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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).



vi Preface

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”.

June 2021 Vitalii Ivanov
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 the world . 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 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 4DTNAT1 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, which means 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: pouring molten metal 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
in many works [8, 9]. The main advantage is the ability to work 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]:

e 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];

e 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];

e 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];

e It will allow you to design and produce better models [19] continuously;

e 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];

e 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. The processes that occur must be consistent with 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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e determination of the initial conditions;

e development of a 3D casting model based on a 4DTNAI diesel block crankcase with
a technological gating-feeding system;

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

e analysis of the results of computer simulation;

e study of the nature of filling the mold with metal and the location of casting defects.

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

Fig. 1. Cast block crankcase of 4ADTNA1 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:

e 3D import (converting a file to *.stl format) and creating a finite-difference model;

e the purpose of the material for casting and tooling, as well as the separation coating,
applied to the surface of the tooling;

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

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

Using the 3D import module built into the ICS NovaFlow, 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:

e block crankcase casting material is AlSi5SCulMg;

e materials of technological equipment are Steel 20, Grey Cast Iron 20;

e The chill forms are coated with chill paint with a thickness of 0.2 mm, which has a
thermal conductivity of A = 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:

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

e 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:

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

o Modeled defects allow us to forecast that the cast product may be defective by 5—6%.
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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 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
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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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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 a 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

81§’2¢Nl + 8((Rlasi0n(9)T) _ N 6R2 + Tr)Rl sin 0 =0,
AR, sz;;e)Nz) +R aT N B(Rl sm@) +T81;2 _o. 1)

+R2—q

where N, 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 d¢, as well as the shearing force 7', and that

Ry = &5 = «LHS R) = a,k = &, then we will have [5, 17]:

1 sin @ + N2 =q. (2)

Nracosf + aN“’(l + ksin6) — Njacos 6 =0,}
R
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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 R; — is the radius of the drawing part;

rm The radius of the die body input edge; R = Ry 4+ asinf; a = ry,.

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:

o=l )

where p — 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 = E”Tﬁ, we sort out the value of n for which (n2 — 1) = 1. Further, since
E. = g—f, we accept 0; = 0, and &; = %89 [22, 23]. The draw ratio is m = D%, hence
gg=1—-m=1-— Dﬂ, where D and Dy are the diameter of the workpiece and the
diameter of the blank, respectively. Then expression (6) will have the form:

:LGY @
! 9(1—1)20) rm)

We substitute this relation into the formulas for the internal forces and, passing to the
stresses, we get:

o L(i)z )
. 91— ) \rm/

1+£sine 20, <s>2
14 ksind D :
+ k sin 9(1_D_0)

(6)

Op = —
'm

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 6 = 90° will look like:

2
R R
o, =05 In 0 __ _Im +0,1 0 (i> , @)
Ri+rm Rg+ry Ro — Ry \rm

R 1+% R 2
09 =—o[1—In—0 4 "™ 102 2—°<i) )
Ry + 1y Ry +ry 1+kRy— Ry \rum
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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 Ry =
50 mm, R; = 25 mm and matrix rounding radius r,, = 10 mm, created according to
formulas (7), (8).

r.---*--.-*----‘.----,

Fig. 1. Stress graphs (0/0y) — 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:

ln L _ _Im L
q Ry+rm Ra+rm (Rd+rm)2 9
s 0 LR (s)2 1 2 145 i ©)

Ro—Ra \rm ) \ORa+rm) ~ Orm T4k | ~ 7

We analyze the terms of the expression for given deformation parameters — Ry = 50 mm,
s =2mm, R; = 25 mm and r,, = 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:
s
q=——0;. (10)
m
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 O8kp 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].

7
4 5 6 .
’ 2
fh i
N\ " . N
R \ 7
\ N\
\ 7
i
IDI’ /4

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
amplifier MCP606-1/P, ADC E14-440, 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 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 r,, = 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.

