursil C1
hardener.

Independent variables Amount of binder in % Amount of hardener in %

Code X1 X2

Main level 4 0.4

Variation interval 1 0.2

Upper level 5 0.6

Lower level 3 0.2

The physical and mechanical properties of the mixture were controlled as follows:
compressive strength, friability, durability.
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The mechanical properties of molding and core mixtures are among the main factors
determining the possibility of obtaining high-quality castings.

The physical and mechanical properties were determined as an average of three
specimens tested in parallel. The experiments specified by the planning matrix were
carried out randomly, that is, in a random sequence. A table of random numbers sets
their order. This makes it possible to exclude the influence of external factors on the
experiment.

The planning matrix and indicators of the initial parameters of the molding mixture
are shown in Table 3.

Table 3. Planning matrix.

Item No X0 X1 X2 X1·X2 σcompression
(compressive
strength), MPa

Friability in % Durability, min

y1 y2 y3

1 + + + + 2,05 0,37 16

2 + − + − 1,07 0,54 10

3 + + − − 1,9 0,7 24

4 + − − + 1,15 1 15

The experiment planning matrix half-replicate 23-1. The mathematical model took
into account the influence of individual factors and their paired interactions.

During the experiment, the reproducibility variance was determined. That is, the
experimental error was considered. Parallel experiments assessed reproducibility. To do
this, we carry out each experiment in the planning matrix three times. The coefficients of
mathematical models were calculated, and their statistical significance was determined.
TheStudent’s test determined the significance of the coefficients inmathematicalmodels.
We check the hypothesis about the adequacy of mathematical models using the Fisher
criterion.

As a result of the planned experiment, the following regression equationwas obtained
(example (1), (2), (3):

σcompression = 1.54+ 0.431 + 0.042 + 0.061X2[ MPa] (1)

Friability = 1.11− 0.08 X1 − 0.23 X2 − 0.43 X1X2, [%] (2)

Durability = 16.25+ 3.75X1 − 3.25X2, [min] (3)

In these equations, we use the values of the factors in the coded scale, which are
calculated from the corresponding values in the natural scale by the following formulas:

X1 = X1 − 1, 5

0, 5
(4)
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X2 = X2 − 3

1
(5)

4 Results

Figures 1, 2 and 3 show the effect of binder and hardener on the core mixture’s strength,
friability, and durability.

Fig. 1. Effect of the binder and the hardener on compressive strength.

The analysis of mathematical models showed the degree of influence of the quan-
titative indicators of the binder and hardener on durability, compressive strength, and
friability. This coincides with the existing ideas about the properties of the mixture,
which can be obtained during its preparation. With an increase in the amount of binder
and hardener, the strength of the mixture increases. Consequently, an increase in the
amount of binder, a more uniform enveloping of the grain surface occurs. The simulta-
neous increase in the hardener increases the binding properties of the film, and the bonds
between the grains become stronger. Besides, the paired interactions of the components
have a positive effect on the studied indicator of the strength of the mixture. The durabil-
ity increases with an increase in the amount of binder and a decrease in the hardener. The
more binder in the mixture, the slower the processes of reducing the quality indicators
of the mixture. The friability decreases with an increase in the amount of binder and
hardener. The indicators of the crumbling of the mixture remain at a reasonably low
level in the entire range of variation of the components. This allows us to state that there
will be no defects in castings due to blockages and sandy shells.

Based on the developed mathematical models, the optimal content of the binder was
established, which is from 4.0 to 6.0% and the hardener from 0.3 to 0.4%.
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Fig. 2. Effect of the binder and the hardener on friability.

Fig. 3. Effect of the binder and the hardener on the durability of the mixture.

A technological process was developed for obtaining CHM for easily removable
cores based on the research carried out. As a result, the quality of the surface of the
inner surfaces of the castings was improved, the cycle for the manufacture of cores was
shortened, the costs of cleaning the castings were reduced, and the environmental safety
of the technological process was ensured.

5 Conclusions

In the current context of the development of foundry production, readily removable salt
cores are used for obtaining internal cavities, holes, and channels of the most diverse
and complex shapes in thin-walled castings. One of the advantages of salt cores is that
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they do not need to be decored. The obtained castings are placed in water, and the cores
are dissolved in it. Therefore, salt cores in the manufacture of castings are a promising
area in the foundry industry. The advantages of salt cores are that they are composed
of substances that do not react with each other, with the release of gases that adversely
affect the quality of castings or the environment, either in the manufacture of cores or in
the process of fillingmolds withmetal. This makes the process environmentally safe. For
the first time in the work for the production of cores, the technology was used to prepare
cold-hardening mixtures based on salt composition using the binder and hardener.

For simulating the properties of the core mixture, a planned experiment was per-
formed. The main indicators of the properties of the molding mixture were selected as
optimization parameters: compressive strength, friability, and durability. The amount of
binder and the amount of hardener to be introduced into the mixture were chosen as
variable factors.

The analysis of mathematical models showed the degree of influence of the quan-
titative indicators of the binder and hardener on durability, compressive strength, and
friability. This coincides with the existing ideas about the properties of the mixture,
which can be obtained during its preparation. With an increase in the amount of binder
and hardener, the strength of themixture increases. Consequently, with an increase in the
amount of binder, a more uniform enveloping of the grain surface occurs. The simulta-
neous increase in the hardener increases the binding properties of the film, and the bonds
between the grains become stronger. Besides, the paired interactions of the components
have a positive effect on the studied indicator of the strength of the mixture. The durabil-
ity increases with an increase in the amount of binder and a decrease in the hardener. The
more binder in the mixture, the slower the processes of reducing the quality indicators
of the mixture. The friability decreases with an increase in the amount of binder and
hardener. The indicators of the crumbling of the mixture remain at a reasonably low
level in the entire range of variation of the components. This allows us to state that there
will be no defects in castings due to blockages and sandy shells. Based on the developed
mathematical models, the optimal content of the binder was established, which is from
4.0 to 6.0% and the hardener from 0.3 to 0.4%.

A technological process of preparing a core CHMbased on salt composition has been
developed. The technological process of core preparation was tested in the conditions
of Scientific production center “European Technologies of Mechanical Engineering”
(Kharkiv, Ukraine), where it showed high efficiency: the surface quality of the internal
surfaces of castings improved, the cycle of core production was reduced and the casting
cleaning costs were reduced owing to the elimination of the decoring process; environ-
mental safety of the technological process was provided owing to the use of non-toxic
materials.
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Abstract. The influence of bias potential on the phase-structural state and hard-
ness of nanolayer multi-period vacuum-arc coatings has been studied using mod-
eling radiation damage during ion bombardment, phase-structural studies, and
measurement of microhardness. A significant expansion of the defect formation
area was revealed when using layers of multi-element (high-entropy) alloys. For
the composition (TiZrAlVNbCr), the depth of defect formation reaches 30%of the
total layer thickness (around 14 nm). It was found that for monometallic layers of
the TiN/MoN system, the use of a constant potential of−230 V leads to the forma-
tion of the phase composition of TiN and γ-Mo2N. The hardness of such a coating
is 44 GPa. The use of a high-voltage potential (−1000 V) in a pulsed form allows
the formation of TiN and an equilibrium MoN phase, reduces the micro defor-
mation of crystallites, and increases the hardness to 47 GPa. The introduction
of layers of high-entropy (TiZrAlVNbCr) alloy nitride into the nanocomposite
instead of TiN layers, and thus obtaining a composite (TiZrAlVNbCr)N/MoN,
even in a high-voltage pulse mode, leads to stabilization of the nonequilibrium
(γ-Mo2N) phase in molybdenum nitride layers. However, the feature of high-
entropy alloys associated with low diffusion mobility and high distortion of the
crystal lattice makes it possible to achieve the highest hardness of 54 GPa in such
a nanocomposite.

Keywords: Computer simulation · Radiation damage · Nanoscale layers ·
High-entropy alloy · Crystallite size ·Microdeformation · Hardness

1 Introduction

Multilayer coatings are characterized by uniquely highmechanical properties associated
with a relatively high content of interfaces between layers, which is most pronounced
for nanoperiodic structures [1–3]. Such boundaries prevent crack propagation in the
coatings, changing the mechanism of destruction, thereby increasing the service life of
the coatings [4, 5]. The multilayer coating construction allows combining high wear
resistance, corrosion resistance, etc. Further development of this direction is the modifi-
cation of the layer structure based on engineering approaches. One of themost promising
approaches to structural engineering is the use of multi-element compositions in such
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nanolayers, the formation of special structural states in them (for example, the creation
of MAX phases (Ti2AlC, Cr2AlC) [6]). The use of the multi-element approach has led
in recent years to create a new type of material – high-entropy alloys.

