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V. Kovalev, G. Klymenko, Y. Vasylchenko, M. Shapovalov,
O. Antsiferova, I. Maiskykh, Kramatorsk, Ukraine

RESULTS OF INDUSTRIAL TESTING OF CARBIDE CUTTING
TOOLS BY PULSED MAGNETIC FIELD TREATMENT
AND THE EFFECT ON THE INCREASE
OF THE CUTTING PROCESS EFFICIENCY

Abstract. The task of increasing the efficiency of machining parts on heavy machines was determined,
scientifically substantiated and solved by hardening a carbide tool the pulsed magnetic field processing
(PMFP). The efficiency of machining of parts is understood as an increase in its productivity, a
reduction in the cost and costs of tool materials, and an increase in instrument reliability. The working
conditions of cutting tools at heavy engineering enterprises are analyzed. The wear resistance of
carbide cutting tools, which have been strengthened by the PMFP, was investigated using forced test
methods and modeling of the cutting process. The mechanism of changing the properties of a hard alloy
under the action of a pulsed magnetic field is established. The main factors affecting the change in the
wear resistance of a hard alloy under the action of a pulsed magnetic field are identified. The effect of
pulsed magnetic field processing on the performance of carbide cutting tools under production
conditions is investigated. The effect of hardening on productivity, cost of operation and instrumental
costs is established. The interrelation of the parameters of the PMFP, the parameters of the process of
machining parts and production efficiency is investigated. A statistical model has been developed that
allows determining the productivity of mechanical processing depending on the properties of the tool
material and the processing parameters of a pulsed magnetic field.

Keywords: pulsed magnetic field processing; carbide tools; heavy machine production tests;
sustainability; magnetic field strength; pulse frequency; performance.

Introduction

An important task is to improve the tooling of new machines for high-
precision productive machining of difficult-to-machine materials by applying the
latest tool strengthening methods. An analysis of different methods for enhancing
the physical and mechanical properties of hard-alloy tool materials showed that the
best combination of cost and production efficiency was observed with the pulsed
magnetic field machining method. In this study, metal machining efficiency was
evaluated in terms of objective functions which characterise productivity Q, cost C
and tooling cost S depending on tool resistance and cutting modes. In these
functions, the influence of tool resistance dissipation was also taken into account. It
is established that in hard conditions of cutting it is reasonable to optimize a cutting
mode taking into account the dissipation of the tool resistance. As in production
conditions the tool resistance dissipation takes place, the cutting conditions should
be prescribed in order to ensure the durability with a given reliability P.

© V. Kovalev, G. Klymenko, Y. Vasylchenko, M. Shapovalov, O. Antsiferova, I. Maiskykh, 2021
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This resistance is called gamma percent resistance and is determined with the help
of tool failsafe operation graphs, compiled by the results of observations of tool
operation. The use of machining by pulse magnetic field of hard-alloy tools
increases the value of optimal feed by a factor of 1.2-1.3.

As the industry develops, the demands on machine tools, increasing precision
and quality of their manufacture, and the introduction of new, stronger materials
that enable higher levels of performance are increasing. An important task is to
improve the tooling of new machines for high-precision productive machining of
difficult-to-machine materials through the use of the latest tool strengthening
methods. One of the perspective technologies for increasing strength, service life
and operational properties of metal products for various fields of technology is
machining with a pulsed electromagnetic field.

This is particularly relevant for hard-alloy cutting tools. It is well known that
hard alloys have, on the one hand, a high heat resistance, which allows cutting
tools to operate at high cutting speeds. On the other hand, hard alloys have a low
bending strength, which limits their ability to work in previous, roughening
operations, where the tool is subjected to shock loads, which are generated by
workpieces made by casting or forging methods, abrasive dust, unevenness of
assumptions, etc.

Analysis of different methods of improving the physical and mechanical
properties of hard-alloy tool materials has shown that the best combination of cost
and production efficiency is observed in the method of machining by pulsed
magnetic field (MPMF). The essence of MPMF is that the metal-cutting tool
before machining is placed in a cavity of a magnet connected to a pulse generator.
Under magnetic influence the metal changes its physical and mechanical
properties. The magnetic pulse field interacts with the metal-cutting tool material,
changing its thermal and electromagnetic properties and improving its structure
and performance. Improved properties in metal-cutting tools are achieved by
directing the free electrons of the material by an external field, resulting in an
increase in the thermal and electrical conductivity of the material. The main
advantages of MPMF are: strengthening of metal-cutting tools of any design,
simplicity of technological tooling and absence of consumables, environmental
friendliness, low cost [1-5].

To implement the MPMF process, a control unit is used to set the workpiece
machining modes, i.e. to set certain parameters of the magnetic energy and the
duration of its effect.

The process which is connected with metals machining with cutting, by
definition of Prof. M. Klushin, is a system of cutting, which consists of elements,
which in our case are separate processes. The state of the system is characterized
by a selection of values of a number of variables (factors, indicators), and the
behavior of the system - a sequence of states in time.
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Experimental procedure

The system has the property of relative resistance in the sense that it is
maintained only within certain limits of variation of its variables. For our case -
previous machining of metals with hard-alloy cutting tools that are reinforced with
MPMF, the system is represented in Figure.l as a relationship of parameters that
characterise the machining process and production efficiency from MPMF.
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Figure 1 — Relationship between machining parameters and production
process efficiency during the use of MPMF

Figure 1 provides recommendations from determining the coefficient of
variation of tool resistance KT, Weibull distribution parameter y, gamma percent
tool resistance T, depending on given cutting modes v and S, as well as reasonable
values of company efficiency indicators: productivity Q, cost price C and tool costs
S. The sequence of connections is defined by arrows.

Due to its autonomy, the mentioned system may be considered as a
subsystem or an element of a wider system. The study of the system is carried out
by changing external influences on it "at the input" and studying its response "at
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the output”, which are commonly referred to as functions of the system or
parameters of its functioning.

The system state variables in the mentioned case are:

1. The material that is machined, its properties: hardness, strength
boundary;

2. The machining operation - removed assumption, reference surface
condition, cutting conditions;

3. Cutting tool - tool material (composition, properties), geometric and
structural parameters;

4. The stiffness of the system, its dynamic properties;

5. Parameters of the MPMF - strength of magnetic field, frequency of
pulses.

The results of system functioning were considered as follows:

1. Resistance of the cutting tool, gamma percent resistance;
2. The variation of resistance;

3. Machining performance;

4. Cost of operation;

5. Tooling costs.

Each of the parameters of system functioning is more or less influenced by all
the variables of its state, as well as their mutual influence. In general, the system
under consideration is characterized by a large number of possible states and
numerous links between its elements, i.e. it is a complex system.

Since at this time the real physical content of the mechanisms through which
the interaction of the system's state variables on each of its indicators is carried out
remains revealed only in the main features, the relationship between the parameters
will be defined in the form of statistical models, which characterize the relationship
between the main variable factors of the system and the parameters that
characterize the efficiency of production.

Let us present the factors that influence the functioning parameters for such
groups:

1 group. Factors that characterize the design and geometric parameters of the
tools:

- front angle v;
- posterior angle a;
- The main angle in the plane o;
2 group. Factors that characterise the quality of tool construction:
- Rear surface roughness Rsn;
- roughness of the front surface R,
- Hard alloy hardness boundary o,
3group. Factors that characterise workpiece quality are:
- unevenness of assumption in the workpiece hs;

6



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 95

- hardness of the machined material HB;
- strength limit of the machined material o,;
- yield strength of the machined material or;
4 group. Factors which characterize the MPMFP process:
- magnetic field strength H;
- pulse frequency f;
5 group. Factors which characterise properties of the tool material:
- HRC hardness;
- durability;
- Red resistance.

The factors given in groups 3 and 5 were not considered because no
information could be obtained at the time of screening regarding factors in the
production environment that would allow to establish a correlation with tool
resistance.

Theoretically, any space can be considered. In practice, this involves more or
less time spent on the state of the programme and analysis of the results.

In a first step, a correlation analysis was carried out to screen out the factors
beforehand. Behind the dimensions of the correlation characteristics, the density of
the correlation between the resistance and the factors can be established and those
factors that have the strongest correlation with the tool resistance within its
dispersion range can be singled out.

Since there can be both a linear and a non-linear connection between the
factors considered and resistance, a correlation relation was used to assess the
closeness of this relationship, which was determined using the formula:

@)

where o= F(y-P%  of=1IF -0
77, — group average.

The data for the correlation analysis were obtained under production
conditions by testing . Table 1 shows the values of the correlation relations
between the resistance and the technological factors, which are calculated
according to formula 1.

As can be seen from Table 1, the correlation relationships between resistance
and such factors as front angle, main angle in plan, percentage of tungsten carbide
has a value from 0.09 to 0.18. This demonstrates that the marked factors have
insufficient closeness to the resistance within its dispersion range and, therefore,
will not be taken into account further.
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Table 1 — Correlation relationships between tool resistance and technology factors

Factors that affect resistance Correlation ratio
1. Front angle y 0,18
2. Main angle in plan ¢ 0,16
3. Percentage of tungsten carbide WC 0,09
4. Magnetic field strength H 0,48
5. Pulse frequency f 0,35
6. Percentage of cobalt C, 0,42
7. Hard alloy strength limit o 0,34

The above results of the analysis, although it made it possible to narrow the
description space to 7 factors, but did not allow us to identify the dominant factors,
so the next stage was to calculate the correlation coefficient between the factors
using the expression:

r; = e (g —T) (% =T 1) @)

I ) 3 1
QZ?:;E-‘-’&k*’-’-’aszZﬁ:ﬂ-‘-‘jk‘-‘-}k)z

where i, j — the numbers of the factors between which the inter-correlation
coefficient is calculated,;

Xik, Xjk — pair of factors in question;

X, » X, — average values of the factors.

1k

1 — 1
j— mn j— mn
Y = ;Zkzlxm r NE= ;Zkzlxjk :

The significance of correlation coefficients was assessed using Student's
criterion :
T
r] = —=—. @)
\|r§q,+n—2

It should be noted that if the calculated value of the correlation coefficient r
turns out to be greater than the assumed value (14), then the mutual influence of
the pair of factors xi and Xj cannot be neglected.

The statistic which characterises the contribution of any factor to the total
variance was the assumed variance of the normalised value of that factor. The
factors were normalised by this transformation:

J‘_ik_ximﬂx"'ximi?z
Xik = —FimarTimm - (4)
2
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where xi is the current value of the factor in physical terms;
X _imax, X _ imin - maximum and minimum value of the ith factor.

The marked transformation allows all properties to be reduced to a single
scale and provides the opportunity to compare them from each other. The variance
of the normalised values was determined by the formula:

n o =2
J{xi}zzkzﬂii{l Xl (5)
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Figure 2 — Diagram of the relationship between factors and the relationship
of factors to resistance

Figure 2 shows a diagram of the relationship between the factors and the
relationship between the factors and resistance. The sizes of the variances of the
normalised values in circles are shown for the main attributes. The lines that
connect the attributes correspond to the highlighted relationship. The size of the
latter can be judged by means of correlation coefficients, which are shown in the
marked scheme.

Thus, the preliminary studies suggest that the dominant factors are the
magnetic field strength H, the hard alloy strength boundary ov, the cobalt content
in the C, hard alloy, and the pulse frequency f.

As a model to describe the dependence of machining performance, which was
defined by formula, on the variation of magnetic field strength x: (H), pulse

9



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 95

frequency x; (f), cobalt content in the hard alloy xz (Co), hard alloy strength limit x4
(04), the first degree equation with interactions was applied:

Y = bo+ baXa + baxz + bsxz + DaXs + D12X1X2 + D13X1Xs + D1aXaXa + D2sxoxz +
+ D24XoXs + DasXsXs + + D123X1X2X3 + D23aXoXaXa + D13aX1XaXs +
+ D124 + X1XoXa + D1234X1X2X3X4. (6)

The above equation can be obtained by varying each of the factors x; at the
upper Xy and lower xin levels, which differ from the base level xio by the size of
the variation step +Ax;.

A complete factor experiment of the form 24 has been adopted as the basis of
the experimental plan, where 2 is the number of levels (upper and lower) of
independent variables; 4 is the number of independent fungible variables.

This plan allows for all possible unrepeated combinations of levels of
independent variables, each of which is forced to vary at two levels.

To simplify the calculations, the independent variables were coded by the
transformation formula :

z == ()

The size of the lower and upper level and, respectively, the size of the
variation step for each variable had the following values:

— H: X1,= 0,8:10° A/m, X1~ 1,3-10%° A/M, Ax1= 0,25;

—f: X2,= 5 Hz, X2,= 10 Hz, Ax,= 2,5;

— Co: X3, = 6 %, X3, = 10%; AX3 = 2;

— 04 X4n=15,1-108 Pa, X4 = 6,3-108 Pa, Axs = 0,6.

Each row shows the levels of values of the variables that have been assigned
to a particular point in the factor space.

The coefficients of the interproximal function were determined by the
formula:

Zﬁz: CimMm
Mathematical model of dependence of machining capacity on parameters of
change of magnetic field strength x1 (H), pulse frequency x. (f), cobalt content in
hard alloy xs3 (Co), hard alloy strength limit x4 (o4) according to results of
conducted test can be written in the form:

y=2,795+0,828z; + 0,025z, + 0,358z3 + '0,369z4 — 0,00625 +

+ 0,115z¢ + 0,1262z7 + 0,016zg +0,02729 — 0,148210 — 0,11721; +
+ 0,145212 — 0,102213 — 0,019214 — 0,049215 . (9)
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Conclusions

1. It has been established that the use of pulse magnetic field machining
improves the optimum resistance by a factor of 1.4-2.

2. For tools, which work in conditions of heavy cutting, use of pulse
magnetic field machining promotes increase of optimum feed by a factor of 1,15-
1,3 times.

3. Using the factor analysis of 24, type, the dependence of machining
productivity of cutters, which are reinforced with MPMF, from intensity of
magnetic field H, hard alloy strength limit ov, cobalt content in hard alloy Co,
pulse frequency f was determined
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BixTop KoBansos, ['amaa Kinmvenko, SlHa Bacumsuenko, Makcum [lanoBaios,
Oumecst AHntudeposa, Irop Maticekux, Kpamatopcek, Ykpaina

PE3YJBTATHU NPOMUCJJIOBUX BUITPOBYBAHb
TBEPJOCIIVIABHOI'O PI3BAJIBHOI'O IHCTPYMEHTY
OBPOBJIEHOT'O IMITYJIBCHUM MAT'HITHUM ITOJIEM
I BIIVIMB HA NIIBUIEHHA E@EKTUBHOCTI ITPOLLECY PI3AHHS

AHoTauisi. [locmasneno, nayko6o 06IpyHmMosano ma UpiweHo 3a60anHs NiOGUWEeHHs eheKmueHoCmi
00poOKU Oemaneli HA 6ANCKUX BEPCAMAX WIAXOM 3MIYHEHH MBEPOOCHIABHO20 THCIMPYMEHMY
00pobkoio imnyabchum macuimuum noaem (OIMII). [Jocnioxceno 3Hococmitikicms meepooCniagHux
pizanvhux incmpymenmis, smiynenux OIMII, 3 euxopucmannsam memooie gpopcosanux sunpodyéans ma
MOOeN08aHHs. npoyecy pizanHsa. Bemanoeneno mexawizm 3minu enacmugocmeti meepoo2o cniasy nio
BNAUGOM IMIYILCHO20 MAZHIMHO20 NOJA. Buséneno ocCHO6HI YUHHUKY, WO 6NAUBAIOMb HA 3MIHY
3HOCOCMIUKOCMT MEEPA020 CHAABY NIO BNIUEOM IMIYIbCHO20 MAZHIMHOZ0 NOJIA.
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Jocniooceno  enaue  0O6pobKu  IMAYIbCHUM — MASHIMHUM — NOJeM HA  NPAYe30amHicmb
MBepOOCHAABHO20 PI3ANLHO20 THCIMPYMEHNY Y UPOOHUYUX YMO6ax. Bcmanoeneno ennus 3acapmyeanis
Ha NpOOYKMUBHICMb, 8apmicmy ekcniyamayii ma iHcmpymenmanvHi eumpamu. IIpoeedeHo oyiHKy
eghexmusHocmi  0OPOOKU  Memanis pi3aHHAM 30 YIIbOBUMU PYHKYIAMU, WO XAPAKMEPU3VIons
npodykmusHicme Q, cobisapmicmv C i iHCmpymMeHmanvHi eumpamu S 8 3a1edcHocmi 8i0 cmiukocmi
iHCmpymenmig 1 peoicumie pisanHs. YV yux QYHKYIAX 8paxosyeanocs makodlc 6niu pPOo3CIiH6AHHS
cmiiikocmi incmpymenmis. Oyinka epekmugHocmi 0OpoOKU MEeMAnie Pi3aHHAM 003600UNA 6CIMAHOBUMU
NIOBUWEHHS. ONMUMATLHOT cmitikocmi incmpymenmis, 3miynenux OIMII 6 1,4-2,5 pasu, a makodc
damu  nNpaKmuyHi peKoMeHOayii w000 BUHAYEHHs ONMUMaibHoi nodaui. Buxopucmogyrouu
pesybmamu  UPOOHUYUX GUNPOOY6AHb, HA OCHOGL NPUHYUNIE CUCIEMHO20 NIOX00y NpedcmagneHo
830€MO36'130K napamempie Mexaniunoi 06podku i egexmusHocmi GUPOOHUUO2O0 npoyecy npu
suxopucmanti OIMII. Po3pobieno cmamucmuyny mMooeib, wjo 003605€ GUSHAUUMU NPOOYKMUBHICMb
MeXaniyuHoi 0OpoOKU 3aNedcHO GI0 8IACMUBOCHEl THCMPYMEHMANIbHO20 Mamepiany ma napamempis
00pOOKU  IMRYIbCHUM MaHIMHUM nofem. Ilicist oyinku KoperayiiHux GiOHOWeHb 304 OONOMO2OH
NOBHO2O (PAKMOPHO20 eKChepUMeHmy 0VI1d BU3HAYEHA 3ANeNHCHICMb NPOOYKMUSHOCMi 00poOKU
SMIYHEHUMU PI3YAMU 8I0 OOMIHYIOUUX YUHHUKIG: HANPYICEHOCTI MASHIMHO20 NOJIL, MEJCI MiYyHOCMI
meepoo2o Cniasy, 6Micny Kobambmy 6 meepooMy CHAAsI, Yacmomu iMHYAbCI8, AKA MA€ NPAKMuYHe
3aCmocysantsi.