35007 T
3050

. 2600

k1 E2150
K2 21700
E’g 1250¢

Ka® 800

—U
= 350

< -1005—% —_—— T

ST T T T L1

0 “Experiment time, s  129.28

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 Dy = D + 2r,,, 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 Dy = D + 4r,, and Dy =
D + 6r,, 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 the measurement of contact pressures showed that their distribution
is subjected to normal law at a significance level ¢ = 0.05. The confidence error in
the results of the experiment was assumed to be symmetric and amounted to A =
+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 r,, = 4.0 mm; in the denominator it is the same for
rm = 1.5 mm; A, % 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 | Estimated | A, %
pressure | contact
pressure
s, [mm)] Do, k I'm, h, q, q, [MPa]
[mm] [mm] | [mm] | [MPa]
Steel 08kp | 0.15 58/52 | 1.16/1.04 | 4/1.5 | 8.0/6.0 | 58/38 17.25/46.0 | 71.3/17.2
66/54 | 1.32/1.08 | 4/1.5 | 8.0/6.0 | 94/55 81.7/16.9
74/56 | 1.48/1.12 | 4/1.5 | 8.1/6.0 | 133/57 87.1/19.4
Aluminum | 1.4 58/52 | 1.16/1.04 | 4/1.5 | 8.2/6.1 | 27/46 | 42/56 35.1/174
A2 66/54 | 1.32/1.08 | 4/1.5 | 8.3/6.0 | 37/48 10.6/12.6
74/56 | 1.48/1.12 | 4/1.5 | 8.0/6.0 | 46/51 8.7/7.5
Copper 0.25 58/52 1 1.16/1.04 | 4/1.5 | 8.0/6.0 | 21/17 10/26.6 52.3/34.3
M4 66/54 | 1.32/1.08 | 4/1.5 | 7.9/6.0 | 34/21 70.5/20.3
74/56 | 1.48/1.12 | 4/1.5 | 7.9/6.0 | 43/24 76.7/6.7

5 Conclusions

The results of experimental studies showed that the greatest coincidence with theory is
6.7% for drawing with k = 1.12 and r,,, = 1.5 mm for copper and the greatest discrepancy
in calculations is up to 87% for steel with r,, = 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 the metal 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, r,, = 1.5 mm), showed data for all metals with r,,, = 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 the wear 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 BHIP. 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 a method 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. 5G will 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).

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

Now the tasks of intelligent forecasting of the operability of modern 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 network model 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 BHI1P. 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.

Digital image pretreatment : The module for the
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|
module for CT wear zone image selection of wear |
— Zones textures :
Lk :
The module for the contours Classifier of wear zones |
& |

ofthemacro - and micro CP
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= = = :
The module for the Recognition of the cutting :
formation of wear zones partstate of worn CT |
primary signs :
|
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formation of wear zones life of the cutting tool |
secondary signs :
J L |
The module for reducing Classifier of defects form :
dimension of the signs !
of the CP wear zones |
space of the wear zones |
|
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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 stands main 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 selected with subsequent scaling (3). After its conversion to binary
(4), wear zone contour (5) is selected, and feature sets are formed (6, 7).

prev_x prev_y
689 14

cun_x curm_y
6

Out rectangle:
1287152

R min
> 921954445729289 |
7| Ama !

x
| 103808324956034 |

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 (IAQ?E)
and the state of wear(IA?TC'E) - zone 1 - as a result of the processing ,LL?E of the binary
image (2), there is a selection (3) of the CE contours of the new (E?E) 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 €21). At the bottom of Fig. 3 schematically shows the combined projections of the
CE on the main plane (R, R¢y. Ri» Riy) for the moments of processing 71, 2, 73
(the shaded outline corresponds to the class €21).

In the structure of Fig. 3 indicates the coordinate system Y X, in which the projections
are combined, and the coordinate system X (Ds), Y, where is the vector Dg 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 (O™-0™-0™-0"), which is due to the radial wear of the CT.
Recognition of classes of contours (£21—25) is a component of the complex recognition
of the state of the CT source. Let’s move on to some of the CP defects and microdefects. 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: 2cg the amount of low-
ering (CE displacement) due to the closure of wear zones, the groove’s height. Grooving
and concentrated wear zones are common when machining hardened steels. The grooves
weaken the cutting part of the CT and can cause its local destruction. Therefore, the
growth of the parameter hggy 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 4cg 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.

her

1 hm.]

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 hcg 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 flank wear 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 of wear zones, internal and external micro 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 (€2, £2,, £25). Class €2, - incisors are worn flank wear surfaces
without visible micro-defects. In this class, at the control moments i, 72, two states
(cy,, cr,) are identified, which correspond to feature vectors (yfl LY.