2 Literature Review

The concept of high-entropy alloys was first reported in 2004 by Yeh [7]. High-entropy
alloy (HEA) consists of at least five basic elements with an atomic content of 5 at.%
to 35 at.%, which form disordered solid solutions with a simple fcc/bcc crystal lattice
structure instead of usually complex intermetallic compounds. Face-centered cubic (fcc)
or body-centered cubic (bcc) lattices [8] are more easily formed in high-entropy alloys
(HEA) due to the effect of high entropy of mixing compared to complex intermetallic
compounds. Consequently, HEA has demonstrated excellent properties such as high
resistance to high-temperature oxidation [9], high wear resistance [10], radiation [11],
and corrosion resistance [12]. However, in the formation of nitride coatings, the classical
concepts of optimizing elemental compositions and their effect on properties were not
applicable. This applies to the greatest extent to vacuum-arc coatings for which high-
energy deposition of all precipitating elements is provided [13].

In this regard, the question of the influence of each element in a multi-element nitride
coating during the formation of a nitride layer during its deposition from strongly ionized
flows remains relevant. This refers to how, when bombarded the surface, they affect the
defectiveness of the structure because ions have different masses, as a result of which
they can penetrate to different depths, creating a different distribution of defects. This
determines the importance of introducing the stage of modeling ion bombardment by
ions of different masses in structural engineering to achieve the required properties.

This research aimed to study the effect of the bias potential on the model distribution
of defects in layers of mono- and multi-element nitrides of vacuum-arc nanoperiodic
coatings, their phase-structural state, and hardness.

3 Research Methodology

Multilayer composites were obtained by the vacuum-arc method on amodernized Bulat-
6 installation. The pressure of the working (nitrogen) atmosphere during the deposition
of nitride layers was pN = 0.6 Pa. Deposition was carried out from two sources of Mo,
Ti, and (TiZrAlVNbCr) with the continuous rotation of samples fixed on the substrates
at a speed of 8 rpm, the total deposition time of the coating was about 1 h. In contrast,
the total thickness of the coating was 9 μm, and the thickness of the layers in the period
was ~14–15 nm. A constant negative potential of the value Us = −200…230 V was
applied to the substrates in the deposition process, and a pulse potential Ui = −1000 V
(pulse frequency τ = 7 μs).

The modeling of processes during bombardment with accelerated ions was carried
out using the STRIM software package [14].

The phase-structural analysis was carried out by X-ray diffractometry according to
the θ-2θ scheme (in reflection [15]) in Cu-kα radiation on a DRON-4 setup. The division
of the profiles into their components was carried out using the “NewProfile” software
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package. Substructural characteristics were determined by the approximation method,
and the macrostressed-strain state was studied using the X-ray tensiometry method (“a
– sin2ψ” method) [16–18].

Nanoindentation was carried out using a Mikron-Gamma micro indenter [19] with
a Berkovich pyramid under loading within 20 G with automatic loading and unloading
for 30 s.

4 Results

4.1 Modeling of Processes and Structural-Phase State of Nanocomposites
of the TiN/MoN System

The TiN/MoN composite system was used as a model object when analyzing the effect
of ion bombardment. The following systems, “Ti-MoN” and “Mo-TiN”, were used. The
results are presented in Tables 1 and 2.

Table 1. Depth of ion penetration into the nitride coating and the number of vacancies that are
formed during the deposition with the number of iterations 100.

U, V Depth of ion penetration Number of vacancies per 1 ion

hmax, Å havg, Å cmax cavg

Ti-MoN

230 17 8.5 0.54 0.27

1000 32 16 1.1 0.55

Mo-TiN

230 18 9 0.53 0.265

1000 31 15.5 1.1 0.55

A typical form of the distribution of ions for the number of iterations of 100 and
10,000 is shown in Fig. 1.

Analysis of the data presented in Tables 1 and 2 showed that the penetration depth
of Ti and Mo ions in the studied systems has a close average value of 8.5–9 Å at U
= 230 V and 15.5–16 Å at U = 1000 V with a small number of iterations 100. This
number of iterations was used in work as an analog-comparison with a pulse action with
a duration of 7 μs. With a large number of iterations (10,000), which can be compared
with continuous exposure, the average depth increased to 12 Å (at U= 230 V) and 21 Å
(at U = 1000 V). The number of vacancies has also increased proportionally. In this
case, the ion/vacancy ratio remained close to 0.6.

The next stage of the study was to investigate the structural and phase states of
multilayer TiN/MoN coatings. The results of X-ray diffraction studies are shown in
Fig. 2. It can be seen that the formation of a polycrystalline state with separate layers of
TiN (PDF card JCPDS 38-1420) and MoN (PDF card 25-1367) with a reduced period
due to the lower nitrogen content occurs.
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Table 2. Depth of ion penetration into the nitride coating and the number of vacancies that are
formed during the deposition process with the number of iterations 10,000.

U, V Depth of ion penetration Number of vacancies per 1 ion

hmax, Å havg, Å cmax cavg

Ti-MoN

230 24 12 0.55 0.275

1000 43 21.5 1.16 0.58

Mo-TiN

230 22 11 0.7 0.35

1000 42 21 1.25 0.625

Fig. 1. Distribution of ions during the bombardment of the MoN coating with Ti ions: a – number
of iterations 100, U= 230 V, b – number of iterations 10,000, U= 230 V, c – number of iterations
100, U = 1000 V, d – number of iterations 10,000, U = 1000 V.
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Fig. 2. Sections of the diffraction spectra of coatings of the TiN/MoN system obtained at pN =
0.6 Pa, Us = –230 V: 1 – Ui = 0 V; 2 – Ui = –1000 V: a – the initial form of the diffraction
spectra, b – the selected area with the decomposition of the diffraction profile into components 2θ
= 34–40°.

Thus, the impulse action allows the formation of a more equilibrium MoN phase.
After determining the substructural characteristics, it was established that in the

coatings obtained without additional pulse exposure, the crystallite size (L) is 14 nm
in the TiN layers and 7 nm in the MoN layers, the application of the pulse potential
leads to an insignificant increase in L to 15 nm and 11 nm in the TiN layers and MoN,
respectively. Microdeformation (<ε>) was 0.8% in coatings obtained without impulse
exposure and 0.47% with high-voltage exposure. Such a decrease in <ε> can be asso-
ciated with relaxation processes occurring under high-voltage, high-energy impact at
which displacement cascades are formed.

Indentation was used as a basic method for studying mechanical properties. The
obtained microhardness values showed that using a pulsed high-voltage potential makes
it possible to increase the hardness from 44 GPa to 47 GPa slightly. Such coatings
are super hard. The transition to the superhard state is also facilitated by a high level
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of compressive macro deformation, which reaches values of −2.7% and −2.35%,
respectively.

4.2 Modeling of Implantation Processes, Structure, and Properties
of MoN/(TiZrAlVNbCr)N Composites

To understand the processes occurring during the deposition of multi-element coat-
ings, modeling was carried out using the SRIM program. The features of the impact
of each element were tested on the following systems: “Ti-TiZrAlVNbCr”, “Zr-
TiZrAlVNbCr”, “Al-TiZrAlVNbCr”, “V-TiZrAlVNbCr”, “Nb-TiZrAlVNbCr”, “Cr-
TiZrAlVNbCr”, “Ti- MoN”, “Zr – MoN”, “Al – MoN”, “V – MoN”, “Nb-MoN”, “Cr
– MoN”. The results of the modeling are presented in Tables 3 and 4.

Table 3. Depth of ion penetration into the multi-element coating and nitride coating MoN, as
well as the number of vacancies that are initiated during the deposition process, U= 200 V at 100
and 10,000 iterations.