Kuro4oBi ci1oBa: 06pobdaenHs iMnyibCHUM MASHITMHUM NOJEM; MEEPOOCHIAGHUL IHCIMPYMEHN, 6AHNCKULL
gepcmam; GUPOOHUYI GUNPOOYBAHHA, CMINKICMb, HANPYIICEHICMb MACHIMHO20 NOJA; Yacmoma
IMRYCI8; NPOOYKMUBHICTb.
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DIGITAL TWIN TECHNOLOGY
IN LOGISTICS LITERATURE REVIEW

Abstract. The digital twin has been released in a number of industries that include logistics as well,
with the creation of new research areas. To find the research area, a complex literature analysis is
required. At present, publications in scientific journals and publications on the Internet are more
important than print-based literature. Because of this, you can get huge results with a single search. It
is important that you can analyze these databases well. One method of this analysis is systematic
literature review.

Keywords: digital twin; logistics; systematic literature review.

INTRODUCTION

Today, we are living in a digital revolution. In this way, digitalisation has
transformed jobs, skills and the relationship between employer and employee.
Most people live in a digital environment, so it’s important to make full advantage
of it. Digital transformations have many benefits, even in longer term. One of the
most significant inventions of the 4th Industrial Revolution was the digital twin.
This technology will be presented in the publication, such as its concept, version,
and options for its application.

We analyze the research of the digital twin so far with a systematic literature
review. This method is essential for analyzing published article’s results. To
analyze the success of the topic area, we create an annual chart of the publications
published. For this, we define several keyword search methods as well as a
combined search. The results are summarized to illustrate the results.

The purpose of the publication is to analyze them after a literature review.
Highlighting the digital twin application in the field of logistics.

MEAN FEATURES OF DIGITAL TWIN

The digital twin is a virtual version of an object or system that spans its
lifecycle, contains real-time data and uses simulation, machine learning. With
digital twin the decision making is easier. The digital twin is the creation of a
complex virtual model that is the twin sibling of a physical object. The digital twin
is a vital tool for understanding not only the performance of the current product but
also its future state [1].

The implementation of digital twin technology is possible with the Internet of
Things as well as data analysis. As a first step, they create a mathematical model

© H. Matyi, P. Tamas, 2021
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that properly simulates the original. Secondly, it has to be sure that the virtual
model recieves feedback from the sensors that collect data from the real version.
This allows the digital twin to show what happened to the original version in real
time. The digital twin can be used in conjunction with a prototype to provide
feedback on the product during development [5].

There are two versions of the digital twin. A digital twin prototype, which
contains information that can be used to describe a real product. These can be the
manufacturing process, 3D modell, bill of materials. The other version is the digital
twin instance, which is a virtual product linked to a physically existing product. It
contains the geometric data of the real object, 3D model, parts list, maintance
results and information [2].

The application of the digital twin depends on which stage of the product
lifecycle it models. They can be used in three main parts. These are product
development, manufacturing and product design and the third one is the
performance increasing. Using a digital twin, you can effectively design a new
product. The twin allows you to virtually check the performance of the product,
making visible how it affects the physical word. In this case, a virtual-physical
connection is created that allows you to analyze how a product performs under
different conditions. This reduces the need for multiplie prototypes. The use of
digital twins can be analyzed by manufacturing and product design before
production begin. If more digital twins are created from all production facilities,
production can be further optimized. The digital twin created to increase
performance generates a huge amount of data, analyzing this data from operating
plants, help decision making [17].

METHODS OF LITERATURE REVIEW

Nowadays, publications in scientific journals and publications on the Internet
are gaining prominence. Because of this, with one single research could give a
huge amount of results. The disadvantage of this is you may encounter
inconsistencies and information that may make the content unusable[10].

The systematic literature review is a high level, comprehensive study of a
scientific methodology that summarizes and analyzes all the existing research
findings on a given problem [6].

A systematic review of the scientific literature in a given field is improtant to
indentify research questions and to justify future research in that field. This is a
compley process, so it is important to know the right databases to conduct research
[3].

APPLIED METHODOLOGY

We did the literature review using Systematic Literature Review (SLR)
method. In practice, the usefulness of a research is mainly determined by its
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prevalence, not its print appearance. The SLR contains documentation of all
methods performed [8].

Traditionally, literature reviews present research results in descriptive or
narrative form. A good narrative presentation provides the reader with a
comprehensive presentation of the various views of a discipline, including its key
methodolodies and theoretical traditions. Denyer and Neely (2004) stated that
reports about systematic reviews should include a section on the methodology used
and provide an accurate description of the course study. In their view, this mainly
necessary so that all decisions are taken in a transparent manner [4].

The aim of our work is to make a transparent scientific presentation of the
topic, minimizing bias, through an extensive search for published studies, mainly
in English and Hungarian. The goal of the publication is to create a reliable
knowledge base.

SLR alone is already a scientific research, although it does not require a
laboratory experiment, but involves preliminary design and application of the
method [8].

Systematic literature review consists of the following steps: [10], [15]

1. Defining research questions (Who has done something so far? Who did

the research or published it first?

2. Discover related literature, primarly using online databases.

3. Reduce results, select relevant publications and determine the main
research direction by reading them (determining extra keywords, based on
authors, date, etc)

4. Development of a method for processing and analyzing publications.

5. Formulation of major scientific breakthroughs and results.

6. Identifying a scientific gap or bottleneck.

Based on these steps, the following sections can be determined. First, we
identify keywords related to digital twin technology. Then, we select databases in
which publications can be searched in this regard. We will then gather the
information for the relevant articles. [13].

The purpose of this publication is to present the research topic and literature
sources using the Scopus, Web of Science and ScienceDirect databases.

DATABASES

We did our research in 3 databases. On Scopus, Web of Science and
ScienceDirect. The keywords we searched for were the same in all three databases.
When analyzing the literature, the first keywords were the followings, and their
most important combinations:

. Lartificial intelligent”
o ,digital twin”
. ,.digital twin technology”

15



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 95

. logistics”
o ,packaging”
. transportation”

The search was conducted primarly with the words artificial intelligence,
digital twin and digital twin technology. We first performed each field and then set
a filtration search to title, abstract, and keywords. It is important to note that the
analyzes were performed on 18th of November, 2021., since then more
publications may have appeared. The time interval was narrowed from 2000 to
2021.

Table 1 summarizes the datas.

It is clear from the table that there is a growing number of publications in the
subject area. It can be observed that most of the publications are in the Scopus
database, then in the ScienceDirect and finally in the Web of Science database.

Subsequently, we also performed a combination search in the Scopus and
then in the ScienceDirect database. The combined search in the Scopus database
did not get any results. The combination keywords are:

o digital twin” AND ,logistics” OR ,digital twin technology” AND

,logistics”

e digital twin” AND ,logistics” AND ,packaging” OR ,digital twin

technology” AND , logistics” AND ,,packaging”

o digital twin” AND ,logistics” AND ,transportation” OR ,digital twin

technology” AND , logistics” AND ,.transportation”

Than, we did a combine and filter research. The results is shown in a chart of
the number of publications published per year.

The first search combination ,,digital twin” AND ,,logistics” OR ,,digital twin
technology” AND ,,logistics” we got 855 publication results at the end of 2021. Its
annual analysis is shown in the following figure.

digital twin> AND ,.logistics” OR ,,digital twin
technology” AND ,,logistics™
500
400
300
200
100

No. of publications

0 & > g g >
2011 2013 2015 2017 2019 2021
Years

Figure 1 — ScienceDirect combined search results 1. (own editing)
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Table 1 — Searched datas (own editing)
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On Figure 1. an increase can be seen in the numbers of publication. The
second search combination is ,digital twin” AND ,logistics” AND ,packaging”
OR ,digital twin technology” AND ,logistics” AND ,packaging”. The word
»packaging” related to my research topic was also included. There are 270 results
for this. The results of the annual analysis are shown in Figure 2.

Another area of my research topic is transportation and the digital twin. So,
we did the next combined search with these words ,,digital twin” AND ,,logistics”
AND ,transportation” OR ,digital twin technology” AND ,logistics” AND
Htransportation”. This search combination resulted in 389 publications by 2021.
The results are shown in Figure 3.
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,,digital twin” AND ,,logistics” AND ,,packaging”
OR ,.,digital twin technology” AND ,,logistics” AND

»packaging”
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Figure 2 — ScienceDirect combined searched results 2. (own editing)
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Figure 3 — ScienceDirect combined search results 3. (own editing)

DIGITAL TWIN TECHNOLOGY IN THE LOGISTICS LITERATURE

Digital twin technology has already appeared in many industries. With
artificial intelligence and digital twin technology, an intellignt model can be
created throughout the supply chain. Using virtual reality creates a better option
that helps with various tasks such as vehicle loading [9], [12].

The operation and optimization of complex production and logistics
enterprises is driven by actual data and simulation, and therefore requires a multi-

18



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 95

faceted decision-making approach. Digital enterprise systems are complex, so the
optimal solution may vary depending on the current situation. In decision making,
the digital twin concept can be properly applied, covering the entire lifecycle of a
device or process by forming a closed chain [11].

One of the main challenges in digital twin technology is making real-time
decisions. The object must be constantly tracked and monitored. The Internet of
Things also helps to make real-time decisions in logistics network by calculating,
analyzing and optimizing real-time data. [7].

In our opinion, there is a huge potential for the application of digital twin
technology in logistics. In our view, the two most important areas will be packaing
development as well as transportation development.

DIGITAL TWIN TECHNOLOGY TO IMPROVE PACKAGING

Product and packaging data helps companies increase efficiency, such as
optimizing packaging selection and container loading. Expensive and fraigle
products, such as pharmaceuticals and electronic components are shipped with
sensors that monitor the temperature, the spatial orientation of the packaging,
shock and vibration. The latest version of this type of equipment includes sensors
that continuously transmit data during cargo transportation [16].

One-used packaging has long been a threat to the environment, especially
food packaging. By using the digital twin, errors can be easily filtered out by
designing and then testing the packaging in digital space. Today, more and more
companies are using biodegradable or reusable packaging. The digital twin can be
used to monitor reusable container fleets and their damage [14].

DIGITAL TWIN TECHNOLOGY TO IMPROVE
TRANSPORTATION

Reusable containers are the standards for the logistics industry. These include
reusable crates between standard ocean-going conatiners, aircraft, auto parts
factories and containers for food and beverages to retail stores and end users. It is
difficult to track such containers. Companies must not only control the movement
of containers, but also check for the presence of any damage or contamination that
could endanger future shipments. Using digital twin, collecting and analyzing all
the data helps the decisions maker make the optimal decision. It also identifies
problems such as rough handling of the container and lack of it. The next step in
developing transportation by the digital twin is to include the contents of a package
or container in the digital twin. The digital twin pair of the shipment will act as a
repository for the data collected by sensors. [16].
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SUMMARY

The article introduces the concept of the digital twin, digital technology, and
the history of the development of technology.

During a review of the history of literature, articles on the publications
published so far, with the search words artificial intelligent, digital twin and digital
twin technology were summarized.

The digital twin has already achieved huge success in many areas, but has not
yet reached its full potential in logistics. In this publication, we have presented the
application of the digital twin in logistics.
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TEXHOJIOT'IA «DIGITAL TWIN» (HU®POBOI'O ITPOTOTHUILY)
Y JOTr'ICTull B JITEPATYPHOMY OI'JISAAI

Anotauist. [Jupposuil 0siliHux 6y6 sunyujeHutl y HUsYi 2any3eil, 6KIo4aiouu 102iCMUKY, 3i CIMEOPEHHIM
HOBUX 2any3eil 00CAIONCeHb. [l GUBHAYEHHS 2any3i O0CIIONCEHHS HeODXIOHO NPOBeCmu KOMNIEKCHULL
ananiz aimepamypu. Binvwicmo n00eil dcugymo y yuhposomy cepedosuuyi, momy 8adxiCIU60 HOBHOK
Mipolo eukopucmamu oo nepesazu. Llugposi nepemeopenns maroms 6acamo nepesaz Hagimv y
00620cmpokogiti nepcnekmugi. OOHuM i3 HAUHAYHIWUX BUHAXO0OI6 4-I npomMuciosoi pesomoyii cmas
yugposuil ositinuk. L{s mexnono2is 6yoe npedcmagiena 6 nyonikayii, 6kuoyaroyu it KOHyenyirn, epcir
ma eapianmu il 3acmocysanns. Mu ananizyemo 00CniONCeHHA YuPBpPoso2o OGIUHUKA 3apa3 i3
cucmemnum o2ns00m aimepamypu. Lleit memoo € eadxciusum 015 aHanisy pe3yiomamis onyonikoeaHoi
cmammi. ILJo6 npoananizysamu YCniwHicms MeMAMudHol 2anysi, Mu CKIAOAEMO piuHuil pagix
onybnikosanux nyonikayii. I momy mu 6UHAUAEMO KilbKa MemMOoOi6é NOULYKY 34 KIIOYOBUMU CTIOBAMU, |
Hagimy KoMOIHOganuil nowlyk. Mema nawoi pobomu - 3podumu npo30py HAYKo8y Npe3eHmayilo memu,
MIHIMI3YIOUU  YNnepeodiceHicmy, 3a  00NOMO20K) WUPOKO20 NOULYKY ONYOIIKOBAHUX OOCHIONCEHD,
nepesasicHo amenilicbkoio mosoio. Mema nyonikayii — cmeopumu Haditiny 6asy sHamne. Mu nposenu
docnidocennss y mpbox bazax oanux. Y Scopus, Web of Science ma ScienceDirect. Knouosi cnosa, siki
Mu wiykanu, 6yau 0OHaKosumu y 6cix mpoox baszax oanux. ITowyk nposoouscs 6 OCHOBHOMY 3d C1O8AMU
WMyyHUll  IHmenekm, yupposuil O08IIHUK mMa MexHoNo2is yugpposozo ositnuka. Poboma ma
ONMUMI3AYIST CKIAOHUX GUPOOHUNUX MA JOICMUYHUX RIONPUEMCIG GUSHAYACMbCS  (DAKMUYHUMU
QanumMu ma MOOeNOBAHHIAM I, omdice, nompebye 6azamozpanHo2o nioxo0y 00 NPULHAMMS PileHb.
Lughposi kopnopamueni cucmemu CKIAOHI, MOMY ONMUMALbHE DIUEHHS MOJiCe 3MIHIOBAMUCH 6
sanexcnocmi 6i0 nomounoi cumyayii. Ilpu nputinammi piuieHb KOHYenyis yughpoeoeo O8IHUKA Modce
Oymu HAeHCHUM YUHOM 3ACMOCOBAHA, OXONIIOIOUU BeCb JCUMMEGUL YUK NPUCmpolo abo npoyecy
ymeopioiouu 3amKHymuil ianyroxcok. Ha naw noenso icuye eenuuesnuii nomenyian Oisi 3aCmocy8ants
mexnono2ii yugposux 0giunukie y nocicmuyi. Ha naw noenso, 06oma HAU8ANCIUSIUMUMU HANPAMKAMU
0y0ymb pO36UMOK YNAKOGKU MA PO3GUMOK MPAHCROPIMY.