Epoch 1100
1600/1600 [——] - 1s  600us/step - loss: 13835 - acc 0.3019
Epoch 2/100
160011600 [—————————] - 0s GOusstep - loss: 13401 acc: 03369
Epoch 3/100
1600/1600 05 72usistep loss: 12986 - acc: 03756
Epoch 4/100
1600/1600 Os G3us'step - loss: 1.2525 acc: 0.4206
Epoch 100
1600/1600 [ - 0s G6usistep - loss 11982 - acc 0.4675
Epoch 97/100
1600/1600 [se——————————————————] - 0s SSusistep - loss 0.0400 ace 0.9937
Epoch 98/100
1600/1600 [ - 0s G62usistep - loss 0.0390 - acc 0.9950
Epoch 99/100
16001600 [ ] - 0s STusstep - loss: 00390 - acc: 09937

100/100

Epoch
1600/1600 [ =] - 05 60us/step - loss: 0.0380 - acc: 0.9950

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 1= Further CT wear (W (277) W (13—
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 ¢, ¢z, (a digital image corresponding to the state c,, is
given conditionally here).
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Max fitness per generation on EasyGene example
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Fig. 8. Features space selection using genetic algorithm.
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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 €2, Q2,, Q2;
(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(X2))) 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[;n);
hGrRvIum)s hcEfum))- Hire: hgry[um) - groove height; hcgrum) - 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 (71; 2; 73), 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
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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-organization model of metal 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.
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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) to measure
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 research of possibilities of assessing the fractal dimension of boundary pixels was
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, % |B S, % | Cr, % Mo, % V. % Cu, %
0.08 +-0.15]0.17+0.37 |04 +0.7| <03 | <0.025 09 +12]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.

Original bitman image The data set of pixels with color
& P 1mag 'f\> components for RGB and HSV models
Statistical analysis of pixel color Pixel selection parameters (ranges of
components component values for structure
D elements)

Determination of the limit values of i
the color components for the studied H

component of the structure H The database of selected pixels

Determination of the number of cells containing
border pixels of the selection area N;

I

I

:

Cells Si |

s > |
I

I

I

Selected pixels P;

v

Conditions for finding boundary pixels P;
inacell S;

Determination of ~ p, _ In(N,.,)-In(N,)
fractal dimension - n(M,)~In(M,,)

List of fractal dimensions
for the scaling region AM

Fig. 2. Scheme for calculating the fractal dimension of selected image pixels.



Fractal Analysis of Structural and Phase Changes in the Metal 35

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’s main 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 AM (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]:

_ In(Ni—1) — In(Ny)
T In(My) — In(M;—y)’

(D

where M; - measure (cell size) for the i-th measurement of the length of structural
element boundaries under study; N; is the number of scales (cells with size M;) 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 N; (cell size M;) that cover entirely the boundary pixels
[7] (Fig. 3 shows an example of microsection image with selected pixels). The pearlite
zones’ selection in the microsection image was carried out by replacing the original color
(Fig. 3a) with white (Fig. 3b). As a threshold value of color brightness, V,,, = 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.

Relative number of pixels

Color component ¥

a b c

a - original image; b - image with selected pixels;
¢ - histogram of the 7 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 AM = M;.; —M ;. 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 = . If we consider increasing the image resolution (decreasing the pixel
size pimage — 0) applied to a perfectly etched sample, the contour length increases L
— Ligeqai- 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 x 2 pixels will be the minimum acceptable. Accordingly, the initial
measures M; were chosen from the list M; = {2, 4, 8, 16, 32, 64} pixels (at image
resolution - 1536 x 1152). The values of measures were set in a geometric progression
with a common ratio » = 2. The number of contour length measurements was performed
up to 5 times to obtain a wider scaling area of AM.

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 V,,,, 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 V. 3D plot for D = f(M, V4x) is shown in Fig. 4 using the
example of a steam pipeline weld with an operating time of 150 thousand hours.

. 058
5 056

a

052
050
048

Fractal
dimension D

Brightness threshold for a selected area of
a structural element of the microsection V,

40
Measurement scale M;

Fig. 4. Brightness threshold correlation for the selected area of the microsection 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, V,4,) (Fig. 4).