Layer Depth of ion penetration Number of vacancies per 1 ion

havg100, Å havg10 000, Å cavg100 cavg10 000

Ti ions

MoN 8 10.5 0.275 0.28

TiZrAlVNbCr 9.75 13.5 0.225 0.2

Zr ions

MoN 8.5 11 0.29 0.28

TiZrAlVNbCr 10.25 12.5 0.26 0.25

Al ions

MoN 8 11.5 0.17 0.175

TiZrAlVNbCr 10 14.5 0.16 0.175

V ions

MoN 7.5 10.5 0.25 0.255

TiZrAlVNbCr 8.5 12 0.21 0.2

Nb ions

MoN 9 11 0.29 0.29

TiZrAlVNbCr 9.75 13 0.25 0.225

Cr ions

MoN 8 10.5 0.3 0.225

TiZrAlVNbCr 10.25 12.5 0.265 0.19

From the data given in Tables 3 and 4, it can be seen that for a multi-element system,
the tendency persists: the heavier the ion, the deeper it penetrates the coating and creates
more defects. At the same time, as can be seen from the results obtained, even with the
largest number of iterations (10,000), which can be compared with a continuous mode of
exposure, the average penetration depth of ions does not exceed 1.5 nm (at U = 200 V)
and 4.3 nm (U = 1000 V). Thus, the thickness of the radiation effect layer is about
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5 nm on each side of the interlayer boundary. This exceeds the analogous effect for the
TiN/MoN model system (for which havg ~ 2.1 nm) and can change the phase-structural
state in the formed layers.

Table 4. Depth of ion penetration into the multi-element coating and nitride coating MoN and
the number of vacancies that are initiated during the deposition process, U = 1000 V at 100 and
10,000 iterations.

Layer Depth of ion penetration Number of vacancies per 1 ion

havg100, Å havg10 000, Å cavg100 cavg10 000

Ti ions

MoN 15 24.5 0.55 0.6

TiZrAlVNbCr 22.5 36 0.45 0.425

Zr ions

MoN 13 20.5 0.7 0.7

TiZrAlVNbCr 18.5 29 0.55 0.55

Al ions

MoN 18 30 0.375 0.4

TiZrAlVNbCr 26 42.5 0.35 0.36

V ions

MoN 14 25 0.65 0.6

TiZrAlVNbCr 20.5 30 0.55 0.425

Nb ions

MoN 14.5 22 0.7 0.7

TiZrAlVNbCr 17.5 33.5 0.56 52.5

Cr ions

MoN 14 24 0.575 0.61

TiZrAlVNbCr 19.5 31 0.45 0.425

X-ray diffraction spectra for an MoN/(TiZrAlVNbCr)N multi-element coating are
shown in Fig. 3. It can be seen that in this case, a three-phase state is formed from 2
phases with fcc and first phase bcc crystal lattice. In this case, the γ-Mo2N phase forms
in the molybdenum nitride layer, in contrast to the MoN phase (Fig. 1), formed in the
TiN/MoN system at a shallower depth of influence of implanted ions.

Another feature of formation, in this case, is the appearance of a phase with a bcc
lattice. This phase manifests itself at small angles, and its appearance, apparently, is
associated with the formation on the coating surface of a characteristic “drop” phase of
metal atoms. The base for this is the Al and Cr atoms, which are included in the multi-
element composition and stimulate the formation of the droplet phase in the vacuum-arc
method.

At large diffraction angles (Fig. 3b), reflections from the bcc phase are absent, since
the informative depth (for Cu Kα radiation, the depth is about 5 μm, which is about 1/2
of the coating thickness) of the formation effect of the bcc phase on the coating surface
increases.
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Measurement of the hardness of such coatings showed that its value reaches 54 GPa,
which is higher than for similar conditions in the TiN/MoN system.

Thus, the use of multi-element alloys in the formation of nanocomposite layers
increases the width of the radiation damage region. This is based on the different depths
of defect formation in multi-element alloys. In this regard, the formation of isostructural
phases with an fcc crystal lattice is stimulated in thin layers. However, even the formation
of isostructural phasesmakes it possible to achieve high hardness inmulti-element (high-
entropy) layers. This is largely determined by the low diffusion capacity characteristic
of such alloys due to the distortion of the crystal lattice.

Fig. 3. Sections of diffraction spectra of coatings of the MoN/(TiZrAlVNbCr)N system after
separation in the New Profile program, obtained at pN = 0.6 Pa, Us = −200 V, Ui = −900 V, τ
= 7 μs, angular range 2θ: a – (32–50)°, b – (55–85)°.

5 Conclusions

Modeling of the ion bombardment process for two characteristic modes of displacement
potentials −230 V (in constant mode) and high-voltage −1000 V (in pulsed form) was
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carried out. It was found that for monometallic nitride layers of TiN and MoN, the
average implantation depth is 1.1–1.2 nm, and the number of vacancies per ion is 0.28–
0.35. A high-voltage bias in a pulsed form makes it possible to increase the average
depth to 1.6 nm and the number of vacancies per ion to 0.55.

The use of comparative modeling of ion bombardment of (TiZrAlVNbCr) alloy ele-
ments made it possible to reveal a significant expansion of the depth of defect formation
in such layers. For nanoperiodic vacuum-arc coatingswith a layer thickness of 14–15 nm,
the defect formation depth reaches 30% of the layer thickness. At the phase-structural
level, this leads to the formation of isostructural phases in different layers of the periodic
structure. These are the (TiZrAlVNbCr)N and α-Mo2N phases with an fcc crystal lattice
for the systems under study.

For nanoperiodic composites with a monometallic state of nitride layers, the use of a
high-energy impact in a pulsed form allows the formation of more equilibrium structures
with a different type of crystal lattice, such as MoN with a rhombic lattice.

At the substructural level, the high-voltage impact of bombarding ions (in a pulsed
form) can significantly reduce the micro deformation of crystallites and increase their
average size.

It was revealed that in nitrides based on multi-element (high entropy) alloys (which
have low diffusion mobility and high lattice distortion due to the difference in atomic
radii), it is possible to achieve an increase in hardness up to 54 GPa.

Since the trend of modern materials science is associated with a decrease in the
thickness of layers to several nm (to increase the functional properties), the limitations
of this study do not take into account the influence of the interface between nanolayers.
Further research is planned in this direction.
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Abstract. The powder technology of structurally inhomogeneous materials of
AlCu2 sample formation is developed. The algorithm for image recognition of sep-
arate particles’ microstructure of structurally inhomogeneous materials is formed
and implemented in the Smart-eye software, which provides tools for analysis
of surface and internal properties of structurally inhomogeneous materials. The
developed powder technology is applied in obtaining the samples of AlCu2, which
are further analysed by the Smart-eye software. The structural characteristics of
the starting material (AlCu2), in particular porosity, were predicted. The analysis
of the average results of the study of the microstructure of AlCu2 particles is held,
which shows that the developed models allow accurate control of the microstruc-
ture and properties of structurally inhomogeneous materials obtained based on
powder technologies. Improvement of granulometric composition of structurally
inhomogeneous materials is proved. Based on the obtained materials developed
powder technology, it is possible to predict the structural characteristics of AlCu2
raw materials at a qualitative level. Thus, it is possible to exercise to carry out
practical realization of the received results on manufacture.

Keywords: Technology · Inhomogeneous materials · Metallographic analysis ·
Particles’ · Smart-eye

1 Introduction

Modern mechanical engineering technologies are closely related to the development of
modern production. The result is creating products frompowdermaterials,which possess
desired properties, e.g., strength, weight, porosity, and filtration coefficient. One of the
ways to obtain such materials with qualitative indicators is the use of standard research
methods. For this purpose, it is necessary to control all parameters of themanufacturing of
a powder product. However, standard methods do not always allow to obtain the desired
results of sample production AlCu2. For improving the standard methods of research of
powder metallurgy and study the perfect structure of materials that meet all the technical
requirements of production, it is necessary to use a modern method of metallographic
analysis. This method studies the destruction of the structure of the samples and predicts
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the internal properties of the source materials. Therefore, the study of the features of the
internal connections of the structure of AlCu2 materials at the stage of their manufacture
is a major problem of materials science.

2 Literature Review

40% of educators study the prediction of material properties worldwide. A relatively
large number of researchers are engaged in studying the essential aspects of structurally
heterogeneousmaterials at one time; onemay refer to [1]. Scientific work is phenomeno-
logical [2] and whose quality indicators do not coincide with the manufactured finished
materials [3]. As described in paper [4], the composition of the powders was obtained
by chemical equations. Maintaining additional elements led to different porosity. Labo-
ratory research [5] modeling plays an important role, which allows for research without
carrying out expensive and time-consuming experiments.

It should be noted that much work has been done by research teams [6]. The result is
the final product with the help of laboratory equipment (magnifying glass, microscope,
and millimeter ruler). That does not allow one to investigate completely inhomogeneous
materials. According to [7], the authors have investigated general analysis of structurally
inhomogeneous materials. Different material parameters and boundary conditions were
considered. The obtained interpolation dependences were obtained using the methods
of boundary elements. In the study [8], all necessary conditions for the production of
an aluminum matrix are considered. The great advantage of scientific work is that the
microstructure of the source powders is considered using a laser.