Kaio4uoBi c1oBa: yugposuii 06itinuk; 102icmuka; CUCMeMHULl 0271510 Timepamypu.
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USING THE SLP METHOD IN THE DESIGN
OF FLEXIBLE MANUFACTURING CELLS

Abstract. Flexible manufacturing systems are becoming increasingly important as customers
increasingly want customized products. Also, the trend of the product life cycles to become shorter and
shorter causes the proliferation of flexible manufacturing systems. Proper layout is key to making the
manufacturing system truly flexible. Novel research and this article show how the Systematic Layout
Planning method can be applied to the design of flexible manufacturing systems and, going further, how
the design process can be supported by manufacturing process simulation.

Keywords: systematic layout planning; simulation; flexible manufacturing systems.

1. INTRODUCTION

The essence of flexible manufacturing is adaptability - that is, the ability to
adapt to changes in product requirements without compromising quality. The
Flexible Manufacturing System (FMS) is the manufacturing method that helps to
achieve this and can reduce the production time and the number of resources
required.

Flexible production systems need to be designed to adapt to changes, such as
small (or significant) changes in a product, the addition of production volumes or
completely new products. This, of course, requires automation of key
manufacturing processes in these systems, including machining and assembly,
loading and unloading, and data processing. Because the system is automated, it
relies less on human power than traditional manufacturing methods. The Flexible
Manufacturing System consists of two to ten machines, including processing
workstations and parts management capability [1], [2].

In the case of flexible production systems, it is very important to minimize
losses as even the smallest loss per piece becomes a significant loss due to the
large number of pieces. The seven main losses in lean are excess activity, handling,
inventory, transportation, waiting, overproduction, and scrap. Four of these losses
are due to improper layout design; they are inventory, shipping, waiting, and
overcapacity as these are directly related to layout design.

2. SYSTEMATIC LAYOUT PLANNING FROM FMS VIEWPOINT

One of the most common and accepted methods of layout planning is
Systematic Layout Planning (SLP), developed by Richard Muter in the 1960s.

© Z. Molnar, P. Tamas, B. Illés, 2021
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Systematic Layout Planning is a comprehensive layout planning method that can
be used to plan the layout of entire factories, taking into account the material
transport and material supply and also the parameters of each machine group [3].
Systematic Layout Planning is mainly used for large projects. It divides layout
design into four main parts and defines activity points that determine how material
flows in a production area in manufacturing. Depending on the level and depth of
the design, an activity point can be a department (e.g. a machining plant) or even a
machine (e.g. a CNC milling machine).

For layout planning of smaller projects, such as the layout of a specific
department or even a group of machines, Systematic Layout Planning has a
simplified version called Simplified Systematic Layout Planning [4]. This
methodology can work well for smaller projects where the material flow is less
dominant, but the placement of individual devices and equipment is more
important. These can be offices, laboratories, tool storage, maintenance plants, but
also flexible production systems.

The method is based on three things that define each layout:

o the relationships between each item

o the space requirement, ie how much space is needed for a given
department or machine

o the exact location of the machines of each department, ie where the
equipment and machines will be located within the given space on the
final layout.

Both Systematic Layout Planning and its simplified version work with 5 basic
parameters:

o the product,
the quantity,
the process,
the supporting services and
the timing.
For simplified layout design, we have 6 steps:
charting the relationships
establish space requirements
diagram activity relationships
draw space relationship layouts
evaluate the alternative arrangements
detail the selected layout plan.

In the first step, we create the connection graph, which is a graph that
determines the importance of the connections between each piece of equipment.
The importance can be divided into six categories, from what must be next to each
other, all the way to the distance between machines is unimportant (Figure 1).

o~ E
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100 m2 1-TURN1
80 m2 2 - DRILL
120 m2 3 - QUALITY CHECK
80 m2 4 - TURN2
120 m2 5 - GRIND
STEP 1,2 STEP 3

Figure 1 — The first three steps of the Simplified Systematic Layout Planning

L .
7
STEP 4,5 STEP 6

Figure 2 — The last three steps of the Simplified Systematic Layout Planning

In addition, the graph can also be used to indicate the reason why we decided
to classify the distances of the two machines and equipment into the given
category. Such reasons can be, for example, material flow, maintenance or quite
simply a practical reason why it is worth keeping two devices close to each other.

The second step is to specify the space requirements for specific departments
or specific equipment. The calculation of space requirements shall consider not
only the space directly required by the machinery but also the space requirements
around it which belong to the same category or to the same machinery. For
example, if a container or a buffer is required for a given machine, the space
requirement for that machine must also be included in the machine's space
requirement. Separate storage areas should be included in the graph as separate
units (Figure 1).
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The next step is to draw a graph of activity relationships that shows how
important the relationship is between each machine. This can be represented in a
graph where the required proximity is typically represented by one, two or three
connecting lines (Figure 1).

We can supplement the graph made here with the need for space, as we can
draw the size of the required space for each activity point. Regarding the size of the
space required, it is worth examining the extent to which it’s possible to deviate
from the size of the space requirement on the one hand and its proportions on the
other. In some cases, an elongated shape is required, whereas, in other cases the
proportions of the rectangle determining the space requirement can be changed
(Figure 2).

As a result, multiple layout variations can be created that need to be
evaluated. Evaluation considerations go beyond simple layout design and may
consider parameters that include economics or other practical considerations. Such
parameters may include the logistics of the material supply, adaptability within the
existing structure, costs, constraints due to the characteristics of the building, and,
for example, maintainability or cleanability (Figure 2).

Based on these, the final so-called block layout can be selected, which must
be detailed in the last step. During the detailing, the machines and the parameters,
storage devices and other objects that are important for the given activity point and
that determine its operation, must be drawn (Figure 2).

In the case of flexible manufacturing systems, it is important to highlight that
of the five basic parameters, product, quantity, and routing can change quite often.
It is also important to see that the life cycle of flexible manufacturing systems can
be extended, in most cases with the introduction of a new product, which means
that the system must be prepared for the introduction of new elements and new
machines during its life cycle.

3. SAMPLE APPLICATION OF THE METHOD

Apparently, this framework provides an easy-to-use and easy-to-understand
method for designing production layouts and, as such, can be used for flexible
production systems [5], [6].

Figure 3 shows an example of a simple flexible manufacturing system that
examines the use of Systematic Layout Planning in a simulation environment.
Digital manufacturing support was used for the Plant Simulation discrete event-
based simulation system.
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Figure 3 — Simple flexible manufacturing cell layout in simulation environment

The arrangement shown in the diagram produces two products. The
technological parameters of the two products are different, the production times are
different on each machine and the routing of the two products is also different.

Luing

QualityCheck

Figure 4 — Material flow by product between the activity points

In the first step, the machining machines are included in the simulation and
the parameters that determine the material flow between them. After examining the
material flow, it is clear which machine has the strongest material flow, so it is
worth placing them as close as possible to each other (Figure 4).

In the next step, different layout variations can be created that can
increasingly approach the solution that may work best in terms of space utilization
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and technological feasibility. Once the location of the machines has been
determined, we must also ensure that the material flows between them, so that the
equipment needed for the material flow can operate. A minimum distance must
also be defined between the production stations of the various machines and
stations.

There are various possibilities for realizing the flow of material between the
machines, such as the conveyor track but also the AGVs (Figure 5) [7], [8].

Figure 5 — The first three steps of the Simplified Systematic Layout Planning

Not only do the technological parameters play an important role in the final
selection but also, for example, the size of the investment costs, so in the end we
decided on the conveyor solution. The final layout ensures that the production
system is flexible and complies with the Systematic Layout Planning methodology.

4. SUMMARY

In this article, we examined how a layout design methodology can be used to
design increasingly flexible manufacturing systems today. Scaling down the
methodologies used to design larger layouts provides a useful solution. Also,
during layout design, the steps were well defined and can be mapped well in a
discrete simulation environment. The model, which was created in the simulation
environment, made it very easy to understand and interpret the layout design
parameters and results.

The combination of the systematic layout planning methodology with discrete
event-driven simulation, enabled efficient and highly productive layout design.
Further steps in the research are aimed at automating the design methodology to
the highest possible level.

References: 1. Tamds, P.: Application of value stream mapping at flexible manufacturing systems Key
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XKont Monsnap, [lerep Tamar, bena Itenr, MinrkossI, YropiiuHa

BUKOPUCTAHHSA METOAY CUCTEMHOI'O IINTAHYBAHHS
POSMIINEHHSA OB’E€EKTIB ITPU TIPOEKTYBAHHI
T'HYYKHUX BUPOBHUYHUX OCEPEJIKIB

AHoTauis. [HyuKki 6UpOOGHUYI cucmeMu CMawmv 6ce OilbUl BANCIUBUMU, OCKIIbKU KIIEHMU 6Ce
yacmiwe 6adcaroms  IHOUBIOYANi308aHUX Nnpodykmis. Kpim mozo, meHOeHyisi 00 CKOPOYeHHs
HCUMMEBUX  YUKNIE NPOOYKMIE BUKIUKAE NOWUPEHH 2CHYYKUX 6upobHuyux cucmem. Ilpasunvhe
KOMNOHYBAHHS - KIIOY 00 CNpasoi eHyuKkol eupobnuuoi cucmemu. Hosi docniodcenns ma ys cmammsi
noKazyioms, AK Memoo NIAAHYBAHHA CUCTNEMHO20 KOMNOHYBAHHA MOdice Oymu 3acmocoéanuil 00
NPOEKMYBAHHA 2HYUKUX GUPOOHUYUX CUCMeM md, HAOAni, 5K Npoyec NPOEKMYBAHHS MOdice
niOMpuMysamuce MoOemno8aHHaM eupobHuw020 npoyecy. Cucmemme niaHy8aAHHA MAKEMA NEPEBANCHO
BUKOPUCIOBYEMbCS Ol BEIUKUX NPOeKmi6. Bin Oinumb npoexkmyeanHs KOMNOHYBAHHA HA HOMUPU
OCHOBHI YaCMuHU MAa 8U3HAYAE MOYKU OISILHOCIIL, WO BUSHAUAIOMb PYX MAMePIanié y 6upoOHUHill 30HI
npu eupobnuymsi. Jlns naanyeanHs KOMNOHYBAHHA HEGEIUKUX NPOEKMiB, MAKux sK KOMNOHYEAHHS.
KOHMKpemnozo 6iooiny abo nagime epynu mawun, y Systematic Layout Planning € cnpowena sepcis, sxa
Hasuseacmoca «Cnpowene cucmemne NIAHYBAHHA KOMNOHY8awHay. Lla memoodonozis modce dobpe
npaylosamu O HeGEIUKUX NPOEKMIE, de Mamepianbhuti NOmik MeHul OOMIHYIOUUl, ane pO3MilyeHHs
OKpemux npucmpoie ma obraOHanHA eadciusiuie. Y pasi 2HyuKUX UPOOHUYUX CUCIEM 6AHCIUEO
Hazonocumu, wo 3 N'SMU OCHOBHUX RnApamempis, NPOOYKM, KIIbKICMb Ma Mapuipynm MOJiCynb
3minto6amucs docums yacmo. Taxkodc 6axncaugo bauumu, wjo JHCUMMESUN YUK SHYUKUX 6UPOOHUYUX
cucmem modice Oymu npoooeuceHull, y OiTbuocmi GUNaoKie i3 3anposadI’CeHHAM HOB020 NPOOYKNLY, WO
03HauAE, Wo cucmema mMae Gymu nio2omosneHa 00 6NPOBAOHCEHHS HOBUX eleMEeHMI8 Md HOBUX MAUUH
npomsazom il ocummegoco yuxiy. Y yiti cmammi  Mmu  po3ensAmyau, K CbO2OOHI  MOJICHA
BUKOPUCINOBYBAMU  MEMOOON02II0 MAKeMY6anHs 0N NPOEKMY8anHs Oinbul SHYYKUX BUPOOHUYUX
cucmenm. [lo€OHaHHs ~MemMOOONO2ii  CUCMEMHO20 — NIAHY8AHHS. KOMNOHYBAHHA 3  OUCKDEMHUM
MOOeN08aHHAM, KeposanuM noodiami, 3a6e3neuuno eghpekmushe ma 6UCOKONPOOYKMUBHE NPOEKNYSaAHHSL
xomnonyganns. Ilooanvui kKpoku y 00cniodcenti 6yO0yms cnpamo8ani Ha agmomamu3ayilo Memooonoaii
NPOEKMYBAHHS MAKCUMATILHO MONCIUBO2O PIGHSL.

Kurouosi ciioBa: cucmemne naanysanns KOMNOHYBAHHA, MOOENIOBAHMNA, 2HYUKI BUPOOHUYI cucmemu.
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ANALYSIS OF THE CHANGE IN ROUGHNESS ON A FACE-MILLED
SURFACE MEASURED EVERY 45° DIRECTION TO THE FEED

Abstract. In this article, we analyze the difference (inhomogeneity) of the roughness values measured
on a nonalloy carbon steel surface milled with a parallelogram-shaped (kr = 90°) insert as a function of
the the tool movement direction and the relative position of the examining points on the workpiece
surface. The characteristic distribution of roughness and the magnitude of the deviations were
examined by measuring at selected points along several planes on a surface characterized by the
movement conditions of the workpiece and the symmetrically arranged tool perpendicular to the
machined surface, which formed double milling marks. The selected points mark the lines with specified
inclinations with respect to the feed direction, and their measured values were compared. In these
directions, the magnitude of the difference in roughness measures was obtained.

Keywords: face milling; surface roughness; distribution of roughness.

1 INTRODUCTION

Face milling is one of the most widely used methods in the industry for
machining flat surfaces, due to its high productivity, the high quality surface available
and the wide use of the parts machined in this way. One of the conditions for achieving
good quality is to create a topography that meets the operational requirements.

For cutting with a tool having defined edge geometry, a periodic topography is
obtained, while for a cutting with an abrasive tool, a random topography is created. The
theoretical impression of a tool edge having defined geometry is determined by the
cutting edge angles and the magnitude of the feed rate used, measured in the tool
reference plane. The more complex the motion conditions are (and the more the chip
cross-section changes) in the chip removal, the more varied the theoretical profile will
be, so it is justified to analyze the surface topography and explore its characteristics.

Various surface textures are created under different geometric and kinematic
conditions, for which the standard ANSI Y14.36-1978 [1] also shows an example.
Unlike those examples a more complex topography is created with face milling. This
was analyzed by Kundrédk and Felh6 using a method based on CAD modeling [2],
showing how to determine the roughness characteristics of the theoretical surface of
a tool having defined edge geometry and the possibility of estimating and designing
the desired roughness values. The significance lays in the fact that the theoretical
roughness values of the face milled surface can be determined in directions other
than the feed, as well as at any point on the surface. By using this, it was shown by
measurements at three different locations that the roughness of the face milled
surface varies from position to position [3].

©A. Nagy, J. Kundrdk, 2021
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In another of their articles [4] they described a method for describing the
relationship between theoretical and experimental roughness indices using a defined
edge geometry tool (stationary and rotary tool).

Felho et al. [5] presented an analytical model and a test method for inserts with
two different edge geometries to estimate surface roughness values in advance.