The largest fractal dimension is observed in the domain of the most significant
values of measurement scale M; = 64 pixels and V., = 0.46 £ 0.04 (Fig. 4). In this
way, we confirm the correctness of value’s (V,4x) choice for the studied microsections
component’s contour (Fig. 3). This V,, 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 Ig(N) = 1g(M). This
relation is typical for fractal contours.

1,0E405 2,00
o Heat affected Weld seam
@
= 1,0E404 T zone (HAZ) a
8 o 3 175
2 1,0E+03 < .E
E i‘ Base metal é 1,50
; ¥ 108402 Weld seam =
< £ 125
E  1,0e+01 g
Zz =
1,0E+00 1,00
1 10 100 0 10 20 30 40 50 60 70
Measurement scale Lg(M;) Measurement scale M,
a) b)
2,00 2,00 HAZ
Base ]
Q 1,75 a 175
g =
'% Weld seam &
g 150 7 g 1,50 Substrate
S 7 ]
T 125 E 125 Base metal
151 g L
£ Substrate £
= © =
1,00 1,00
0 10 20 30 40 50 60 70 o 10 20 30 40 50 60 70
Measurement scale M; Measurement scale M;
c) d)

a - influence of the measurement scale on the number of filled cells with boundary pixels for a sample
without operating time; b, ¢, 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 “Box Whiskers” 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
M; = {16, 8} pixels. The smallest is for M; = {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 scale M; = §, since
the largest range of values of the fractal dimension D; is observed.

2,0

1.8
1,8

Q
=]
S 17 .
w
£ 16 .
£ 15
o
3 14
g 13
£ 12
1,1
1,0

64-32 32-16 16-8 8-4
Measurement scale M; — M, ;

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 D;. For the initial sample (without operating time), the base metal has the
smallest range of D; 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 D; 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 D;. There is also a growing trend of D; 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 by metal 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 V,,,, and measurement scale M; on the fractal
dimension D; 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 D; = (V,4¢, M) 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.

References

1. Glushko, A.: Research into defectiveness of welded joints of steam pipes operated over a long
time. East. Eur. J. Enterp. Technol. 6(1 (84)), 14-20 (2016). https://doi.org/10.15587/1729-
4061.2016.85852

2. Kuznetsov, P., Petrakova, K., Schreiber, Y.: Fractal dimension as a characteristic of fatigue of
metal polycrystals. Phys. Mesomech. 7(S1-1), 389-392 (2004)

3. Suryanarayana, C.: Microstructure: An Introduction. In: Prasad, E., Wanhill, R.J.H. (eds.)
Aerospace Materials and Material Technologies. IIMS, pp. 105-123. Springer, Singapore
(2017). https://doi.org/10.1007/978-981-10-2143-5_6

4. DeHoff, R.T.: Microstructology: the realistic and quantitative description of microstructural
evolution. Metall. Microstruct. Anal. 1,244-258 (2012). https://doi.org/10.1007/s13632-012-
0042-8


https://doi.org/10.15587/1729-4061.2016.85852
https://doi.org/10.1007/978-981-10-2143-5_6
https://doi.org/10.1007/s13632-012-0042-8

40

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Y. Garashchenko et al.

. Dmytryk, V., Glushko, A., Tsaryk, A.: Recrystallization in the metal of welding joints of

steam trucks. Prob. Atomic Sci. Technol. 5, 49-52 (2019)

Mileti¢, L., 1li¢, A., Nikoli¢, R.R., Ulewicz, R., Ivanovi¢, L., Sczygiol, N.: Analysis of selected
properties of welded joints of the HSLA steels. Materials 13(6), 1301 (2020)

Bolshakov, V., Volchuk, V., Dubrov, Y.: Fractals in Materials Science, 1stedn. PGACA (2006)
Rodrigues, A.M., Bardella, F., Zuffo, M.K., Leal Neto, R.M.: Integrated approach for geo-
metric modeling and interactive visual analysis of grain structures. Comput. Aided Des. 97,
1-14 (2018)

Anisovich, A., Tovpenets, R.: Synergetic approach to describing structural changes during
cyclic thermal effects. Eng. Phys. J. 75(1), 15-20 (2002)