Today’s conditions state that research in mechanical engineering technology should
be conducted at a higher level [9]. For improving the quality of powder technologies [10,
11], it should consider all the necessary technical requirements of modern production
[12]. In turn, it is necessary to consider in detail AlCu2 [13] and its basic properties [14].
Starting with the filling of powders [15] and ending with implementing the results at
the enterprise [16]. The above materials indicate an imperfect level of research in this
area, which leads to detailed methods of studying structurally inhomogeneous materials
using technology.

3 Researches Methodology

The objective of the paper is to investigate study the internal connection of AlCu2 with
each other. Calculation of individual AlCu2 segments considering all the features of the
Smart-eye program.

It should be noted that the scheme for obtaining products from powders consists
of the following main processes: obtaining powders and preparing the powder charge,
under pressure forming and sintering of moulded products, and a method for controlling
the properties of structurally inhomogeneous materials in order to improve the accuracy
of obtaining the final product. For most structurally inhomogeneous materials, the main
object of industrial control and analysis of structural transformations is their geometric
structure (microstructure of samples), which can be represented as a set of two and three-
dimensional elements in three-dimensional space. It isworthmentioning that an essential



Powder Technology and Software Tools for Microstructure Control 587

practical task of metallographic analysis of structurally inhomogeneous materials is the
obtainment of an estimate, which fixes the structural state of the material obtained as a
result of a set of technological operations with known parameters (temperature, time,
charge composition, particle size and shape, porosity, density, and others). The mass of
powders forms a completely homogeneous bronze AlCu2, consisting of 83% of copper
and 17% of aluminium. In this case, a cylindrical sample: Ø = 30 mm, h = 60 mm
was used. The percentage of the components’ mass of the mixture that must be taken to
prepare a cylindrical sample is presented in Table 1.

Table 1. The percentage of the components’ mass of the covered mixture that must be taken to
prepare a cylindrical sample Ø = 30 mm, h = 60 mm.

Sample Al, % Cu, % Carbamide, % Calcium carbonate, %
∑

,%

Sample A 30 30 30 10 100

Sample B 40 35 25 – 100

Sample C 30 30 20 20 100

The pressing procedure was carried out using a hydraulic press PSU-125. The press-
ing pressure had been changed from 50 to 80 MPa. Sintering of the formed powder
products (blanks) was carried out in an electric furnace VMK – 1600. Sintering tem-
perature varied in the range between 1550–1600 °C. The heating rate was 200°/hour,
and isothermal exposure landed at – 1.5 h. The procedure of microscopic analysis was
carried out according to the standard technique [9, 10]. The sample’ lines were examined
using the MMR-4 microscope model at ×600 and ×800 magnification. The digestion
process was carried out with a 4% hydrochloric acid solution. Planar porosity was deter-
mined by the micrographs of the grinds using the Smart-eye application. The porosity
was equal from 20% to 30%. The Smart-eye software allows for the determination of
the necessary characteristics needed for qualitative and quantitative assessment of the
structure of any material, including porous ones. The algorithm is as follows: let bi,j is
the original image, the value of bi,j is equal to the brightness at the point i, j ε D, where:
i = 1, 2,…..n; j = 1, 2, 3,….m. The image bi,j of the real conditions, as well as the set of
images of individual objects, will be equal to:

bi,j = H1(i, j) + H2(i, j) + . . . + Hs(i, j) (1)

where S is a number of real objects; Hk (i, j) are images of the k-th object, k = 1, 2, 3,
… s.

The problem of image recognition, in this case, consists of finding all objects Hk (i,
j), which are determined from the criteria of homogeneity of the region by the formula:

max

P ∈ R
|f (P) − m| × T , (2)

where T is an initial value; P is the value in the field R; m is an average value of pixels
in the area P; f (P) is a function of the brightness distribution.
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4 Results

4.1 Formation of Structurally Inhomogeneous Materials

Theprocess of forming structurally inhomogeneous powdermaterials is as follows. In the
first stage, the particles of raw materials move in the direction of the seal pressure. Large
holes «pores» are filled. The deformation process does not occur.However, a high density
of backfill is formed. In the second stage, the extrusion process takes place. That is, the
free movement of materials stops, and as a result, deformation occurs. The sequence
of the deformation process is as follows: soft deformation-elastic deformation-plastic
deformation. The phenomenon of relationships between AlCu2 contacts is observed.
Thus, the granulometric composition of the powder is changing – the number of grains
increases by crushing, and smaller particles arise by breaking down the grains under
high pressure in the areas of contact. Compressed samples are represented in (Fig. 1).

Fig. 1. Compressed samples AlCu2: a – sample A; b – sample B; c – sample C.

Sintering of carved cylindrical products was carried out using an electric furnace.
It should be noted that this oven has its special characteristics. This fully satisfies the
technical requirements. A general overview of the sintered samples is shown in (Fig. 2).

Fig. 2. General overview of the sintered samples AlCu2: a – sample A; b – sample B; c – sample
C.
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The essential features of powder materials are the hardness and strength of the mate-
rial [17, 18], which directly depends on the density of their crystal lattices in the volume
of the controlled object (sample). The main foundation for this is the samples’ chemical
composition, oxidation state, particle size, concentration, and duration of exposure. The
peculiarity of these studies is that the authors analyzed each particle of powders. The
obtained results allowed us to confirm the high accuracy of calculations and to make the
maximum description of the made samples. In this case, the «grains» were presented
in photomicrographs as cut sections separated from each other by thick lines «bound-
aries». Also, «grains» can function with many areas of materials. The measurement was
performed based on the total number of grains, which was carried out in millimeters.
This method of monitoring the study of structurally inhomogeneous materials displays
significant advantages: high sensitivity to the most dangerous defects, such as cracks
and inclusions, the ability to control the density of powders, high productivity, and the
ability to conduct control directly at the workplace without disrupting the process, as
well as low-cost control and automation.

The Main Properties of Powders Based on the Analysis by the Smart-Eye Soft-
ware Often, the practical implementation of the metallographic analysis of microimages
(light, lumen, raster microscopy) considers the operations mentioned in the following
paragraph. After loading the image of the object for study, pre-processed brightness
and contrast adjustments were made. Then, it is necessary to carry out digital filtering.
The next step is to transport the image of the micro-sections in their binary form and
conduct segmentation. For interactive correction, computer visualization of the image
was performed. Besides, at the final stage, the authors performed a statistical probability
analysis of the distribution of particles and pores of powder materials. For detecting
the image of homogeneous brightness areas in their characteristics, segmentation was
performed, where different segments were likely to correspond to different structural
elements. Preliminary analysis of the microstructure was performed on microsections
of molding materials, which are presented in Fig. 3. The simplest and most common
approach to solve the problem of image recognition is the so-called «limit discrimination
method». In this case, the brightness matrix G turns into a binary matrix B, in which the
non-zero elements correspond to the values of the original matrix and is biggest than the
fixed threshold value gthreshold. Let us present the method of limiting discrimination as
follows:

G =
⎛

⎜
⎝

g11 . . . g1N
...

. . .
...

gM 1 . . . gMN

⎞

⎟
⎠ → B =

⎛

⎜
⎝

b11 . . . b1N
...

. . .
...

b1M . . . bMN

⎞

⎟
⎠ (3)

where:

bij =
{
1, bij > gthreshold
0, bij ≤ gthreshold

(4)

M and N – the dimensions of the micrometre matrix (computer units of length) image
recognition, gthreshold – is the threshold constant.

Figure 3, the authors presented a screenshot of the microstructure of the samples
using the image recognition method.
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Fig. 3. Screenshot of the microstructure with magnification ×600 where: a) before etching, b)
after etching

From the study results, itwas found that the upper layer ofmicrosectionswasobtained
with heterogeneous indicators. Furthermore, the interaction of functional bonds depends
on the etching of AlCu2 materials (Fig. 3, b). The etching process, the surface of the
materials, and their relief increased due to the grinding and polishing of cylindrical
products. At the same time, there was observed an increase in pores. The above studies
made it possible to record the porosity of structurally inhomogeneous materials.

It should be noted that all digestive processes were carried out under the same
conditions in order to provide certain deviations that may have occurred during the study.
It is also important to note that the experiments help determining the basic physical
and mechanical properties of the original composition of the materials and obtained
materials. Figure 4 shows the fluctuations of the curves of the AlCu2 experiments.
The morphological analysis of the samples shows the variation of the components that
function with each other.

Fig. 4. The surface relief SNM with increasing ×600 where: a) before etching, b) after etching.