Arizmendi et al. developed another method for creating face milling surface
topographic models. In one of their articles [6] the model was developed by analytical
prediction of surface topography. This allows simulation analysis of roughness profiles
created in different planes of the workpiece surface.

The values of experimentally determined roughness parameters are influenced by
several factors in addition to the determinate characteristics of the theoretical values,
the effect of which is widely studied. Chuchala et al. [7] studied the effect of the depth
of cut and the number of passes on the roughness on an aluminum alloy, which was
measured symmetrically arranged along the path of the milling tool axis. There was a
difference in the nature of the changes in the values of the 2D and 3D roughness
parameters. Furthermore, it was found that the average values of the roughness
parameters were the highest on the surface part produced by down-milling.

Pham et al. [8] examined the contact length between the tool edge and the chip,
the amplitude of the workpiece vibration, and the average roughness in face milling
with a carbide insert on A6061 aluminum alloy. The results showed that the contact
length, the degree of vibration and with it the roughness decreased with increasing
cutting speed, while they increased with increasing feed rate and depth of cut.

Gocke [9] studied the effect of cutting speed and feed on surface roughness and
tool wear in the face milling of martensitic stainless steel. It was found that the
roughness is mainly affected by the feed and the wear by the cutting speed. Their
intensity and nature differed for different inserts.

Bruni et al. [10] analyzed the effect of the lubrication-cooling condition on the
roughness on stainless steel, considering the cutting time. It was found that in the case
of wet cutting and MQL technique, the roughness decreased with time, while in the
case of dry machining it increased slightly.

Sai et al. [11] optimized the cutting parameters to achieve the least roughness in
up-face milling, during which the optimal cutting speed was determined.

Pimenov et al. [12] studied the effect of the relative position of the workpiece and
the milling tool on the surface roughness. It was found that from the machined surface
having an up-milled dominant part to a down-milled overwhelming part, the roughness
measured in the direction of the feed rate showed a gradual increase.

The above analysis also shows that the theoretical and the real roughness values
measured on the topographies of the machined surfaces may be different due to
additional factors influencing the cutting process. Our goal in face milling is to explore
the difference in roughness values measured at different points on the surface, in other
words, the roughness inhomogeneity of the surface. This was previously addressed by
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Nagy and Kundrak [13], where the change in roughness of the face milled surface was
investigated by roughness measurements parallel to and perpendicular to the feed
direction. In experiments it was shown that the values of the roughness parameters on
the surface vary depending on the measurement direction and location. In symmetrical
milling, the roughness values were influenced by which side of the symmetry plane the
cutting takes place on. The difference was explained by the effect of up- and down-
milling.

In this paper, we deal with the analysis of roughness values measured at points
fitted to lines parallel to the feed direction and at 45° or 90° to the direction of feed.

2 EXPERIMENTAL AND MEASUREMENT CONDITIONS

2.1 EXPERIMENTAL CONDITIONS

Machine tool: Perfectlet MCV-M8 vertical milling center

Workpiece material: normalized C45 unalloyed steel

Machined surface geometry: 58 mm width, 50 mm length

Cutting tool: Sandvik R252.44-080027-15M face milling head (D: = 80 mm)

Cutting insert: one Sandvik R215.44-15T308M-WL parallelogram-shaped
coated carbide insert (i = 90°, yo = 0°, 0o = 11°, r; = 0.8 mm)

Cooling-lubrication: with dry cutting conditions

Cutting strategy: The surface was machined to its full width with a
symmetrical setting. The edge of the tool with an axis perpendicular to the milled
surface formed double milling marks on the surface, thus the front-cutting and
back-cutting edge traces were also visible.

Cutting data: the cutting speed was v = 300 m/min, the feed rate per tooth
was f; = 0.3 mm/tooth, the depth of cut was a, = 0.8 mm

D Milled surface B
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X e - tool

Figure 1 — Analysis system of surface inhomogeneity (a),
the specimen and the measuring probe (b)
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2.2 ROUGHNESS MEASUREMENT CONDITIONS

Measuring equipment: AltiSurf 520 three-dimensional surface topography
measuring instrument, using a confocal chromatic probe (Fig. 1b)

Evaluation software: AltiMap Premium

Measurement strategy: Measuring points were recorded on an area of
40x40 mm? on the machined surface so that the corresponding points designate
defined examining planes. The position of the planes relative to the feed direction
is shown in Fig. 1a and the positions of the points are given in Table 1, where the
zero point is fitted to A3 = B3 = C3 = D3 = 3. Accordingly, line A is the symmetry
plane of the surface, where the tool axis moves in the feed direction, and the other
planes are rotated at a defined angle from A (B - 45°, C - 90°, D - 135°). At each
point, the roughness was measured parallel to and perpendicular to the feed
direction according to the requirements of 1SO 4287:1997; the measurement length
was 4 mm, and the cut-off length was 0.8 mm.

Table 1 — Positions of measurement points

Point X [mm] Y [mm] Point X [mm] Y [mm]
Al -20 0 Cl 0 -20
A2 -10 0 €2 0 -10

3 0 0 C4 0 10
A4 10 0 C5 0 20
AS 20 0 D1 20 -20
Bl -20 -20 D2 10 -10
B2 -10 -10 D4 -10 10
B4 10 10 D5 -20 20
BS 20 20

3 RESULTS

After milling the surface, the values of the roughness parameters were
measured at the given points. Arithmetic mean roughness Ra and maximum height
of profile Rz parameters are reported (the most commonly used parameters in the
industry of the indices defined in 1SO 4287). The measurements were repeated
three times at each point, and the results described in Table 2 give their arithmetic
mean.

Ri=(ZL Rij)/n (i=az) Q)

The values are summarized in Table 2 to correspond with the evaluation.
Thus, the numbering of the measuring points, except for plane A, reflects the
direction of the front-cutting movement of the tool edge in the workpiece. The
calculation of the average values over the whole surface is given by Equation (1),
where j = 1... n is the number of measuring points. Their results are R, = 1.154 pm,

,=15.275 um.
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Table 2 — Roughness values in the marked direction planes

Ra [um] Rz [um]
No.\Plane A B C D A B C D
1 1.10 1.56 153 | 1.50 4,94 6.84 6.77 6.50
2 1.09 1.35 1.33 | 131 4.69 5.99 5.86 5.64
3 1.13 1.13 1.13 | 1.13 4.83 4.83 4.83 4.83
4 1.05 0.77 0.83 | 0.79 4.64 4.38 4,75 4.38
5 1.01 1.06 1.13 | 1.02 4.66 5.42 5.36 5.01

4 DISCUSSION

The deviations of the values obtained at the measurement points from the
total average are analyzed as given in Equation (2), where j = /... n is the number
of measuring points. These are summarized in Table 3. The deviation values are
plotted in bar graphs (Fig. 2) to assist in the evaluation method.

!_'IRE-ZREJ—RE' (iZR,Z) (2)

Regarding the values of the deviations, it can be said that the parameters R, and
R, show the same nature for a given plane. Since the values in the planes B and D,
which are symmetric to plane C, have nearly the same values at the same point number,
it can be concluded that one direction is sufficient to be chosen in order to characterize
the roughness of the surface in the 45° direction with minimal deviations.

Table 3 — Deviations of roughness values from total average values

ARa [um] ARz [pum]
No.\Plane A B C D A B C D
1 -0.06 0.40 0.37 0.35 -0.33 1.56 1.50 1.23
2 -0.06 0.19 0.18 0.16 -0.59 0.71 0.59 0.36
3 -0.02 -0.02 -0.02 -0.02 -0.45 -0.45 -045 | -0.45
4 -0.10 -0.39 -0.32 -0.36 -0.63 -0.89 -0.53 | -0.89
5 -0.15 -0.09 -0.02 -0.14 -0.62 0.15 0.09 -0.27
The deviation values are scattered between R, = -0.39...0.4 pym and

R;=-0.89...1.56 um, which mean significant (70% and 47%, respectively)
differences. Values in plane A are close to average (the highest differences from it
are R, = 0.15 um, R, = 0.63 um), for the other planes, the values from the average
are higher at points 1, 2 on the entry side, close to it in the middle 3 points, and
smaller at point 4 on the exit side. Within a plane, the variance of the values is
maximal in plane B (ARa = 0.79 um, AR, = 2.45 um). The least deviations can be
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found within plane A (ARa = 0.13 pm, AR; = 0.3 um), in the other directions there
are differences close to the maximum. Thus, it can be concluded that large
variations in the measured roughness values are expected in any examining plane
with an angle other than the direction parallel to the feed.

Roughness [um] 1 m2 3 =4 5 Roughness [um] nl a2 3 S4 5

0.5 2.0

0.4 ARa ARz
0.3
0.2
0.1
0.0
-0.1
-0.2

Figure 2 — Magnitude of the differences in roughn ess values
in the examining planes

A relative increase in the values of point 4 is observed when the angle of the
examining plane is closer to plane C. In each plane maximal roughness values are
found in point 1 on the entry side (all the points of plane A are fitted to the
symmetry plane, so now this is an exception), and with getting further from it,
towards the exit side of the surface a decrease can be observed. However, the
location of the minimum values is not on the far exit side (at point 5). In each plane
except A it is found that the roughness values continuously decrease in the
direction of points 1 to 4, and then on the far exit side at point 5 they increase to
values that are close to the average. Also, on the entry side, the values of points 1
and 2 increase the total average, while points 3 and 4 decrease it. Based on the
latter, it can be said that the values of the amplitude roughness parameters are
higher on the entry side, where there is up-milling, than on the exit side, where
down-milling occurs.

For the values of all points with the same number, it can be seen that if planes
with angle « > (0° are considered, they have almost the same value. The common
characteristic is that the points with the given number are at the same distance from
the plane of symmetry. In this regard, it can be stated that the roughness values of a
measuring point — for the parameters R, and R, — are basically determined by how
far the point is from the symmetry plane and on which side of the surface.
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5 CONCLUSIONS

In this paper the change in roughness was examined at different points on the
topography along several analysis planes at different angles from the feed direction
on a dry face milled steel workpiece surface. At the selected points, the 2D profile
roughness was measured in a direction parallel to and perpendicular to the feed.
The findings are as follows.

On the 40x40 mm? examined area on the symmetrically face milled surface
cut with a tool having a nominal diameter of D = 80 mm, the values of the
arithmetic mean height R, and the maximum height of profile R, parameters
scattered significantly: the magnitude of them was about 0.8 pm and 2.5 pm, which
mean(s) 70% and 47% deviations, respectively. As a result, the roughness
inhomogeneity of a face-milled surface is considerable, and this needs
investigation.

Large deviations in the measured roughness values can be expected in any
examining plane with an angle other than the feed direction.

It was found that the magnitude of the roughness values depends on the
distance from the symmetry plane and the location of the point on the surface, so in a
plane parallel to the feed direction, a small deviation of the values is typically
expected.

The highest roughness on the machined surface was measured on the side of the
surface where the tool edge enters the workpiece, where the roughness values
increased the average. A minimal value was found on the exit side, where the
roughness was lower than average. The values measured on the symmetry plane were
close to the mean. With this it can be stated that for maximum values it is incorrect to
measure the roughness of the face milled surface in the symmetry plane; according to
our analysis the maximum value typically occurs on the entry side. Further studies
will focus on determining its exact location.
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Amntan Hags, Slnom Kynnapak, MimkonsI, Yropuiiaa

AHAJII3 3MIHU IIOPCTKOCTI ®PE3EPOBAHOI ITIOBEPXHI,
SAKA BUMIPIOBAJIACH B HAITPAMKY 45° 1O BEKTOPA IIOJAYI

AHoTauis. VY yiti cmammi ananisyemoca pisHuys (HeOOHOPIOHICMb) 3HAYEHb WOPCMKOCHI, BUMIDSAHUX
HA NOBEPXHI 3020Mi6KU 3 HeNe208aHOI 8yereyeeoi cmani, Qpeseposanoi niacmunor y @opmi
napanenoepama (xkr = 90°), 3anexcHO 6i0 HANPAMKY PYXY IHCMPYMEHmMy ma 6I0HOCHO20 NONOMHCEHHS
MOYOK NOBEPXHI 3A20MOBKU, WO PO321A0aiombcs. XapakmepHuil po3nooin wopcmxocmi i eenuduna
BiOXUNEHb OYIU QOCTIOINCEHT ULTSAXOM BUMIDIOBAHHS Y BUOPAHUX MOUKAX Y3008MHC OEKIIbKOX NAOWUH HA
NnOBepXHi, WO XAPAKMEPU3YEMbC YMOGAMU PYXY 3G20MOBKU MA CUMEMPUYHO DPOIMAUIOBANO20
iHCmpyMeHmy, nepneHOuKyIApHO20 O00POONIOBAHIll NOBEPXHI, AKI YMBOpIoganu NoO8iuHi criou
¢pesepysanns. Bubpani mouku eidsHauarome JNiHil i3 300AHUMU HAXULAMU NO BIOHOWEHHIO 00
HanpsAMKy nooaui, a SUMIDAHI IX 3HAYEHHs NOPIBHIOIMbCA. 3a yumu Hanpamamu 6yia ompumana
8eNUYUHA BIOMIHHOCMI Y NOKA3HUKAX WIOPCMKOCMI. YV UOpanux moukax 0yna sUMIpsSHa WopCcmKicmy
2D-npoghinio y nanpsmxy, napaniervnomy ma nepnenouKyIApHomy eekmopy nooaui. Bucnosxku maxi. Ha
docnioncyeaniii niowi 40 x 40 mm? na cumempuuno mopyeso peseposaniii noéepxmi, 06pobenii
iHcmpymeHmom  HOMiHAnbHUM Oiamempom Dy = 80 mm, 3HaueHHA napamempis cepeoHbOi
apugmemuynoi sucomu Ry ma maxcumanvhoi sucomu npoginio R, cymmeso positiwnucs: ix eeauuunu
cmanosunu npubausno 0,8 mxm ma 2,5 mrm, wo ozuauae eioxunenus 70% ma 47% eionosiono. B
pe3ynvmanti HeoOHOPIOHICb WOPCIMKOCHI] MOPYeso Gpe3eposanoi Noeepxui € 3naynolo, i ye nompebye
docnioxcenns. Benuki 6i0Xunents y GUMIPAHUX 3HAYEHHAX WOPCMKOCI MOJICHA O4iKyeamu y Oy 0b-51Kill
NIOWUHI OOCTIOHCEHHS 3 KYMOM, BIOMIHHUM 6i0 Hanpsamy nodadi. Byno euseneno, wjo éenuuuna 3naveHs
wopcmkocmi 3anexicums 8i0 6i0CMAHi 8I0 NAOWUHU CUMEMPIT Ma 6i0 NONONCEHHA MOYKU HA NOBEPXHI,
momy 8 NAOWUHI, NApAIebHill 00 HANPAMY NOOAUl, 3a36U4All OUIKYEMbCA HeeUKe GIOXUNCHHS 3HAUEHD.
Haiibinbwa wopcmxicms 06pobnenoi nosepxni 6yia eumipsiHa Ha mill cmoponi noéepxHi, de Kpail
iHCmpyMeHmy 6xo0umv y 3a20mosKy, 0e cepeoHe 3HaueHHs uopcmkocmi 30invuyemscs. Minimanone
3HAUEHHS OYNI0 GUAGLEHO HA BUXIOHIL CMOPOHI, Oe WOPCMKICHb OYIa HUNCHOI0 3a cepednio. 3nauenns,
BUMIPAHI HA NAOWUHT cumempii, 6yau 61u3bKi 00 cepeoHix. [Ipu ybomy mMoxicHa KOHcmamyeamu, wo OJis
MAKCUMATbHUX 3HAYEHb HEKOPEKMHO BUMIpIO8amu WopcmKicmy gpezeposanoi mopyesoi nogepxti 6
NIOWUHI cumempii; 32i0HO 3 HAWUM AHATIZ0M, MAKCUMATbHE 3HAYEHHs 3a36U4all CROCMEPI2acmbCsl HA
boyi exody. [lodamvwii 0ocniodcenHs OYOymb 30CepeddNceHi HA  BUHAYEHHI 1020 MOYHO2O0
po3mautyBanisl.