Tofpenets, P., Anisovich, A.: Possibility of using the fractal analysis to describe alloys’
structures after pulse processing. Cast. Metall. 1(37), 143-145 (2006)

Stoffel, A., Rabkin, M.: Use multifractal analysis to estimate the properties of structural steel.
Metall. Mater. Sci. 10(31), 24-27 (2016). [in Russian]

Moskvin, P., Balytska, N., Melnychuk, P., Rudnitskyi, V., Kyrylovych, V.: Special features
in the application of fractal analysis for examining the surface microrelief formed at face
milling. East. Euro. J. Enterp. Technol. 2(1(86)), 1-7 (2017). https://doi.org/10.15587/1729-
4061.2017.96403

Krivonosova, E.A., Krivonosova, E.K., Trushnikov, D.: Fractal geometry in metallurgy of
welding and coatings. Mater. Sci. Forum 893, 252-256 (2017)

Fernandez, R., Gonzdlez-Doncel, G., Garcés, G.: Fractal analysis of strain-induced
microstructures in metals. In: Fractal Analysis - Selected Examples (2020)

Li, J., Du, Q., Sun, C.: An improved box-counting method for image fractal dimension
estimation. Pattern Recogn. 42, 2460-2469 (2009)

Liu, J., Jiang, X., Huang, X., Shaohua, W.: Morphological characterization of super fine
pulverized coal particle. Part 2. AFM investigation of single coal particle. Fuel 8§9(12), 3884—
3891 (2010). https://doi.org/10.1016/j.fuel.2010.07.001

Risovié, D., Pavlovié, 7: Performance assessment of methods for estimation of fractal
dimension from scanning electron microscope images. Scanning 35(6), 402—411 (2013)
Albers, A., Gerald, A., Mandelbrot, B.: In His Own Words. Mathematical People: Profiles
and Interviews. AK Peters, Wellesley (2008)

Falconer, K.: Fractal Geometry: Mathematical Foundations and Applications. Wiley, New
York (2014)

Perrier, E., Tarquis, A., Dathe, A.: A program for fractal and multifractal analysis of two-
dimensional binary images: computer algorithms versus mathematical theory. Geoderma
134(3-4), 284-294 (2006)


https://doi.org/10.15587/1729-4061.2017.96403
https://doi.org/10.1016/j.fuel.2010.07.001

®

Check for
updates

Research of the Spindle Units
for Multioperational Lathes in the APM
WinMachine Environment

Oleg Krol®™ @ and Volodymyr Sokolov

Volodymyr Dahl East Ukrainian National University, 59-a,
Central Ave., Severodonetsk 93400, Ukraine

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
equipped with a variety of tooling. The efficiency of the APM Structure3D module
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 of modeling the forming units of metal-cutting machines in modern CAD systems 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 3D models 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 use multi-node bar models with 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 3D file 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 s7 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. lc.
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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 j and j (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: j, = 8.8-10%
N/mm — for bearings 4-46209L; j; = 9.2- 10* N/mm — for bearings 4-46112.

The radial compliance A of the rear and front supports willbe A, = 0.113 10~* mm/N
and Ay =0.109 10~* mm/N, respectively. The radial compliance of support consisting of
several angular contact ball bearings is determined by the formula [1] and is 0.652-107
mm/N. The presence of a preload P, = 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 0.522-107 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
thathave linear {A,; As } and angular {a,; as } by compliances with 4 unknowns: reactions
in the rear and front support {R-Ry} and corresponding reaction moments {m,my} 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 sy =
f () for various cantilever lengths [j of the spindle unit (e.g., multi-operational machine
MSO03).

We represent the mathematical model of the S-C system in the form of a matrix

Eq. (1):

1 1 0 0 R, R
I+ L -1 -1 R —R'l;

AL aair 2 o0 [*lm =] 0 | M
r 126El f Ay 2151 my
77 0 a+g —a my 0

where [ — inter-support distance, mm; /1 — length of the cantilever part of the spindle,
mm; [ — length of the cantilever (modular equipment and workpiece), mm; E — elastic
modulus of structural steel — Steel 20X, E = 2.1-10°, MPa; I — a moment of inertia of
the spindle cross-section, mm*; 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 sy 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:

s =0.29-107*+0.332- 107% +0.507 - 1073/, 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 sy 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 / and the span diameter
do [18, 19].