The experiments show that the microstructure of the digestion samples in some areas
differed. A larger digestive area (dark color) and a smaller digestive area (light color)
were recorded. As a result, a microrelief was formed on the surface of the samples.
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Table 2 presents the results of experiments performed in the Smart-eye software
(Fig. 3 and 4). In turn, the total area of the particles is 41 178.48 mkm2, calibration
coefficient 0.83 mm × pixel, porosity 21.48%.

Table 2. Average experimental results of formation research AlCu2.

Particle X Y Width Height Rmin Convexity Perimeter Area Quantity

1 0.9 0.74 0.83 34.17 4.450 0.50 60.00 9.7 0.67

2 1.67 0.75 30.83 47.50 9.32 0.80 55.04 10.13 0.83

3 5.83 0.76 11.67 18.33 1.86 0.61 55.82 10.51 0.61

4 8.33 0.78 9.17 7.50 0.83 0.39 27.74 19.44 0.46

5 30 0.79 7.50 7.50 2.36 0.75 27.71 31.60 0.74

6 6.67 0.80 8.33 11.67 1.18 0.63 37.69 62.15 0.79

7 4.17 0.80 61.67 34.17 0.83 0.38 50.83 68.40 0.40

8 9.17 0.83 5.00 15.00 0.83 0.56 37.34 43.75 0.57

9 4.17 0.83 15.00 12.50 0.90 0.61 50.33 39.79 0.86

10 7.50 0.83 10.83 7.50 0.83 0.62 33.76 48.26 0.77

11 8.83 0.83 15.00 11.67 3.44 0.74 49.87 22.92 0.89

12 10.6 0.83 11.67 11.67 2.36 0.73 42.93 46.04 0.75

13 8.33 0.83 5.83 3.33 1.80 0.73 37.24 11.81 0.72

14 9.17 0.72 22.50 24.17 4.17 0.65 92.55 11.11 0.87

15 9.84 2.50 18.33 25.83 1.18 0.63 78.50 78.47 0.82

16 9.17 0.83 5.83 6.67 0.83 0.63 20.15 17.01 0.76

17 5.0 2.50 7.50 19.17 0.83 0.40 49.70 72.22 0.53

18 6.67 4.17 3.33 7.50 0.90 0.45 18.90 10.07 0.51

19 5.83 5.00 14.17 10.00 0.90 0.53 43.92 85.07 0.80

20 9.17 7.50 5.83 7.50 1.18 0.63 23.12 20.49 0.69

21 9.67 8.33 5.00 5.83 0.20 0.59 16.71 7.29 0.47

22 5.0 10.8 1.67 8.33 0.19 0.65 18.65 5.21 0.27

23 7.50 10.5 7.50 7.50 0.90 0.61 26.40 34.38 0.89

24 9.17 13.3 5.00 11.67 0.83 0.52 28.75 19.10 0.42

25 3.3 13.8 9.17 13.33 2.36 0.70 39.36 66.67 0.78

Therefore, studies show that the behavior of particles of powder materials plays an
important role,which fromanypoint of viewdepends on the peculiarities of the formation
of its microstructure. Based on the functional and internal relationships between the
components of the studied materials and their physical and mechanical properties, it can
be got a simple quality control method of the final product.
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5 Conclusions

The paper develops a solid approach to design, obtainment, and control of structurally
inhomogeneousmaterials based on powder technology. In particular, the developedmod-
els for image recognition and investigation of microstructures, both structural and inho-
mogeneous powder materials, allow to investigate and predict physical and mechanical
properties of materials:

– linear dimensions, cross-sectional area, and perimeter of the intersection of structural
components and phases;

– radius and volume of powder particles;
– distribution of particles structurally inhomogeneous materials in different forms and
size, as well as the evaluation of angles of orientation;

– perimeters and cross-sectional area of ready products and the analysis of defects in
the manufacture of structurally inhomogeneous materials.
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Abstract. The general principles for the usage of polymer materials for the man-
ufacturing of orthopedic products are discussed. The current choice of polymeric
materials for orthopedic insoles and footwear is based on empirical evidence.
In many cases, this choice is made subjectively because there is no information
regarding each material’s mechanical properties and their in vitro interaction. The
insole functionality will depend on the mechanical properties of the used materi-
als, the target functions of which are: amortization, energy absorption, stiffness,
adaptation to the sole of the foot, filling of the cavities inside the shoe, and relieving
pressure when walking. Accommodative insoles are suitable for patients with dia-
betes, early Charcot’s disease, or any form of neuropathy, while functional insoles
are best used for treating pronation, plantar fasciitis, and heel spur syndrome. This
study aimed to provide objective criteria for selecting materials for orthopedic
insoles based on their mechanical characteristics. The mechanical properties of
the materials were quantified using standardized methods.

Keywords: Standardization · Foot insoles · Performance polymers · Polymer
composite · Friction and wear · Additive manufacturing technology

1 Introduction

Customized orthopedic products are attracting increasing interest from the research
community [1]. In order to reduce complaints about the musculoskeletal system, it is
important to choose the right footwear. Orthopedic insoles have a corrective effect on
the wearer [2]. They are designed to reduce and adequately distribute plantar pressure
between the points of support and minimize the stress to which these points may be
subjected. Orthopedic insoles can change the overall perception of comfort [3]. During
walking, a new microclimate is created in shoes, temperature, and humidity, which are
relatively higher than in the external environment [4].

Physical andmechanical properties such as elasticity, compressive stiffness, and fric-
tion coefficient are generally considered key requirements for evaluating and selecting
suitable materials for orthopedic insoles [5]. Knowledge of materials’ properties allows
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for designing and manufacturing orthopedic insoles for every person’s individual needs
[6, 7]. It is also necessary to take into account previous experience: the presence of pain
or injuries, neurophysiological and psychological problems, and the design, contour,
and firmness of the insole [8, 9].

Considering the wide range of orthopedic materials and the limited selection of
suitable characterization technologies, and the fact that the effectiveness of orthopedic
insoles continues to be highly dependent on the repeated trial and error experience of
individual orthopedists and practitioners, this study aimed to develop objective quan-
titative evaluation criteria for the orthopedic insoles material selection based on their
mechanical characteristics and the purposes of their practical usage.

2 Literature Review

By 2021, the market for orthopedic foot insoles is projected to exceed $ 3.6 billion. Such
individual products have traditionally been made by hand or by subtractive methods,
that is, by milling a sheet of material. The method for creating the insoles depends on
its intended use. Recent advances in additive manufacturing (AM) technologies and the
popularization of 3D printing through fused deposition modeling (FDM) have opened
up new possibilities for the production of orthopedic insoles. These technologies allow
for the addition of extra functions, such as the use of materials with antimicrobial prop-
erties or, at a structural level, zone control in 3D designs for increased shock absorption
capacity. The most common materials for 3D printing are polymers. Most researches
rely on the lowering of plantar pressure [6].

With the growing adoption of environmentally friendly manufacturing technologies,
researchers focus on maximizing the effectiveness of materials used. The new standards
have brought about major changes to manufacturing processes’ energy efficiency, waste
reduction, reuse, and recycling. Smart Manufacturing or Industry 4.0, which is well
known in Europe, has been the latest technology trend globally.

Attention regarding environmental issues and sustainability has opened up another
exciting research area, namely the blends of bio-based polymers and biodegradable
polymers. However, the data about the purpose of the shoes and the insoles made from
these materials is limited. Further qualitative research in this area is required.

To be suitable for orthopedic applications, polymeric materials that typically exhibit
mechanical strength, lightness, ease of processing, versatility, and low cost, togetherwith
acceptable thermal and environmental resistance, must also have good abrasion andwear
resistance. Achieving this objective is not easy since polymeric materials’ viscoelasticity
analyzes tribological properties and processes associated with such phenomena rather
difficult. In general, orthopedic insoles fall into two broad categories: functional or
accommodative [10].

Functional orthoses seek to control the talocalcaneal joint and foot biomechanics,
while accommodative orthoses minimize foot function changes while providing relief
and/or protection to specific areas of the foot [11]. The functionality of the insole depends
on the mechanical properties of the composite materials used. Some of the target func-
tions are cushioning, energy absorption, stiffness, adaptation to the sole of the foot,
filling of the cavities inside the shoe, and relieving pressure on the selected area.



596 R. Zaloha et al.

According to the research [12], accommodative insoles are suitable for patients with
diabetes, early Charcot’s disease, or any form of neuropathy. Besides, they are often the
best choice for patients with stiff foot structures or limited range of motion, such as those
with a hollow foot, clubfoot, or post-polio syndrome [13]. Functional insoles are used
to control the biomechanics of the subtalar joint and foot. They are usually made from
thinner and stronger materials and include deep calcaneal cups and good longitudinal
medial arches. These devices are best used for treating pronation, plantar fasciitis, and
heel spur syndrome [14].