Kurodosi ciioBa: mopyese ¢hpesepysanns; wiopcmkicnms nogepxHi, po3nooin uwopcmrocmi.
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RESEARCH OF THE CUTTING MECHANISM
AT ELECTRICAL DISCHARGE GRINDING

Abstract. The paper presents the results of a study of the cutting mechanism during electrical
discharge grinding of hard alloys. The cutting mechanism during electrical discharge grinding was
studied using mathematical modeling. By means of geometric modeling, a method of grinding cup wear
was developed. The functional dependence of the diamonds use factor in the Kw wheel on the
technological parameters of processing, wear and tool characteristics were determined. Analysis of the
results of the study shows that an increase in efficiency at electrical discharge grinding can be achieved
by reducing the wear of S, and by corresponding variation in the concentration of diamonds and
technological modes of processing.

Keywords: mathematical modeling;wheel wear; technological modes of processing.

Introduction. Combined processing methods can improve the performance
of metal-bonded diamond wheels and expand the technological capabilities and
areas of their effective application. One of these methods is the process of
electrical discharge diamond grinding with a changing polarity of the electrodes
over time in the cutting area [1, 2].

The intensification of the process of electrical discharge diamond grinding is
carried out due to the formation of spark electrical discharges in the cutting area,
which affect the processed material and the working surface of the diamond wheel
on current-conducting bond, which contributes to the preservation of the high
cutting capacity of the diamond wheel, as well as the stability of the relief [3].

The cutting mechanism during electrical discharge grinding of hard alloys has
not been studied. In this regard, it is of interest to analyze such a process indicator
as the number of active cutting grits within the contact area of the diamond-bearing
layer with the processed surface. The cutting mechanism allows evaluating the
qualitative side of the interaction of the processed material and the cutting surface
of the tool [4]. The nature of this interaction largely depends on the technological
parameters of the process, which affect the state of the working surface of the
wheel and the surface layer of the part material.

Research Methodology. The cutting mechanism in electrical discharge
grinding is convenient to study by modeling. To study the cutting mechanism during
flat grinding with a wheel face, a geometric model of the process was chosen, and the
results obtained were refined using a mathematical model [5, 6]. During the
processing, the tool wears out in two directions: axial (parallel to the working
surface) and radial. Axial wear of the diamond-bearing layer with thickness S; (Fig.
1) runs along the surface, which is formed by the helical motion of the rectilinear
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generator, which is an instantaneous cutting edge.

In the considered case, the lines generating a set located on the processed
surface of the part will be parallel to the cutting surface of the wheel and
perpendicular to its axis. As a result, we get a surface constructed according to the
height of the diamond-bearing layer, which is a helical cylinder, obtained by the
motion of a rectilinear generator sliding along two helical lines of the same pitch S
and remaining parallel to the cutting surface of the tool.

During electrical discharge grinding, electric discharges remain in force in the
cutting area, and they occur when the interelectrode gap between the chip or metal
surface and the bond is broken. Therefore, the radial wear of the diamond-bearing
layer of the wheel with a thickness of S; is assumed to be equal to the value of the
interelectrode gap. Since radial wear occurs simultaneously with axial wear, the
wear surface takes on a curved shape created by the motion of the generator sliding
along two helical lines with a pitch S (Fig. 2).

’ S=S8, +8, \

Figure 1 — Schematic diagram of Figure2 — Schematic diagram of
the axial, radial wear of the formation of the surface of a helical
diamond-bearing layer of the wheel cylinderalong the height of the

diamond-bearing layer of the wheel

To determine the number of active Z, grits directly involved in cutting, it is
necessary to find their spatial (volume) distribution in the diamond-bearing layer.
For this purpose, a mathematical model of the wheel working surface was
developed (Fig. 3). It is based on the distribution of active grits in the volume of
the working layer with a height equal to the S; pitch, within which the total number
of diamonds Zs is contained, including active grits in the intermediate
layers Zs1, Zs»... Zs.
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As the Zs; grits wear out, the vertices of the Zs; diamonds come into operation,
and so on to the point where they are fixed in the bond. As a result of the effect of
electric discharges, the bond of the wheel wears out, another series of active grits is
opened, and the process of exposing them in the same order is repeated in the same
order by layers. If we assume that at the initial moment of cutting, the number of
vertices of active grits on the surface of the diamond-bearing layer is determined
by the function Z,=f(Z) given for a certain set of grits, then taking into account the
accepted model, the function should be continuous for other layers of the working
surface of the wheel.

Za \=f(Z)

8

Sy

S AK Z.\‘ 3

Figure 3 — Schematic diagram of the distribution of diamond
grits within the cutting surface of the wheel

This is confirmed by a well-known rule in the set theory. If Zia € Zo, and Zz, €
Z3,, then hence Zia € Zs,, i.e. this relation has transitivity. Thus, based on the
transitivity property inherent in diamonds during the operation of the wheel, each
of these active grits performs cutting, simultaneously wearing out, while the
function Z,=f(Z) will be continuous. Provided that additional energy is supplied to
the diamond wheel in the form of electrical discharges, and the grits are distributed
over the volume of the working layer in accordance with the scheme shown in
Fig. 3.
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To determine Z,, we first calculate the total number of Z grits located in the
boundary layer of the working surface with S height for a grinding cup using the
following ratio:

ﬁ(Rz —rz)KS

Z. =06-10°
S K d3

: 1)
\Y
where R and r, respectively, are the maximum and minimum radii of the working
layer of the wheel, mm; K is abrasive concentration in the tool; Ky is the filling
coefficient of the grit volume; d is the average weighted cubic grit size.
Since in this case not all the grits are of interest, but only those that are located
within the cutting surface. The wear of the diamond-bearing layer of the wheel

corresponding to the average grit size of the main fraction d can be taken as the
pitch of the helical surface S. As a rule [7], the grits of powders, in particular
diamond, are divided by size into the main (quantitatively predominant), large and
small fractions. Moreover, the percentage of each of them is strictly regulated for
powders of a certain grit size. Knowing the distribution of grits by fractions and
calculating their total number by formula (1), it is possible to calculate their
content in the diamond-bearing layer.

Results. The results of calculating the number of grits located within the
cutting surface of 125x5x3 grinding cups made of diamonds of grades A, ACB and
AC6 on a metal bond M1B (diamond grit size 100/80) are shown in Table 1.

Next, we determine the instantaneous number of active grits acting within the
contact area F, per rotation of the wheel.

The instantaneous shear cross section Fz, taken by the active grits in one
rotation of the wheel, is calculated by the following formula:

ScS.H
F=-t, 2
‘£ 60V @

where Sc is the cross traverse of the working machine, mm/rot; S, is the
longitudinal traverse of the working machine, mm/rot; H is the height of the
grinding surface, mm.

The instantaneous shear cross section can also be determined from the
following expression:

F, =12, 3)

where fi is the shear cross section area taken by a single grit; Zg, is the
instantaneous number of grits involved in cutting within the site Fo.
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Table 1 — The number of grits (thousand pieces), located within the cutting surface
of the wheels

Fraction A ACB AC6
Large 5.8 6.1 5.1
Main 431 | 414 | 375
Small 154 | 134 | 81

Total grits

64.3 60.9 50.7

Solving equations (2) and (3) with respect to Zg,, we obtain

S. S H
Fo — =t ’ (4)
f, 60-V
In the case of flat grinding with a wheel face, the cutting surface area for one
rotation is expressed by the following formula:

g _7DSH -
60VZ,

Jointly solving equations (4) and (5) with respect to Z,, we obtain the total
number of active grits within the entire area of the working surface of the wheel

ScS H(R*—r?) )
: fF,60v ©)

The area f; can be determined by experimentally examining the chip geometry
or the residual roughness of the processed surface. Since it is difficult to measure
the geometric parameters of the chips due to their small sizes, the value of f; was
found by studying the residual roughness. For this purpose, experiments were
carried out on microcutting with single grit and grinding with a grinding cup with
dimensions 125x10x3 AC6 125/100-M1B-100% of plates made of hard alloy BK6
with cooling.

The depth of grit penetration into the processed surface and, consequently, Rmax
are mainly determined by the cross traverse, which in the experiments varied from
0.01 to 0.06 mm/double stroke; the longitudinal traverse was 2.0 m/min, the speed
of rotation of the wheel was 16 m/s. As a result of the research, an exponential
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regularity of the change in the shearing section area f; as a function of Rmax was
established, which is expressed by the ratio f, =6.45R%® .

Figure 4 shows the graphical dependence of the instantaneous number of Zg,
grits on the cross traverse Sc. As can be seen from Fig. 4, for the described
operating conditions of the wheel, the instantaneous number of active diamond
grits increases with an increase in the cross traverse, since the chip removal
operation and the wear of the most protruding grit vertices increase.

If at a cross traverse of 0.01 mm/double stroke the instantaneous number of
diamond grits is minimal (6), then in the case of traverses of 0.05 and 0.06
mm/double stroke, it increases up to 26-28 or 4.3-4.6 times, and there is a tendency

to stabilize the number of grits, which indicates that the operating conditions of the
wheel are close to optimal [6].

350
300 —
250 P
200 -~
150 ~
100 /
50
0

I

Zpy piece

0,01 0,02 0,03 004 0,05 0,06
Sc, mm/rev

Figure 4 — Dependence of the instantaneous number
of diamond grits on the cross traverse

Based on the data shown in Fig. 4, it is possible to calculate the number of
active cutting grits Zg¢ within the contact area Fx (70 mm?) of the diamond-bearing
layer with the processed surface and, depending on the cross traverse, to estimate
the diamond use factor in the wheel Ky, which is established as a result of the joint
solution of equations (1), (5) and (6):

K, =0610° 4K )
SKzDf;

The values of Zg and Ky with a cross traverse of Sc = 0.01-0.06 mm/double
stroke can be taken from the graphical dependence of Fig. 5.
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0.06

Figure 5 — Experimental values of Zr« and Kw from the cross traverse Sc.

Conclusions. The obtained results should be used when selecting the
technological modes for grinding hard alloys of various grades and characteristics
of diamond tools. It should be noted that even when operating under conditions
close to optimal (Sc =0.06 mm/double stroke, S. =2.0 m/min, V=16 m/s), the Ky
factor is only 22.4 %, which indicates an incomplete use of the potential
capabilities of diamonds in a metal-bonded wheel. This is even more evident when
processing various materials in non-combined grinding conditions. According to
the publications data [8, 9], about 8% of the potential cutting properties of diamond
grits are used when grinding hard alloy BK8, about 12% when grinding steel, and
no more than 10% when grinding cast iron.

The analysis of equation (7) shows that the increase in the efficiency of the
application of diamonds in the wheel can be achieved with electrical discharge
grinding due to the reduction of wear S, and the corresponding variation in the
concentration of diamonds and technological modes of processing. This puts
forward the task of further improving the process of electrical discharge grinding
with bringing the diamond use factor to at least 40 %, as well as underlines the
need for careful selection of the optimal diamond concentration in the tool and the
grinding conditions.
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Poman Crpenbuyk, Onexcanap Illenkosuii, Xapkis, Y kpaina

JOCIKEHHA MEXAHI3MY PI3AHHA
IPHU EJJEKTPOEPO3IMHOMY IIJII®YBAHHI

AHoTauis. YV pobomi Hagedeno  pesynomamu  OOCHIONCEHHS.  MEXAHI3MY  PI3AHHA — Npu
eneKmpoepo3iiHoMy wigyeanni meepoux cniagie. Mexanizm pisanns npu  eneKmpoeposiuHOMY
WAIGYBAHHI QOCHIOANCYBANU 3 OONOMOL0I0 MAMEMAMUYHO20 MOoOentosanHs. [lnaxom ceomempuunozo
MOOen6ants po3poobReHo MemoouKy 3HOCY WnighysanbHo2o Kpyea uauikosoi gopmu. Busnaueno
Qyuxyionansry 3anedcnicmv Koegiyicnma euxopucmanins aimazig y kpysi Ky 6i0 mexnonoeiunux
napamempie 06poOKu, 3HOCY Ma XApaKmMepucmux iHcmpymenmy. Ananiz pe3yibmamis 0ocaiodNceHHs
noKasye, wo niosuwents ehekmueHocmi npu enekmpoeposiiHoMy waighysanti ModcHa docaemu 3d
PAXYHOK 3MeHuleHHs 3Hocy S i 8I0N0GIOHUM B8APIIOBAHHAM KOHYEHmpayii aimasié i mexHon02iuHux
pedcumie 06pobxu. Ilidsuwumu npaye3oamuicmv aimMasHux Kpyeie Ha Memaneeux 36's3kax ma
PO3UWUPUMU  MEXHONOIYHI MOJICTUBOCIE MA 2any3i iX epexmusHo20 3acmocy8ants 003601410Mb
KOMOIiHO8aHI Memoou 00pobku. OOnum 3 Makux cnocobis € npoyec eneKmpoeposiliHo2o aimMasHO20
winighysanns 3i 3MIHHOIO NOJAPHICMIO eneKmpodié y uaci 6 30mi pizauns. Iumencugpixayis npoyecy
eNIeKMPOepO3iiHO20 AIMA3HO20 WITIQY8aAHHA 30TUCHIOEMbCA 34 PAXYHOK VIMEOPEHHS @ 30Mi pI3aHHs
ickpogux enekmpudHux pospaoie, wo eniueamy Ha 06pooosanull mamepian i Ha poboyy NOBepXHIO
anMasHo2o Kpyea Ha CIMpYMONPOGIOHIU 36'3Yl, Wo Cnpusic 30epedcentio 6UcoKoi pixcyuol 30ammocmi
anmasnoeo Kpyea, cmitikocmi penvey. Mexanism pizanus npu  enekKmpoeposiuHomMy waigyeanni
meepoux cniagie ne eugdeHuu. Y 383Ky 3 yum yikasui amaniz makozo NOKA3HUKA Npoyecy, AK
KibKiCMmb — aKMUuGHUX —DIdICYydux 3epeH 6 Medicax Naowi KOHMAKmMY aIMA30HOCHO20 wiapy 3
06pobosanolo  nosepxueio. Mexanizm pizanns 0036043€ OYIHUMU SKICHY CMOPOHY  83A€MOOIT
00pobsano2o mamepiany ma pizanbHoi noeepxui incmpymenmy. Xapaxmep yiei 63aemo0ii bazamo 6
YOMY 3aNedHCUmb 8i0 MEXHON0IUHUX napamempie npoyecy, wo enIusaioms Ha cman pobo4oi nogepxHi
Kpyaa ma nogepxuesozo wapy mamepiany demanetl.

Ku11040Bi cl10Ba: mamemamuyne MoOenoO8aHHs, 3HOC Kpyea, MexXHOI02IUHI pexcumu 00pooKu.
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IMPROVING GRINDING OF GEAR WHEELS APPLIED
IN GEARBOXES OF POWER ENGINEERING

Abstract. Development of modem power engineering follows the line of continuous increase in speed,
coefficient of corrosive action and capacity of units. Gears and reducers are responsible parts of
modem machinery and occupy an important place in the domestic power engineering construction.
Durability and wear resistance of gears, apart from the design factors, also depends on the
technological methods of treatment. The final stage of production of such wheels is the operation of
gear grinding. In the process of gear grinding in a thin surface ball there are complex
thermomechanical processes. As a result of short-time heating to high temperatures, structural
transformations, burns, and in some cases even micro- and macro-thicknesses occur in such a surface
bail. In addition, there are cases of making tooth wheels with adjacent defects grinding (for example,
the appearance of the surface of the ball teeth of large tensioning forces), which reduces the life of the
work, and in some cases causes a breakdown of the teeth in operating conditions. Development of
effective measures to ensure the quality of the surface of the ball on the operation of grinding baggage
in part depends on the possibility of predicting (or calculation) of temperatures and residual loads on
the depth of the cemented teeth ball. The method of calculation of internal surplus Toads occurring
during grinding of wheels with cemented steels is suggested. On the basis of the performed calculations
and experiments the ways to improve the quality of production of working surfaces of gears, which are
used in the wits of thermal and nuclear power plants are suggested and grounded.

Keywords: cemented bal; surplus load; hard masti; overpowering circle.

Introduction. Development of modern power machine building follows the
line of non- variable increase of speed, coefficient of corrosive action and capacity
of units. In all cases where the optimal number of rotations of the unit motor differs
significantly from the number of rotations of the operating mechanism, a gear
reducer is used. Particular gears and reducers are crucial pats of modem mechanics
and occupy an important place in ate of the-art power engineering. Durability and
wear resistance of gears, in addition to design factors largely depends on the
technological methods of processing.