With the help of CAD, orthopedic products can be designed to achieve both function-
ality and accommodation simultaneously, as weight and size can be minimized. CAD
allows for customizing the internal structure and changing the properties to meet specific
needs [15].

3 Research Methodology

Polystyrene (PS), polyethylene (PE), polyurethane (PU), polypropylene (PP), and
ethylene-vinyl acetate (EVA)were selected for comparative analysis. They are all foams.
The last three of them are used the most commonly. Material samples were made using
AM methods. This study examines the abrasion resistance of various materials.

In polymers, two very different wear mechanisms can occur, namely cohesive and
interfacial wear processes, as schematically shown in Fig. 1.

Fig. 1. Schematic image of the processes of cohesive and interfacial wear: a) Diagram of the
strain; b) The sample after testing

The diagram illustrates the force acting on the sample in a tensile manner. In this
case, internal stresses arise. These stresses are calculated as follows:

σ = F

A
, (1)
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where F is the force acting over the cross-sectional area A.
The deformation is calculated as follows:

ε = δ

L0
, (2)

where δ is the change in the sample length, and L0 is the initial sample length.
Depending on the material and the magnitude of the load on the sample, it will

exhibit elastic or inelastic/plastic properties. Based on the results of testing materials
with different stresses, it is possible to determine the proportionality of stress/strain
(elastic modulus):

E = σ

ε
. (3)

Shear stress occurs when translational forces are created parallel to the surface area of
the material.

The wear characteristics of polymeric materials depend on several factors, such as
the wear mechanisms involved, the test method used, and the test pieces’ volume and
surface properties. A sample comparison for the mentioned materials was performed
using an ASTM G133 friction tester. All samples were weighed before and after testing
using a four-digit decimal scale. The difference in weight before and after the test and
the coefficient of friction were evaluated. The difference in weight was analyzed to see
how much material was removed from the sample. The percentage of wear loss was
calculated for each specific sample in both one hour and two hours of testing.

The determination of rebound elasticity was carried out according to the method
described in ISO 8307:2018 standard (Flexible cellular polymeric materials - Determi-
nation of resilience by ball rebound).

4 Results

The research results showed that several factors must be taken into account when choos-
ing the material for the insole (Fig. 2). The material should be technologically easy
to manufacture, have good durability and availability, favorable mechanical properties,
subjective comfort, and be affordable. Research results (Table 1) show that the insole
cavities will generate cushioning if the selected materials are not too stiff. Increasing
material density and thickness will further enhance stability. Another important aspect
when choosing a material is the ability to withstand permanent deformation. There are
two types of structures: open cells and closed cells. The open cell structure absorbs
energy due to the struts’ deflection when the air is pushed out, compared to a closed-
cell, where the walls flex when the air is compressed. Both procedures will deform under
a certain load but return to their original shape when no load is applied unless the load
becomes too high and causes ductility.

Due to the fact that its properties are on average superior to those of other materials,
polypropylene was chosen as the most suitable material for the production of insoles. A
more detailed list of its properties is presented in the following Table 2. Polypropylene
material has high elongation at break, high tensile strength, and high abrasion resistance.
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Fig. 2. Scheme of objective quantitative evaluation criteria for selecting materials for orthopedic
insoles based on their mechanical characteristics and the purposes of their practical usage.

In addition, the innovative foam remains very flexible and soft over a wide temperature
range. It also has good chemical resistance.

Based on this numerical work, an in vivo study was carried out regarding cushioning
stiffness on the insole’s ability to reduce flat pressure and quantify the importance of
systematic material selection. Moreover, the possibility of optimizing stiffness for a
particular patientwill also be investigated by examining the relationship between optimal
stiffness and anthropometric parameters, which are usually measured in the clinic.

To ensure that the insoles work as expected, a survey was conducted on a sample
of 60 people, of whom only six of the participants did not continue to wear insoles for
various personal reasons. The study did not include participantswho did notwear insoles.
Preliminary sociodemographic data were assessed: (1) age, (2) gender, (3) height, (4)
weight, (5) body mass index (BMI), and (6) foot size, chronic diseases with dysfunction
of the motor apparatus, and the desired sensations during motor activity.

Gait analysis and balance/equilibrium control: Walking with soft safety shoes or
midfoot safety shoes resulted in a significant decrease in mean trunk inclination (p <

0.005). Also, the mean hip flexion angle decreased for cushioned and midfoot shoes (p
< 0.002). For soft shoes, the range of motion of the knee joint is increased. As expected,
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Table 1. Comparative analysis of the chosen materials.

Properties PS PE PU foam PP EVA

Density (g/cm3) 0.01–0.03 0.03–0.06 0.02–0.4 0.02–0.06 0.2–0.7

Rebound Poor Fair Fair Good Fair

Low-temperature resistance Good Fair Fair Good Good

Toughness Poor Excellent Good Excellent Fair

Mechanical properties Poor Good Poor Excellent Fair

Weatherability Poor Fair Fair Excellent Fair

Abrasion resistance Poor Good Fair Good Poor

Environmental friendly Poor Excellent Poor Excellent Fair

Table 2. Polypropylene properties and their values.

Mechanical properties

Elongation at break 150–600%

Flexibility (flexural modulus) 1.2–1.6 GPa

Hardness rockwell M 1–30

Hardness shore D 70–83

Stiffness (flexural modulus) 1.2–1.6 GPa

Strength at break (tensile) 20–40 MPa

Strength at yield (tensile) 35–40 MPa

Toughness (notched izod impact at room temperature) 20–60 J/m

Toughness at low temperature (notched izod impact at low temperature) 27–107 J/m

Young modulus 1.1–1.6 GPa

the distribution of plantar pressure varies significantly between a shoe with a cushion or
midfoot and a shoe without ergonomic components.

The maximum pressure values took place predominantly in the big toe with 4.90 ±
1.19 N/cm2, followed by the second and third metatarsal areas with 4.57± 0.73 N/cm2,
followed by the first metatarsal area with 4.30 ± 0.96 N/cm2 followed by the fourth.
And the fifth metatarsal region from 3.22 ± 0.89 N/cm2 when using the insole of the
control foot and an aluminum insole of the foot, which reduces the maximum pressure
to 1.55 ± 0.34, 1.56 ± 0.75, 1.09 ± 0.43, and 1.07 ± 0.59 N/cm2, respectively (p <

0.001) with effect sizes of 3.828, 4.067, 4.315 and 2.847, respectively.
Compliance depends on the types of polymer pairs used, their relative amounts,

the degree of miscibility, the nature and amount of the compatibilizer used, and the
mixing method. The key issue is the polymer blending process, during which blends
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undergo a complex combination of shear and elongation, and the evolution of the blend’s
microstructure becomes crucial and requires close attention.

5 Conclusions

The study’smainfindings are that fill density is the dominant factor inmaterial and energy
consumption, while layer height has the greatest impact on production time. Also, it
simplifies the process of choosing themost suitable orthopedic products.As a result of the
research, a block diagram has been developed to help in the design process of orthopedic
insoles. The entire success of orthopedics depends on the patient’s weight, shoe style,
and lifestyle. Patient weight is critical information that the laboratory must have to make
the right choice of material. The style of shoes a person wears will influence the type
of orthopedics that suits them best. Knowing the type of orthopedic product, now we
can choose the base material for the manufacturing. Multiple materials were compared,
and polypropylene was found to have the most suitable properties. Mechanical tests
have confirmed that optimal stiffness increases with increasing compressive load. For
the first time, this study provides quantitative evidence for the importance of optimizing
the stiffness of cushioning materials and lays the foundation for techniques that allow
the optimization of material selection in the clinics. It also clarifies and complements
the previous studies done by other researchers.

This study can be viewed as a pilot study which methodology can be used in further
research. Further research is needed.
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Abstract. Analysis of the properties of thematerials fromwhich the parts of a gas
turbine engine are made showed that they must have a high melting point, high
strength, high creep resistance, and be machined. Therefore, the best option for
strengthening the blades of titanium alloy VT3–1 is the formation in the wear zone
of a thermodynamically compatible, heat-resistant, andwear-resistant layer,which
is different from themainmaterial of the blade. Samples for researchwere cut from
the bandage shelves of the compressor blade in the shank area: the first - with high-
quality soldering relite, the second – the shelf is worn, and there is a defect in the
form of a drop. It was found that the main titanium alloy has a homogeneous struc-
ture, and the surface of the defective coating has a lower roughness, microcracks.
Its local areas differ in elemental composition. Clusters of pores explain the clear
andwide grain boundaries of titaniumalloy under defective soldering at the bound-
aries. Such clusters of defects are etched more strongly than the base metal, so the
base alloy has a needle-like martensite hardened structure formed by rapid cooling
in the air after soldering. It is proved that such defects are formed due to the viola-
tion of soldering technology. It is proposed to create a protective layer of compos-
ite material VTN-1 with tungsten particles, which contains solid parts of tungsten
carbide and titanium-based solder VPr16, to strengthen the working blades in the
wearing zone.

Keywords: Heat resistance · Soldering · Relit · Bandage shelf · Titanium alloy ·
Spectral analysis ·Mechanical properties

1 Introduction

The basis of modern aircraft construction is a gas turbine engine (GTE). GTE blades
are the most numerous parts. Their total number in the engine is about 3000 pieces.
The reliability of gas turbine engines depends on the compressor and turbine blades’
reliability, as they are the most loaded parts [1]. They are located in the gas stream and in
the area of high temperatures, are designed to change the parameters of the engine and
consist of a root or shank (Fig. 1, a), which serves to attach the blades in the housing, the
working part - the blade washer and the top in the form of a spike on which the bandage
tape connecting shovels is put on [2].
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The gas turbine engine’s blades work in the conditions of multiple heat changes,
are exposed to high-temperature gas flows, and experience additional fuel components
and products of its combustion [1, 3]. This effect causes high-temperature salt corrosion,
which is a process of rapid oxidation and sulfidation of the blade’s working surface under
the influence of combustion products with high sulfur fuel and determines the service
life of the aircraft. The study of the structure and surface properties of titanium alloy
VT3–1 without soldering and with soldering of wear-resistant material will determine
the best combination of mechanical, physical, and technological properties necessary
to increase the wear resistance of the surface of the bandage shelves and increase the
service life of the blade [4].

2 Literature Review

Turbine blades are widely used in modern gas turbine engines. The use of bandage
shelves reduces alternating voltages from vibration loads and thus increases the gas
turbine engine’s overall service life and reliability [5]. However, in the operation of the
working and nozzle blades resulting from significant contact stresses under conditions
of friction and vibration at the contact points of the shelves, there is increased wear of
the contact surfaces compared with the pen and the blade lock [6]. Ensuring parameter
identification [7] for rising operating temperatures and aircraft engines’ service life
sharply intensifies the processes that lead to damage and destruction of the blades’
contact surfaces, limiting their service life and reliability [8, 9].

In general, the following defects may occur during the operation of the blades:

• cracks in the main metal and surface cracking due to fatigue wear [10];
• damage to the surface layers of parts due to corrosion [11–13];
• increased operation of contact surfaces under the conditions of friction [14] and
vibrations [15].

Despite all their advantages, Titanium alloys have low wear characteristics, which
leads to the need to address the issues of increasing the service life of parts made of these
materials and the problems of strengthening and repairing worn surfaces. This primarily
applies to the contact surfaces of the bandage shelves of the blades of the compressor
GTE. From the experience of aircraft repair units, it is known that one of the most
profitable and effective ways to repair many engine parts is welding [4, 14]. However,
the results of studies of the mechanism of wear of contact surfaces allow concluding that
the best option to strengthen the blades is to create in the wear zone a layer of highly
heat-resistant and wear-resistant material, different from the blade’s material [2, 8, 16].

3 Research Methodology

Titanium alloys do not have entirely satisfactory tribotechnical properties, for most com-
pressor blades of aircraft engines use the alloy VT3–1, which satisfies the performance
characteristics, and its use is economically justified. Repair and restoration of these parts
allow to extend service life and to reduce expenses at regular maintenance. Surfacing on
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the blades of the wear-resistant and heat-resistant layer of VTN-1 alloy was performed
by the vacuum-arc method.

The surface analysis of samples made of titanium alloy VT3–1 was performed. The
sample’s surface was studied using a REMMA electron microscope, a high-resolution
scanning electron microscope, and an X-ray microanalyzer. The samples were cut from
different parts of the compressor blade’s bandage shelves (Fig. 1, a). The study’s object
was: samples cut from the bandage shelves on which the relite was qualitatively applied
(Fig. 1, b) and one – from the shelf, which contained a defect in the form of a drop
(Fig. 1, c). Samples from the scapula feather that are not subject to intensive wear were
also examined.

Fig. 1. The research object: a – the scheme of a shovel: 1 – shank; 2 - nib; 3 – top of the scapula
with banding tape; b – high-quality soldering of wear-resistant material; c – soldering with a defect
in the form of a drop.

Samples for research were cut from the bandage shelves after their operation and
after soldering the relite. The samples’ elemental composition was determined by X-ray
microanalysis and electron microscopy [17, 18].

Investigations of mechanical properties were performed on the multifunctional
“Micron-gamma” device by automatic registration during loading P on the indenter
and the depth h of its immersion in the surface of the test material in the form of a load
diagram P = f (h).

4 Results

In particular, in this work, we studied the surface of samples made of titanium alloy
VT3–1, cut from different parts of the compressor blade (Fig. 2).

Fig. 2. Image of the section of titanium alloy VT3–1.
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As a result of studies of the cut surface of the titanium alloy VT3–1, it was found
that the alloy has a generally homogeneous structure (Fig. 3).

Fig. 3. The image of the samples’ surfaces with soldering: a - quality soldering, b - defective area.

There are also areas in the form of small inclusions. The surface structure indicates
that the material is viscous and ductile, difficult to cut, and prone to sticking. The local
analysis results indicate the homogeneity of the sample’s chemical composition and
its compliance with the chemical composition of VT3–1. Spectral analysis performed
on soldering (Fig. 4) shows a homogeneous distribution of chemical elements on the
sample’s surface.

Fig. 4. Comparison of the chemical composition of different parts of the defective sample.

The defective coating surface is characterized by a slightly lower roughness than
high-quality soldering, and there are sometimes small cracks (which do not pass the
thickness of the coating). Local analysis of the plots shows that they differ in elemental
composition. In (Fig. 4, a) shows a graph of changes in the content of chemical elements
depending on the area where the study was conducted; Fig. 4, b shows Al, Cr, and V.

Heterogeneity of the chemical composition could arise due to a violation of the
technological process of soldering. As a result, the shelf is unusable due to the presence
in areas of very high Ti content with low thermal conductivity, prone to sticking and
bulging.
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Comparing the average values of the quantitative composition of qualitative sol-
dering, defective area, and base material is shown in Table 1, graphical representa-
tion of the content of elements is presented in (Fig. 5). In (Fig. 5, b) the lower part
(Fig. 5, a) – elements Mo, Fe, Si, V, the content of which does not exceed 2.4%).

Fig. 5. Comparison of the chemical composition of different samples.

Table 1. Comparison of quantitative analysis of the elements of the base and soldering
(accelerating voltage 20 kV).

Zone The average content of elements, % (� = 100)

Al Si Ti V Cr Fe Mo Ni Cu Zr

Quality
soldering

0.52 – 51.7 0.29 11.72 – – 10.85 16.47 8.97

Defective
soldering

0.47 – 90.94 0.68 0.29 – – 0.42 2.09 5.11

The base of the
blade

8.09 0.77 86.71 – 0.75 0.34 2.34 – – –

It is possible to note that compared with a basis, the qualitative soldering contains
the lowered quantity of Ti, Al, and the increased content of Cu, Ni, Zr. The defective
area is characterized by an intermediate Ti content between the quality solder and the
base. The content of Al, Cu, Zr, and V is close to its content in the quality solder.

All alloying elements increase the strength and reduce the ductility of titanium. Cu
increases the stability during operation, increases the heat resistance of the alloy. Ni
increases the strength and corrosion resistance of the coating. Zr increases the strength,
heat resistance, and creep resistance of the coating at elevated temperatures.

Spectral analysis of the solders’ chemical composition revealed elements present in
the solder VPr16 (Cr, Ni, Cu, Zr). Still, it did not reveal the presence on the surface of
the reinforcing phase - relit (W and C). This can be explained by the fact that the relay
particles have a density 2.5 times higher than the solder’s density, and in the process of
soldering, they settle and, as a result, enrich the lower layers of the coating and deplete
the upper ones. The studied samples’ structure is primarily homogeneous, although in
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some areas, there is some inhomogeneity: local clusters of alloying elements or small
pore size. They occur during the manufacture of the blade by injection molding when the
cooling rate is significant, and the cross-section of the blade is small, gas or air bubbles
do not have time to come to the surface. These structural defects are insignificant and do
not affect the performance of the product. The structure of the initial alloy VT3–1 of the
shoulder blades of the blade at the soldering point of the relit is significantly different
from the structure of the pen and shank, which were not heated. On the etched section,
the traces left after polishing are visible. This occurs since titanium alloy is a relatively
soft material. They arise as a result of the hit of particles of a relit in a grinding zone. In
such cases, it is recommended to use electrolytic polishing, which prevents defects of
this type.