Issue. Heavy-duty gear wheels are produced from cemented chromium-
molybdenum and chromium-molybdenum-tungsten steels 12XH3A, 12X2H4A,
20X2H4A and 18X2H4MA. The final stage of production of such wheels is
operation gear grinding. In the process of gear grinding in a thin surface ball there
are complex and unique thermomechanical processes. As a result of short-term
heating to high temperatures inthe surface of the ball structural transformations
occur, the so-called bums, and in some cases even micro and macro cracks.
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Moreover, there are cases of toothed wheels produced with adjacent defects
grinding (eg, the appearance of the surface ball teeth of large tensioning forces),
which reduces the service life, and in some cases leads to a breakage of teeth in
operating conditions. The development of effective measures to ensure the quality
of the surface ball in the grinding operation depends in part on the possibility of
predicting (or calculating) temperatures and residual loads on the depth of the
cemented tooth ball.

Analysis of recent studies and publications. Mathematical modeling of
thermal and strain-deformed state of the part material during grinding is the subject
of the works [1-6]. Analytical determination of the values of deflecting residual
stresses, taking into account the nonuniformity of carbon content in a grinded ball
has not been given sufficient attention. The works [7, 8] analyze the causes of
surface bums and cracks during grinding of cemented gear wheels. In these works
the adverse effects of grinding are proposed to reduce by optimizing the parameters
of the cutting mode, and the formation of the stress-strain state of the surface ball
during abrasive machining is considered mainly from the qualitative side or is,
devoted to experimental study of the residual stresses.

Research Obijective. To develop a method for calculating temperatures and
residual stresses at different levels of the cemented ball, which occurs during
grinding, and to suggest ways to improve the thermal and resilient-deformed state
of the tooth surface ball in abrasive machining.

Materials and methods of research.

The general technique of researches was built on the basis of scientific bases
of technology of mechanical engineering with attraction of the device of chemical
thermodynamics, theory of vibration, and also on the basis of scientific
representations on mechanics and thermal physics of processes of cutting.
Experimental researches on comparative estimation of working ability of solid,
discontinuous and discontinuous impregnated abrasive wheels were carried out on
the surface grinding machine of 3G71M model. As investigated materials were
used flat samples in the form of parallelepipeds with the sizes 150 * 20 * 10 mm
from steel U10. During the experiments, wheels with dimensions of 200 * 20 * 76
mm and characteristic 24A 40 CM2 7 K6 were used. Impregnating composition
included oleic acid, acetamide and stearic acid.

Results of investigations. In the surface balls of cemented parts at grinding
form stresses of different magnitude and sign. Residual stresses occur as a result of
the interaction of plastic and plastic-deformed balls. If plastically deformed balls
after cooling tend to increase their length in relation to their output length, then the
plastically deformed balls tend to return to their output length. Thus, some of the
balls will feel the tensile stress and others will feel the retracting stress. These
loads remain in the part after grinding and therefore are called gaps. The main
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disadvantage of grinding is the occurrence of residual stresses of considerable
magnitude, which can lead to cracking the surface of the cement bead. The reason
for the occurrence of gapped stresses in the grinding process at an uneven phase-
structural composition of the cemented ball is the grinding temperature, which
leads to a nervous thermal expansion of its individual microspheres, which causes
the occurrence of gapped stresses. When calculating the grinding temperatures two
conditions must be taken into account: 1. Heat flux intensity is nervously
distributed along the contact surface of the grinding wheel with the workpiece. At
the beginning of the trajectory of passing the rust grain in the processed material
the intensity of the heat flux is less, and at the end of the trajectory, where the
overflow of chips is maximal, it is higher Thus, it is necessary to determine the
temperature of the cutting surface taking into account the power of the heat fix,
nervously dispersed on the contact surface of the grinding wheel with the metal. 2.
It is of practical interest to determine the temperatures that occur not only on the
cutting surface (i.e. on the surface where the chip formations currently taking
place) but also on the ground surface located below the cutting surface. In addition,
for the calculation of the thermal surplus loads it is necessary to know how the
temperatures of the globe of the cement ball are distributed. To solve the first
problem, we select the coordinate system X,Y, Z on the surface of the bulked body.
We assume that heats supplied to a certain region circumscribed by a rectangle, the
sides of which are parallel to the axes X and Y:

—a<x<a,-b<y<b,me, VPt _S

2 2
Dyp- diameter of the grinding wheel, t - depth of grinding, S - cross feed rate.
Outside this area, there is no heat flow through the workpiece surface. Grinding
depth, - transverse flow. Beyond this area, there is no heat flow through the
workpiece surface. Heat source is considered non-perturbable, and the surface of

the processed part is tom at a rate of speed V() in the direction of decreasing
coordinate x. Let us consider a tired thermal regime when 7 —> 0O . For an
elementary plane D =dx-dy with the center with coordinates x,) the
temperature distribution is described by dependence [9]:

Tl(Z) = 2(7;2 . Iiexp(— Vo-r +\2/21'on - X)] ' 1)

where T1 - temperature on the cutting surface, °C; X, Y, Z - current coordinates of
the part position, m; q(X)— thermal flux intensity in the given point at the contact
point of the grinding wheel with the part, Bm/m? A, — coefficient of heat
conductivity of the cutting surface, W/m-°C;
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2 2 2

R=1/(x—xP +(yo -y} + 2%
Radius-vector of coordinates; V, — velocity of moving the part over the intact
thermal source, m/min; 7 — moment of time, s; XO— coordinate at the moment of

T, m; I' - radius of rounding of cutting grain, m; @, — coefficient of thermal

conductivity of cutting surface, m?/s. By interpolating the expression (1) by area D,
we obtain:

T e I

1
2, 2a,7

where @, b— half-width and full-width of the circle contact beaches with the piece,
m.

To solve the second problem, i.e. to bring the temperature at the top of the
cutting to the temperature of the machined surface, it can be imagined that on this
surface a body is driven, heated to temperature T, and composed of the material of
the part, abrasive grit and the bonding of the stake. Each point of the ground

surface is in contact with the body during the interval of time L B -t Inorder
Vd

to simplify the problem, we can assume that two interposed bodies with thermally

insulated surfaces are brought into contact with each other at the initial moment of

time. The temperature of the first body is equal to the temperature of the cutting

surface Tl, and the temperature of the second body is equal to the temperature of

the crushed surface T, . It is necessary to find the temperature of the other body at

the time from 7 =0 to __ D L.

V()
)
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| Ve
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=
= = -
E

Z
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Figure 1 — Scheme for temperature calculation on the treated surface:
1 and 2 — bodies having at the initial moment of time the temperatures equal
to the temperature of the cutting surface and the treated surface accordingly
Thus, the problem is reduced to the solution of the heat transfer function at
the boundary conditions of the 4th type, which corresponds to the contact of two
solids with different temperatures. The difference heat transfer equation is written
as follows:

8T1(Z,T):a '62T1(Z,1) at 7>0;z>0

or o at £>0;2<0 @
Myz.7) _,  0°To(27)
or 2 Al

Boundary conditions:

T.(20)=f ()T
5T1(+oo,r):§T2( -0

a a
T.(+0,7)=T,(-0,7) at, ,___ Dt (4
oT,07)_ A, 9T,0.7) A

a A &

,20)- ,(2)

0,7)

where ﬂz— is the coefficient of heat conductivity of the treated surface, W/m-°C

Using Laplace transformation, we reduce the system (4) of differential equations to
a system of algebraic square equations. The solution for the representation looks

like:
Tuzs)- T Blexp[ \/a?j z>0
5)
T Lo(2,5)=B,exp \F\z\

where a, - coefficient of temperature penetrability of the treated surface, m2/s.
The residual solution for the images will be:

__K.T _ s
e 5 onl- )

, 220
z<0
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where & _ \/11C171 — the ratio of coefficients of thermal activity of

K, ==
&2 220272

dosed bodies, the heat source and the crushed surface.
Going to the tables of images, we have:

Tz(Z'T)_Tozz Ke oric Z
Toi—To 1+ K, 2, /a,T

Or & z Considering, = 11
T,20)=(T o~ T o) —2—erfc i +To 9 To=0We
Erté&r 2\/a,r

get it: T.(20)= T ge |z . considering, that erfc = (1—erf ) we get:
2 &2t&1 2\Jayr

, Where =T. — is the temperature at the cuttin
)= T (1AL 0 T =T, : :
gz+gl 2 a,T

surface, -°C.

Thus, in view of the temperature on the cutting surface (2), the grinding
temperature T2 (Z,Z'), is reduced to the machined surface, which takes into

account that the power of the thermal source is nervinetrically distributed along the
contact, beach and the grinding wheel on the workpiece and the thermal power at
this point of the contact beach depends on the specific coordinate x, and is equal to:

o o] dy{ : ,exp{_ \M(XO‘X)} [1 )
X —e

2ay7
T,(z,7)=—"2 - 1
2(2 T) 2M1(52 +51)

z ), (6)
2\fayr

where &7, & — coefficients of thermal activity according to the thermal source and

the treated surface, W/m?-°C.
The magnitudes of the residual pressures that occur at different levels of the
cement ball can be determined by correlating with the equation:

+a 1 V,2r +V,2 (% — X) 2V,
Ezazgl_{"(x)dx{a'ex‘{‘ 23Dyt Hl_e” WJ U

G,(z)=
:) -2 1) 2, 5)
where E,- modulus of the cement ball, Mpa; o, linear coefficient of thermal

expansion of the cement ball, 1/°C; [y — Poisson's coefficient of the cement ball.
The figure 2 shows the calculated curves describing distribution of inner loading
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by the depth of the cemented ball after grinding of 18X2H4BA steel at the cutting
thickness t =0,1mm (without cooling) and ¢= 0,015 in mmt =0,015mm (with
cooling). From the graphs it is seen that in the measure of distance from the surface
the tensioning forces decrease and pass into constraining ones. When grinding in
the most severe mode (curve 2), the tightening resistances have the lowest value.
The appearance of tensioning forces during grinding of gear wheels leads to a
reduction of their total strength.

Z MM
ooo
7 L/

025— //
/ L —T | >
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Figure 2 — Distribution of intrinsic surplus loads by the depth of the cement ball
for two grinding modes: t = 0,015 mm and t =0,21mm

Thermal and physical parameters of the treated material depend on the
amount of carbon in the cement ball. Carbon in the cement ball is nervously
distributed (Fig. 3). [8].

Figure 3 shows that increasing the concentration of carbon in the surface ball
reduces the thermal conductivity (a) and thermal conductivity (1) of the treated
material. Calculation of internal residual stresses was carried out taking into
account the graph s a = f(c), A= f(c). The appearance of grinding cracks is

caused not only by filling and retention stresses, which occur during grinding and
grinding when the temperature is cooled down to the martensitic transformation
start point [11].

The reason for the formation of cracks are high contact temperatures and
temperature gradient in the cutting zone, as well as high speeds of cooling the
machined surface after the exit of its zone of contact with the abrasive wheel. In
order to reduce the internal tensioning forces and the probability of fracture
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formation, it is necessary to reduce the temperature in the cutting zone and the
speed of cooling by all available means [11].
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Figure 3 — Dependence of thermophysical parameters (a, A) of 18X2H4BA steel
on the amount of carbon in the surface ball [10] at different temperatures
and distribution of carbon over the depth of the cement ball [8]

This can be achieved by using as a coating and cooling agent a solid lubricant
[12] whose components are taken in the following proportions: stearic acid (60 -
65%), oleic acid (20 - 25%), acetamide (others). The proposed lubricant, having a
high sinking ability, significantly reduces the contact temperature of grinding at a
very low speed of cooling of the surface balls of parts, which provides a reduction
of internal tensioning forces occurring in the process of grinding [12]. Another
effective way to reduce the contact temperature can be overflow grinding [13].
Under certain conditions, operation of a grinding wheel with an intermittent
working surface can cause parametric resonance in the workbench rod system,
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which reduces the quality of the surface ball of the machined part. Parametric
instability of the grinding machine rotary system is determined by the
condition[14]

2

where L and M — parameters depending on the weight and rigidity of the rotary
system of the workbench, the rheological capacity of the grinding wheel, number
and sizes of pits and cutting protrusions on the working surface of the abrasive tool,
the diameter and circumferential speed of the wheel, as well as the parameter
characterizing the damped oscillations in time. Fig. 4 shows the areas of parametric
stiffness of the workbench grinding system (flat colored plots) designed for
intermittent grinding without using icing devices (two left space graphs) and with
the use of solid lubricant (two right space graphs). Expansion of zones of stable
work of the workbench’s trunnion system at grinding with the use of solid abrasive
is explained by the improvement of cutting ability of the abrasive tool in
comparison with "dry" grinding. From the placement of two spatial graphs, rooted
in the bottom of Fig. 4, it follows that the interval of change in the number of
cutting interventions on the interval stake 5<n < 20 the size of areas stable work
at grinding with a solid matrix at 35% more than for "dry" grinding. The area of
these areas increased due to the reduced area of unstable work zones of the
workbench system, i.e. due to the reduced area of the "hump" supports, which lie

L>

in the area described by the parameter M+1 (the right part of the nervousness

(8)). Fig. 5 shows the experimental data on the measurement of loss of metal per
hour unit K. The experiments were carried out on the surface grinding machine of
model ZG71M. Samples of the steel U10 were ground by dry, overfed (n = 12, N=
0,6) and overfed by PP 2500120176 24A 25CM2 6K5 wheels according to the
parallel scheme (without the cross feed). The composition of the impregnator
included stearic acid (60%), oleic acid (20%), acetamide (20%).

Fig. 5 shows that during the initial period of time the metal atomic

(O <r< 3) capacity was approximately the same for three investigated processes,

and after the 18-minute grinding period the tensile strength of the grinding wheel
became two times lower in comparison with the overexpanded and overprepared
wheel.

Decrease in rust performance of the grinding wheel is accompanied by an
increase in thermal stress of the grinding process and, as a result, formation of
large internal residual stresses on the machined surface.
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Figure 4 — Spatial graphs of dependence of parameters L and ||_| > M+1
2

on the number of cutting inserts on the abrasive stake and the value
of the ratio of the stock width to the protrusion length: left- for "dry" grinding;
right-hand - for grinding with the use of solid lubricant.
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Figure 5 — Comparative estimation of the richer performance of the dry
(non-interrupted line), over-interrupted (dashed line) and over-interrupted
impregnated (dotted line) quill in time

Results. The method of calculation of internal residual loads occurring at
grinding of wheels with cemented steels has been developed. On the basis of the
performed calculations and experiments the ways to improve the quality of
production of working surfaces of gears, which are used in the units of thermal and
nuclear power plants are suggested and grounded.
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3ABE3INEYEHHS AKOCTI IIVII®YBAHHSA 3YBYACTHUX KOJIIC,
IO BUKOPUCTOBYIOTBHCAA B PEAYKTOPAX
EHEPTETUYHOTI'O MAIIIMHOBY AYBAHHSA

AHoTaNifA. Po36umox cy4acrHozo eHep2oMauunoOyoyeants ioe no Jinii HenepeperHozo NiOGULYeHHS
weuoxkocmetl, koegiyienma xKopucHoi 0ii ma nomyoicnocmeti azpecamis. I ye 6e3ymo6HO npuzeooums
00 iHmeHcugiKayii GUKOPUCTAHHA MeXaHizmie. 3youacmi nepedaui ma pedykmopu € 6ionogioais HUmMu
YaCMUHAMU  CYYACHUX — Mexawismie i  3aumalomev  eadcauee  micye Yy GIMUYUIHAHOMY
enepeomawunobyoyeanni. Miynicme i 3nococmitikicms 3yduacmux nepeoau, KpiM KOHCMPYKMUGHUX
¢haxmopis, 3anexcums i 6i0 MeXHONOLIYHUX NPULOMIE 00POOKU. 3aKTIOUHUM emanom GUeOMOGIeHH s
maxkux xozic € onepayis 3ybownigpysanns. B npoyeci 3ybouinighposaniiss 6 moHKomy no6epxHesoMy uapi
8I00Y8AIOMbCA CKIAOHI MepMoMexaHiuni npoyecu. B pesynomami KopomKouacHozo Hacpieamus 00
BUCOKUX meMnepamyp 68 MAakomy HOGEePXHEeBOMYy Wapi GUHUKAIOMb CMPYKMYPHI Nepemeopenis,
npudIcocU, a 6 OesAKUX GUNAOKAX HAGIMb MiKpo i maxpompiwinu. Kpim moeo, maioms micye eunaoxu
BULOMOBIEHHS 3YOUACMUX KONIC 3 NPUX08AHUMU Oehekmamu waighy8ants (Hanpukiao, noseNeHHs 6
nogepxnesomy wapi 3y6ie eenuxux posmazyiouux uanpye). Lle npuzeooums 0o moeo, wo 3nudicycmocs
pecypc pobomu Mexamizmie, a 6 OKpeMux SUNAOKAX MOJCe SUKAUKAMU NOWKOOJCeHHs 3y0i6 (6 momy
yucni, npuzeecmu 00 RNONAMKU) 6 YMogax excnayamayii. Po3pobka egexmuenux 3axodie no
3a6e3neyeHHIo AKOCMI NOBEPXHEE020 wapy Ha onepayii 3yoouwnighysants 6azamo 6 YoMy 3a1eHCUmb 8io
MONCTUBOCHIT NPOSHO3Y8AHHSA (@O0 PO3PAXYHKY) meMnepamyp i 3aIuKOSUX HANPYICeHb NO NUOUHI
yemenmogano2o wapy 3yoie. 3anpononoeano Memoouxy pO3PAXYHKY GHYMPIWHIX 3aATUMKOBUX
Hanpyosicenb GUHUKAIOWUX npu 3ybownighyeanni konic 3i cmanei, wjo yemenmylomvca. Ha ocnosi
BUKOHAHUX PO3PAXYHKIE | eKCnepuMenmie 6yn0 3anponoHo6aHo, a Maxkodc HA8edeHo 0OPYHMY8aHHs
w000 wWAXi6 NIOBUWEHHs SKOCHI BUCOMOBIIEHHA POOOYUX NOBEPXOHb 3yOuacmux nepeoad, wo
3aCcmMoco8yIOmbCsl 8 azpe2amax Meniosux i AMOMHUX eNeKmpOCmanyii.