The microstructure of the solder also shows large grains with clear boundaries. Such
grains are formed during microwave heating, and aging in soldering relit because the
tendency of titanium to rapid grain growth at high temperatures is known. The presence
of clear, wide grain boundaries of VT3-1 alloy under defective soldering is explained
by the accumulation of pores and other defects at the boundaries such accumulations
of defects are etched more strongly than the base metal. The alloy has a needle-like
martensitic hardened structure formed due to rapid cooling in the air after soldering.
Comparing the transition zones between quality soldering and base metal, and between
defective soldering and base alloy, it should be noted that quality soldering has an equal
gradual defect-free transition. While the boundary between defective soldering and the
base metal is uneven, it is characterized by defects (pores, cracks). The microstructure
of relite soldering is two-phase: light large WC crystals and etched dark areas of VPr16
solder. Light grains are very hard. The fine-grained equilibrium structure of the solder
is less hard but more viscous, i.e., astringent.

In the soldering process, there are no phase reactions that radically change the rein-
forcing parts’ composition and structure. Therefore, in the structure of the soldered
layer, the relit particles, which provide high resistance to wear of the coating, should be
evenly distributed and connected between themselves and the base material by solder.
However, defective soldering has a heterogeneous structure: large, unevenly distributed
relite grains, surrounded by an increased amount of solder. It has a fine-grained structure
consisting of a β-phase. Relite grains, in contrast to solder, were not pickled because
digestion was performed with a Kroll reagent designed to determine the structure of
titanium alloys. Only traces of corrosion are observed on the relite grains.

In some areas of defective soldering, the coating is loose – you can see the area’s
presence with the structure of the main alloy of the blade VT3-1. Also, gas pores in
this area have significant dimensions (up to 1 mm), smooth, smooth walls, and edges.
High-quality soldering on the test sample is characterized by a uniform distribution of
relit and a sufficient amount of solder. It covers the test sample’s entire surface and forms
a dense, high-quality defect-free coating that provides high hardness and strength during
the blade’s operation. An essential feature of the coating formation is the distribution of
the reinforcing parts of the rafters in height. Tungsten carbide has a density 2.5 times
higher than the solder’s density, and in the process of soldering, it settles and, as a
consequence, the enrichment of the lower layers of the coating and the depletion of
the upper. The depleted upper layer is most clearly manifested by increasing the solder
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content in the paste and increasing the thickness of the soldered layer. Relite particles
can also settle under forces arising from the electromagnetic stirring of the liquid solder
bath during induction heating by high-frequency currents. Practically on the thickness
of the soldered layer 0.2–0.3 mm from the strengthened surface of the reinforcing parts
has almost uniform character.

The contact action research and control of materials’ physical and mechanical prop-
erties in the near-surface layers are. Contact deformation is associated with almost all
modern methods of processing, strengthening, and joining materials (metal processing
by pressure and cutting, grinding, polishing) and service properties of materials in the
conditions of friction, fatigue, setting, wear. The study presents the results of reduced and
non-reduced microhardness. The Martens method was used to determine the restored
hardness, and the Meyer method was used to determine the non-reduced hardness. It
should be noted that the Meyer microhardness is equal to the average pressure in the
impression and quantitatively accurately expresses the physical essence of hardness.
The standard microhardness (in this case, according to Martens) is less than the Meyer
hardness as many times as the area of the impression surface calculated for the indenter
of the accepted geometry is greater than the area of the projection of the impression.
After conducting the research, the computer program using the “Micron-gamma” device
displayed on the monitor the values of strength in tables for each of the samples.

Analyzing the data for these samples, we can say that the highest value of unrecov-
ered microhardness has relite grains (21.02 GPa). They provided the overall increase in
surface microhardness with quality soldering relite (average 5.51 GPa). Under the same
loading conditions, the unrestored hardness for other samples became slightly lower:
for the sample with defective soldering 4.76 GPa, and the sample from the alloy VT3-1
approached 4 GPa (Table 2).

Table 2. Average values of microhardness of the studied surfaces.

The investigated surface Restored microhardness Hμ,
GPa

Unrestored microhardness
Hμ, GPa

The surface of the sample from
the alloy VT3-1

3.53 3.99

The surface of the sample with
defective relite soldering

4.16 4.76

The surface of the sample with
high-quality relite soldering

4.83 5.51

Relite grains 17.14 19.36

In (Fig. 6) showshistograms comparing theobtained averagevalues ofmicrohardness
of the samples.
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Fig. 6. Histogram comparing the average values of restored and unrestored microhardness of the
studied samples.

A characteristic feature of titanium alloys is the low modulus of elasticity, which
decreases with increasing temperature. Relite soldering allowed to increase this charac-
teristic (Table 3), which will increase the part’s rigidity and efficiency. Strength is one of
the essential properties of thematerial. The tensile strength (σB), i.e., themaximumstress
that can withstand the material when tested in titanium alloys, is quite high (Table 3), but
in terms of wear, it is insufficient. Relite soldering provides an increase in the value of
strength.

Table 3. Average values of mechanical properties of the studied samples.

The investigated
surface

Young’s modulus E,
GPa

Plasticity index K Tensile strength σB,
GPa

The surface of the
sample from the
alloy VT3-1

133.46 0.78 0.879

The surface of the
sample with
defective relite
soldering

132.80 0.76 1.022

The surface of the
sample with
high-quality relite
soldering

136.22 0.75 1.151

Relite grains 178.67 – 1.532

In (Fig. 7, a) shows that the highest modulus of elasticity has a pattern with high-
quality soldering, which is undoubtedly achieved by forming a high-quality coating and
uniform grain distribution of the relay, which has a much higher Young’s modulus. The
lowest modulus of elasticity has a pattern with defective soldering, which could occur
due to non-compliance with soldering technology. Analyzing the histograms comparing
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the ductility (Fig. 7, b), we can say that one of the reasons for the low wear resistance of
titanium alloys is high ductility. Relite soldering reduces ductility, providing increased
hardness, strength, and durability.

Comparisons of the average values of the modulus of elasticity, ductility, and tensile
strength are presented in (Fig. 5), (Fig. 6), (Fig. 7).

Fig. 7. Histogram comparing Young’s modulus’s average values (a) the average values plasticity
of the studied samples (b).

Relite grains have high strength values (Fig. 7). They significantly increase the
studied samples’ tensile strength (by 30.9% compared to the sample of alloy VT3-1).

Examination of the samples revealed relit grains’ presence, although a significant
increase inmechanical properties is provided by relit powder, which is evenly distributed
in the solder. Relite particles have a density 2.5 times higher than the solder’s density. In
the process of soldering, they settle and, as a consequence, the enrichment of the lower
layers of the coating and the depletion of the upper ones. Reducing the content of relit
in the upper layers of the coating has a positive value. It facilitates the machining of the
soldered surface by decreasing the hardness of the upper layer.

5 Conclusions

The recommended option for strengthening the blades is to create a layer of heat-resistant
and wear-resistant material VTN-1 in the wear zone, consisting of solid parts of tungsten
carbide (relit) titanium-based solder VPr16 as a binder. Microstructural studies have
shown that there have been no significant changes in the base alloy structure over the
entire blade volume, although, in the alloy on the shelf shelves, grain growth and the
formation of a martensitic needle structure occurred at the soldering point.

Physicomechanical parameters of samples fromVT3-1 alloy and sampleswith defec-
tive and high-quality relite soldering showed a significant increase in mechanical prop-
erties of the sample with high-quality soldering in comparison with the sample from
VT3-1 alloy: modulus of elasticity E by 2.1%, strength limit σB on 30.9%, unrecovered
microhardness by 38.1%. The sample acquires such properties due to the high mechan-
ical properties of the relite grains (Hμ = 19.36 GPa, E = 178.67 GPa, σB = 1.532 GPa)
and the solder, which provides a strong connection of the relit grains with each other
and with the main alloy.
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The next stage of the study will be to determine the wear resistance and service
life of the surfaces of the bandage shelves of the GTE blades, considering the above
recommendations.
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