KurodoBi cioBa: yemenmosanuil wap; 3anumKo8i HanpyscenHs; meepoe Macmuio; nepepusiacmuil
winighysanvHuil Kpye.
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PROCESSING OF HARDENED CYLINDRICAL GEAR WHEELS
OF THE CUTTING GEARBOX OF THE COMBINE UKD 200-500

Abstract. The article discusses the latest developments of unique technological methods of gear milling
of cylindrical gears for preliminary blade gear processing of hardened cylindrical gears of the cutting
reducer of the UKD200-500 coal mining harvester for the final gear grinding of gear teeth with
modulus m = 16 mm, with hardness HRC 56 ... 62. The peculiarity of the design of special hob cutters is
that a circle passing through the lower boundary points of the involute is used as the palloid of the
machine gearing of the tool and part. Pre-cutting the teeth of hardened wheels with carbide milling
cutters allows you to remove the main allowance for the final gear grinding.

Keywords: hardened wheels; preliminary blade gear machining; high-speed gear hobbing;
technological methods.

1. INTRODUCTION

Increasing the efficiency of industrial production is largely associated with
the development of mining equipment, transport, energy systems of machines, the
drives of which contain large-scale gear drives (m = 12 ... 30mm). The bearing
capacity of gearwheels in terms of contact strength increases with the surface
hardness of the teeth. Increasing the hardness of the surface of the teeth from
HRC32 to HRC62 makes it possible to halve the dimensions of the gearbox and
reduce the mass by 3 times.

The high requirements for reliability and strength are presented to the
cylindrical gearwheels of the cutting reducer of the UKD200-500 combine
harvester. However, the high labor intensity of manufacturing cemented hardened
coarse-modular gears due to significant allowances assigned for gear grinding
operations to eliminate defects after heat treatment, the possibility of burns and
micro cracks that contribute to the formation of macro cracks and chipping of teeth
requires a scientific approach in solving problems of processing hardened gears. A
unique technology for the manufacture of hardened coarse-modular gears of a high
degree of accuracy with preliminary cutting of teeth for carburizing and hardening
with subsequent removal of the main allowance to 95% with a special blade tool
and final gear grinding with a minimum allowance of 5% has been proposed.

2. PURPOSE AND OBJECTIVES

For processing coarse-modular gears with high wear resistance of the teeth,
with high strength properties of the surface layer, it is advisable to study the
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technological directions of processing hardened coarse-modular gears to ensure the
necessary parameters of surface roughness, gear hobbing quality with the
achievement of high productivity, accuracy and quality of gear processing of
hardened coarse-modular gears, due to improvement of technology and kinematics
of gear milling, development of instrumental and technological equipment, which
will ensure the predicted quality of the surface layer of the teeth and the
performance properties of the gears. To achieve this goal, the following research
objectives have been identified:

— to analyze and establish the main directions of increasing the productivity
and quality of gear processing of hardened large-modular gear wheels in the
conditions of small-scale production;

- to substantiate the application of technological methods of gear processing:

- to formulate the criteria for choosing the structure and parameters of the
systems for blade processing of hardened coarse-modular gears in order to ensure
the specified operational properties.

3. MATERIALS AND METHODS

Unique technological methods of preliminary blade gear processing of
hardened spur gears of coal miners' reducers provide for preliminary blade gear
cutting to remove the main allowance of 95%, followed by gear grinding when
removing the final allowance of 5% gear wheels with modulus m = 16 mm, , with
hardness HRC 56... 62. The complex of scientific research works with the
development of original technological processes, prospective constructions of
worm carbide cutters, special technological equipment was made. Technological
regulations have been developed and implemented for the high-speed gear hobbing
with blade carbide cutters with a final clean slash operation by applying effective
grinding technologies.

The special worm cutters have been developed for pre-processing of
cylindrical gears for grinding, in which a circle (Fig. 1) which passing through the
lower boundary points of involutes B and Bl is used as a palloid of machine
gearing of the tool and part. In this case, the active sections of the BE and B1E1
engagement lines are located symmetrically with respect to the axial perpendicular
and at some distance from it [1, 4, 5, 6].

The angle of the teeth profile of a special cutter ax depends on the number of
teeth of the machined wheel Zy and is determined by:

.~ Cs~ O3’ (l)

Where og — is the pressure angle at the lowest point B of the involute; oz - is the
half of the angle thickness of the tooth at the lower boundary points B and B 1 of
the involute.
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Figure 1 — Scheme of machine engagement of a special carbide
cutter with a machined wheel

In the range of cut gear teeth Z, = 20...400, the profile angle of the teeth of
special cutters varies within the range of ax=5%19°

Each mill can cut the teeth of the wheel in a certain range of teeth numbers:
Zx = 33-49, Zx = 46...66, Zx = 60...88, Zx = 88...134, Zx = 134...204

Technological installation of cutters is achieved by turning one cutter body
relative to the other at a certain calculated angle and changing the thickness of the
distance ring placed between the bodies. Several keyways are made in each of the
cutter bodies.

Figure 2 shows the dependence of the profile angle of the teeth of a special
cutter ax on the number of teeth of the machined wheels Zx and the displacement
coefficient of the original contour of the gear rack X, as well as the range of teeth
tobecut[3,7,9, 11].

The area of application of the cutters is illustrated in Figure 3. Uncorrected
gearwheels with 33 ... 49 teeth could be cut with a milling cutter with a profile
angle ax =9° and setting the cutter bodies with a turn at an angle 0

0=22f,.

where Zx — is the number of teeth of the cut wheel;
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Pr=ax %

where o'k — is determined from the graph (Fig. 2)
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Figure 2 — A Graph for determining the applicability
of special carbide milling cutters

For corrected wheels, the range of numbers of teeth to be cut increases: at
= +0,56, using a cutter with ox =9°, gear wheels with 25 teeth are cut, and at
X =-0,56, gear wheels with 57 teeth are cut

Technological installation of cutters is achieved by turning one cutter hulls
relative to the other by a certain design angle (Fig. 3) and changing the thickness of
the distance ring 4, inserted between the cutters hulls. In each of the cutter hulls,
several keyways are made [8, 10, 13, 15, 22].

Mills with a given angle a, can be used for cutting wheels with a different
number of teeth, if the axis of the tooth of the wheel deviates from the axis of the
machine (Fig. 3) at an angle S. and Sy - the distance between the bodies is
recalculated. With positive S, the right cutter body turns clockwise relative to the
left one by the angle 6. With negative f. - the right cutter body turns
counterclockwise and in this position both bodies are fixed to the mandrel.

The rotation of the cutter bodies by an angle 0 is carried out by aligning the
corresponding keyways in the bodies.
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Figure 3 — Installing and adjusting the cutter when turning
the wheel at an angle fx

While being installed on the machine, the bodies of the cutters, which are on
the mandrel, are aligned with the first teeth in one plane and set at a distance S
determined by the conical template (Figure 3, a). The inner distance between the
ends of both cutter bodies is measured and a distance ring is selected from it. Then
the cutter bodies are installed on the corresponding keyways and fixed on the
mandrel. A milling cutter with a mandrel is installed in the machine support with
subsequent adjustment relative to the axis of the wheel tooth.

The advantage of the considered design of special hob cutters considered is
that both bodies simultaneously treat both lateral surfaces of the wheel teeth. The
cutting forces from both bodies are directed towards each other, i.e. there is a force
closure inside the tool. This helps to reduce vibrations and oscillations of the
machine table together with the processed wheel.

The most rational area of using the considered special mills is the serial and
large-scale production of gear wheels, for example, used in coal and ore mills,
excavators, rolling mills, lifting mechanisms [1, 12, 14, 17, 20, 21].

Figure 4 shows a special hob cutter m =12 mm. The cutter consists of 2
bodies, separated by a distal ring with tapered threads of one direction.

The development and modeling of the technological process of shaping using
universal m = 16 mm single-sided and double-sided cutting mills (Fig. 4) equipped
with alloy plates BK10-OM; BK10-XOM. Single-sided cutters (Fig. 4) consist of
two bodies: left and right with conical screw threading of turns of the same
direction. On the lateral surfaces of the turns in the tangential grooves, hard-alloy
non-overlapping rotary plates made of alloys are installed BK10-OM; BK10- XOM
with dimensions 20x16x6 mm, which are fixed in the sockets with eccentric screws.

61



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 95

Carbide cutting elements are placed only along the lines of machine
engagement of the tool and the workpiece, which makes such a milling cutter more
economical in comparison with known designs of similar tools.

The fundamental difference between cutters in comparison with well-known
foreign designs (coarse-modular cutters of the company "Azumi", Japan, the
company "Fete", [15, 16, 18, 19]) is that with an increased in 1.5-2 times the
amount of its teeth over the length of one cutting turn, the above dimensions of the
cutting carbide plates are the same for the entire used range of modules m = 16 mm
and this, for the first time, a constructive solution reduces the consumption of hard
alloy in the manufacture of the tool by 2-5 times, but most importantly, the cutting
process is significantly improved with increasing the durability of cutting inserts.

The tangential arrangement of carbide cutting inserts with wear-resistant
coatings also contributes to the increase in tool life.

Figure 4 — Special worm-and-carbide double-body cutter
m=16 mm, (@.=9°% Z=19...57)

The technological disadvantage of special carbide milling cutters is the
impossibility of processing gear wheels with the same tool, which differ
significantly from each other in the number of teeth [15]. Meanwhile, in the
practice of heavy engineering, gears are widely used, including a small-toothed
gear, for exampl, z=12+40 and a multi-toothed wheel, for example z~=180+316.
These are gear drives of coal and ore grinding mills, excavators, etc.

When processing such wheels with different worm cutters, the identity of the
main pitch and the profile of the teeth will not be ensured, which will undoubtedly
affect the quality of the engagement and the durability of the gear transmission. Of
particular importance for the quality of the engagement is the machining of a
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mating pair of hardened (HRC56...62) gearwheels with the same tool, the
operational running-in of which is practically excluded.

In order to improve the accuracy of engagement of mating, predominantly
hardened, gears with a different number of teeth, and to reduce the range of tools
used, the design of universal coarse-modular solid carbide hob mills m=10-65 mm
has been developed. The pitch circle of the wheel is used as the palloid of the
machine gearing of such cutters with the machined wheel, and the profile angle of
the tool teeth is equal to o, =20°.

The two-body design of single-sided cutters is designed to process wheel
teeth in two passes. The milling cutter (Fig. 5) consists of a left 1 and right 2
bodies with a conical screw thread in one direction, in the grooves of which are
installed hard-alloy non-overlapping rotary plates.

According to the gear processing technology developed for this design [1, 2],
each of the cutter bodies is installed separately on the gear hobbing mandrel with
an offset relative to the center perpendicular 00’ tool-part pair by a distance I, (Fig.
5, a, b), determined point B (B/) of intersection of the circle of the lower boundary
point of the involute of the teeth and the line of machine gearing BE (B E/). The
setting distance does not depend on the number of teeth of the wheel being
machined. The value |, (Figure 5) is determined by the profiled angle of the initial
contour of the rack o 0, the tooth base height hs and the radius of curvature of the
tool head for the preliminary tooth cutting re. These parameters only depend on the
modulus and the offset ratio of the original toothed rack contour.

The installation distance is determined by the formula:

_ hp—xm—rg(1l—sinag)

¥ tgag (2)

l

where x — is the coefficient of displacement of the original contour of the gear rack;
m is the module of the teeth of the wheel.

For the wheels with toothed rack source circuit in accordance with GOST
13755-81, where a, =20° h=1,25'm and re. =0,3-m, the formula (2.10) is
simplified:

l _m=(1.052—X)
© 036397 3)

Thus, by alternately installing each of the bodies with an offset on the gear-
cutting mandrel, one cutter can process gears with any number of teeth in two
passes. The displacement of the cutter body from the center perpendicular to the
calculated distance |, is carried out by using a special template installed in the
machine center finder, which is located on the milling head in the axis of rotation
of the machine table.

63



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 95

For convenience of practical definition, Figure 6 shows a graph of the
dependence of the installation distance I, on the modulus of the cut teeth of the
wheel and the displacement coefficient of the original contour of the gear rack - x.
With the values of the displacement coefficient of the original contour x>1.0, the
value of the installation distance I,, calculated according to (2) and (3), may turn
out to be negative. It means that the tool must be moved on the machine during
installation, so that, the very first tooth with the largest radius of rotation would not
intersect the center perpendicular when displaced.

In practice, setting the tool to the calculated distance |, does not require high
accuracy and can be performed either by using a special template or by using a
ruler mounted on the machine support.

Figure 5 — Two-body, one-sided universal cutter:
a — is the right body; 6 — is the left body
(1 — a tapered thread of the left body; 2 — a tapered thread of the right body;
3 —apressure plate; 4 —a split slot; 5 — a cutting plate; 6 — an adjustable pin)

The analysis of cutting patterns and kinematics of gear processing with
universal double-body cutters [1, 5, 9] shows that when the right-hand housing is
in operation (Fig. 5, a), the axial cutting forces P, coincide with the direction of
rotation of the machined wheel wk (with the direction of rotation of the indexing
worm wheel of the machine), and the stock removal proceeds sequentially from the
base of the tooth to the top of the same tooth (arrow B).

If the directions of action P, and ok coincide, the axial force tends to
"separate" the teeth of the pitch worm wheel from the turns of the pitch worm, and
this can lead to the disruption in the smooth operation of the pitch worm pair of the
machine, vibrations of the processed wheel and decrease in the quality of the
processing.
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Figure 6 — Graph for determining the installation distance Iy

While removing the allowance in the direction of arrow B (Fig. 5, b), the
width of the layers (cut by the teeth of the left housing) is still 2 - 2.5 times greater
than that of the teeth of the right housing [1, 4, 7, 9], even it does not exceed the
nominal length of the cutting edge of 20 mm.

4. RESULTS AND DISCUSSION

In order to ensure the same processing conditions in terms of cutting
dynamics and according to the stock cutting pattern, the cutter bodies can be made
with screw threads in different directions. For example: the left-hand cutter body
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(Fig. 7) has a right-hand screw thread, and the right-hand cutter body has a left-
hand thread. In this case, during machining, the axial components of the cutting
force are directed towards the rotation of the wheel w, and the stock removal,
carried out by both bodies, goes in the same direction along arrow A - from the
base of the tooth to the apex.

Figure 7 — A scheme of machining the wheel with cutter bodies
with different directions of turns

In order to increase the efficiency of using the tool, the processing of both
lateral surfaces of the teeth of the wheel could be carried out with only one (either
right or left cutter hull), for example, the right cutter body, alternately shifting it to
the left and right on the gear-cutting mandrel. In this case (Fig. 8), while
processing the left side surfaces, it is necessary to reverse the direction of rotation
of the tool wy and the wheel o, and this processing would be carried out with the
accompanying milling [2, 10, 14, 15, 21].

Figure 9 shows a preliminary gear grinding blade processing of the hardened
gear wheel m=16 mm; z,=20; b=155 mm, steel 20X2H4A-I1I, HRC>55 in the
production conditions at the gear shop of the factory "Svet Shahtyora". The gear
hobbing process is carried out with a carbide-tipped hob cutters (Fig. 10) without
using the lubricating liquids. The direction of milling is reversed. The cutting
conditions for processing hardened teeth are: the depth of the cut t=0.5-0.8 mm per
passage; the cutter feed S=1.5-3 mm/rev; the cutter speed: n=40-60 min?; the
cutting speed V=1.0-1.2 m/s.
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Figure 8 — A scheme of processing wheel teeth with one right-hand cutter body:
a, ¢ —is aright - hand body during counter milling; 6, d — is the right body during passing
milling with a reversible direction of rotation of the cutter and the gear which is being cut

Figure 9 — The pre-treatment with a gear blade for a hardened gear wheel
m=16mm; z=20; # = 0°; b=155 mm; steel 20X2H4A-III, HRC56...62 at the gear shop
of the factory "Svet Shahtyora"
The time of the machine to remove the preliminary allowance for the gear
grinding is 35 min. The maximum wear out of the individual cutter teeth, after the
specified continuous running time, did not exceed 0.15 mm.
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SUMMARY

The use of the developed technological methods of preliminary blade
processing of the teeth of hardened wheels with carbide milling cutters makes it
possible to reduce the labor intensity of low-performance gear grinding operations,
depending on the wheel module, by 3-4 times due to the removal of the main
allowance for gear grinding by the method of high-speed gear milling with a
special blade tool, in which the allowance is removed according to the line of
engagement and does not require the manufacture of the cutting part of the cutter
along the height of the entire tooth.

The peculiarity of the design of special hob cutters is that a circle passing
through the lower boundary points of the involute is used as the palloid of the
machine gearing of the tool and part.

Carbide cutting elements are placed only along the lines of machine
engagement of the tool and the workpiece, which makes such a milling cutter more
economical in comparison with known designs of similar tools. In order to improve
the accuracy of engagement of mating gears with a different number of teeth, and
to reduce the range of tools used, the design of universal large-module solid
carbide hob cutters m = 16mm has been developed.

A certain cutting section of the cutter tooth is involved in cutting, which
ensures economical use of cutting inserts, simplifies the design of cutters, and
increases the reliability of the cutting process of hardened cylindrical gears.
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NePCneKmusHi  KOHCMpYKyii uepg'ssunux meepoocniasuux @pes. [na  excnayamayii KOMHCHO20 3
KOHCIMPYKIMUSHUX PilleHb MEepOOCHIA6HUX Yeps'auHuUX (pes po3poOaeHi MexHONO2IuHI pe2namenmu
71€30601  3y6000po6Ku. Po3pobneno KOHCMPYKYilo cneyianbHoi 080KOPRYCHOI ueps'siunoi  ¢gpesu
060CMOpoHHLO20 pisanHA. OcobIUGICMb NPOEKMYEAHHA CReYIaNbHUX Yepe'TUHUX (hpe3 nonazae 6 momy,
Wo AK nanoioa 6epcmamuoz0 3auennenHs HCMpYMeHmy i Oemani UKOPUCIMOBYEMbC KOO0, WO
npoxooums uepes HUNCHI SpaHu4Hi MoYKU e6onbeeHmu. T6epooCniasti pisanvHi enemeHmu posmiujeHi
MiNbKU NO NIHIAX BEPCMAMHO20 3aUenNieHHs IHCIPYMeHny ma 3a20MmosKu, wo podums maxy @pesy
EeKOHOMIYHIWOW NOPIGHAHO 3 GI0OMUMU KOHCMPYKYIAMU AHANOZIYHUX [THCMPYMeHmis. 3 memoro
NiOBUWEHHA MOYHOCI 3aYenNIeHHs CROLYYHUX, 3Y0UACUX KOMIC 3 PISHUM YUCIOM 3V0i6, | CKOPOYEeHH:
HOMEHKIAMYpU — IHCMPYMeHmy — po3pobiiena  KOHCMPYKYIs — YHIGEPCAbHUX — 6eTUKOMOOYIbHUX
meepoOOCnIagHUX UYeps'sunux gpes m=16mm. 3acmocysanns po3poOiIeHUX MEXHONOIMHUX NPUTIOMIE
nonepeonvoi 1e3060i 06poOKuU 3y6i6 3a2apMOSAHUX KONIC MEEPOOCNIAGHUMY DPe3aMU  O00360JI51€
SHUBUMU MPYOOMICIKICHL MALORPOOYKMUGHUX 3VO0ULTIY8ATbHUX Onepayiil, 3a1eliCHO 8I0 MOOYIIs
Konic, y 3-4 pasu 3a paxyHok 3meHuwienHs npunycky 3 1,5-2,5 mm na 6ix 3yoa oo 0,3 -0,5 mm, a maxkodwc
0o3605€  3a0e3nequmu  eKOHOMIUHiCmb  npoyecy 3y0000pOOKU 34 PAXYHOK 3MEHUIeHHs Sumpam
MeepOOCNIASHUX NAACTIUH.

KuarouoBi cioBa: mexuonoziuni nputiomu; KpynHOMOOYIbHI YUNIHOpUYHI 3a2apmogani 3youacmi
Koneca; WBUOKiCHA 1e306a 3y0006pobKa.
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ANALYSIS OF TENSENESS AND DURABILITY OF THE MAIN PARTS
FOR THE CUTTING PART OF UKD 200-500 COAL SHEARER

Abstract. JSC "Kharkiv Machine-Building Plant "Svitlo Shahtarja" has created and introduced into
serial production a new generation UKD200-500 coal shearer. The most loaded element of the shearer
is its cutting part. It is a three-stage reducer with an electric motor. Calculations for the strength and
durability of gearing, shafts, bearings, spline, pinned and hinge joints have been carried out. The
modeling of the stress-strain state for the main parts and assemblies by the finite element method has
also been carried out. Calculations have shown that the strength and durability of all parts is ensured.
Consequently, the required durability of 15000 hours and the average resource before major overhaul
are not less than 800...1000 thousand tons are provided.

Keywords: coal shearer; cutting part; gear; strength; durability; stress.

1. INTRODUCTION

The current state of the Ukrainian fuel and energy complex requires a
continuous increase in coal production. Currently, 80% of coal deposits are in thin
seams.

As part of the implementation of the concept of development of the coal
industry, approved by the order of the Cabinet of Ministers of Ukraine No. 236-r
dated July 7, 2005 [1], in order to extract coal from thin seams, JSC "Kharkiv
Machine-Building Plant "Svitlo Shahtarja" created and introduced into serial
production a new generation UKD200-500 coal shearer. It is designed for
mechanized coal extraction as part of mining complexes, in longwalls of shallow
and inclined seams 0,85-1,5 m thickness, moving along strike with inclination
angles up to 35°, as well as rise and fall with angles up to 10°, with coal cutting
resistance up to 480 KN/m. Its technical characteristics are at the level of modern
foreign counterparts.

UKD200-500 coal shearer is a cutting action machine equipped with auger
executive bodies for destruction and loading of coal onto a conveyor — Figure 1
Moving the shearer with a scraper conveyor is carried out by means of an external
feed system.

The most important and loaded element of the shearer is its cutting part —
Figure 2, 3. It is a three-stage spur reducer with an electric motor:

— 1st stage is three in-line cylindrical gears, module m = 6 mm;

— 2nd stage is planetary single-stage with fixed epicycle, module m = 6 mm;

— 3rd stage is four in-line cylindrical gears, module m = 16 mm.

© O. Koval'chuk, R. Berezhnyj, V. Nezhebovs'kyj, O. Ustynenko, 2021
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— Darnel K4-16-233 electric motor, rated power 250 kW, rated speed
1470 rpm, asynchronous three-phase with squirrel-cage rotor.

Figure 1 — The UKD200-500 coal shearer

The cutting part of the UKD200-500 coal shearer is unified. This allows it to
be installed on either the left or right side of the frame. Each reducer stage is
located in a separate sealed chamber, protected from the penetration of abrasive
particles.

The material of external gears is Steel 20Ch2N4ASh, with heat treatment —
carburizing followed by quenching and low tempering. Material of the planetary
stage epicycle — Steel 40 ChN, with heat treatment — improvement for hardness
270-300HB.

Figure 2 — The cutting part of UKD200-500 coal shearer
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Figure 3 — Kinematic diagram of the cutting part reducer

2. PROBLEM STATEMENT

Reliability and durability of the shearer as a whole depend on the reliability
and durability of the cutting part, mainly its gears. It is necessary to take into
account that coal mining equipment operates in especially difficult conditions.
These are elevated temperatures, a wide range of shock loads and extremely high
dust levels. In this case, it is required to ensure the high durability of gears and
bearings — at least 15000 hours. Based on this, during the design process, as well as
in the future, taking into account the operating experience, a large amount of
calculations of its main parts for strength and durability was performed, namely:

— calculations for contact and bending fatigue and static strength of gearings;

— calculations of shafts for static and fatigue strength;

— calculation of service life and static strength of bearings;

— calculations of spline, pinned and hinge joints;

— modeling of the stress-strain state for the main parts and assemblies by the

finite element method.

Next we will consider the methods, approaches and results of the performed
calculations. For gears, as the main and most critical drive element, they will be
presented in more detail. For the rest of the calculations, due to the limited volume
of the article, we will present only the main results.
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3. MATERIALS AND METHODS

Let's start with the basic initial data.

The design load was taken as follows:

—rated torque 7y = 1624 N-m;

—the maximum long-term operating torque for calculating the durability

Trm = 3090 N-m [2];
—the maximum short-term torque for calculating the static strength
Twm =5740 N'm [3].

The total estimated resource of the combine is 15000 hours. We assume that
each of the two cutting parts works for half of the calculated resource with nominal
loads. Therefore, the estimated life for the cutting part is 7500 hours.

The calculation of the gearing geometry, contact and bending stresses in
them was carried out on the basis of standard techniques [4-7]. Also, the
permissible stresses were refined on the basis of mathematical modeling for fatigue
processes in the teeth [8].

The assessment of durability was carried out using the recommendations of
GOST 21354-87 [6]: the slight slope of the right branch of the contact fatigue
curve was taken into account at the total numbers of stress change cycles
Nk > Nuiim. Here Nuiim is the base numbers of cycles corresponding to the contact
fatigue limit owiimp — Figure 4.

OH

20
[ O-H ]

OHlimb

=
-

NHIim NK

Figure 4 — Contact fatigue curve of active tooth surfaces:
| — zone of limited fatigue; Il — zone of long-term fatigue
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The resource calculation was carried out in the next sequence.

1. The equivalent numbers of stress change cycles were determined for
calculating the contact and bending fatigue Nne and Nre according to the next
formulas [6]:

o Ty ’ o, (T )"

NHe :Z[T_j Nei: Nee :Z[T_j Nei < NEjim 1)

i=t\ '1H i=1 \ '1F
where i =1;...; in — accepted for calculation load steps in the cyclorama; Ti; and
N¢i = 60n;-ti — corresponding values of torque and stress cycles on the pinion; Negiim
— base number of cycles corresponding to the bending fatigue limit 6%iimb; qr = 9
for the case of surface chemo-heat treatment of teeth and an unpolished tooth root;
gr = 6 for other variants of heat treatment or polished tooth root.

Additionally, for case Nk > Nwiim, Steps with loads that create stresses below
the so-called damaging level o = ane oniimb Were excluded from the cyclorama.
GOST 21354-87 recommends anc = 0,75 [6].

2. The total number of cycles to failure was calculated.

2.1. Bending fatigue:

NEsi2) = [

NEsa(2) = if Nesi2) > Netim)-

OFpP1(2)

q
N if N < Ngji ;
o) j FEL(2) Fz1(2) < NFlim1(2) @

2.2. Contact fatigue:

6

O .

Nps = Npe (i] if Nyg < Niyjim;
OH

e ®)
NHZ:NHE(i] if Nyg > Ny jim-
OH

3. The calculated durability of the teeth was determined by contact and

bending fatigue in hours, Lun and Len:
LthtM; LFh:min{tm,tm}, 4)
Npe Fer Nre2

where t — required resource of gears.

The minimum of Lun and Lrn was taken as the final value of the durability Ly
for each gear pair.

Calculations of shafts, bearings, spline, pinned and hinge joints were carried
out on the basis of generally accepted engineering techniques, for example [9].
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Modeling of the stress-strain state for the main parts and assemblies by the
finite element method was carried out in specialized software ANSYS [10] and
Autodesk Inventor Nastran (Nastran In-CAD) [11]. The carrier of the planetary
stage, reducer housing, shafts, spline parts, etc. were research.

4. RESULTS AND DISCUSSION

Calculation results of strength and durability for gearings of the cutting part
reducer are presented in Table 1.

Analysis of the data in Table 1 shows that the strength and durability for all
gears of the cutting part are ensured.

Table 1 — Calculation results of gears strength and durability

Gear 1st stage 2nd (planetary) stage 3rd stage

Number of Z1 Z2 Z3 Za Zy Zy Zs Zs Zs Z7

teeth 23 43 50 15 23 60 14 20 20 24

Module m, mm 6 6 16

Contact fatigue | 1,45 | 1,74 | 1,90 | 1,24 | 1,72 | 1,42 | 1,66 | 1,98 | 2,19 | 2,01
safety factor Sy [SH=11

([SH]1=1,2)

Bending 2,72 | 2,12 | 2,97 | 2.83 | 2,45 | 3,19 | 2,92 | 2,78 | 2,78 | 3,05
fatigue safety [Sel=L7

factor Sr

([SF] =1,55)

Contact static | 1,93 | 1,93 | 2,32 | 1,71 | 1,71 | 1,69 | 1,50 | 1,50 | 1,65 | 1,65
strength safety
factor Sum
([Sem] = 1)

Bending static | 3,62 | 3,50 | 3,59 | 3,79 | 3,69 | 474 | 2,89 | 3,52 | 3,87 | 2,77
strength safety
factor Srm

([Sem] = 1,75)

Calculated 330200|12,7-10°|73,5-10°| 14400 | 810500 1,2-10° | 52500 |151300| 277100 | 165600
service life of
teeth t, hours

Next are some of the main calculation results for shafts, bearings and joints.

For shafts:

—the calculated safety factors of fatigue strength are in the range
n =1,55...15,47 with the minimum allowable value [n] = 1,5;

—the calculated safety factors of static strength are in the range
nw =1,55...20,33 with the minimum allowable value of yield strength
[nm] = 1,5;
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For bearings:

— the calculated service life in terms of dynamic load capacity is in the range
Ln = 8000...4-107 h with the required service life [Ln] = 75000 h;

—the calculated safety factors in terms of static load capacity are in the range
no = 1,5...26,0 with the minimum allowable value [no] = 1,0;

For joints:

—in spline joints, the calculated safety factors of contact stress are in the
range n, = 2,68...6,17 with the minimum allowable value [n,] = 1,0;

— in pinned joints, the calculated safety factors of contact and shear stress are
in the range n,y=1,68...7,97 with the minimum allowable value
[Now] = 1,0;

—for the axes of the hinge joints, the calculated safety factors of static
strength are in the range nv = 1,21...2,8 with the minimum allowable value
[n|v|] = 1,2.

Analysis of these results shows that the strength and durability for the main

elements of the cutting part are ensured.

In conclusion, we will give an example of modeling the stress-strain state for

main parts and assemblies using the finite element method. Figure 5 shows the
distribution of equivalent von Mises stress, MPa, in auger splined bushing.

Figure 5 — Equivalent stress by von Mises, MPa, in auger splined bushing

The highest stresses occur in the concentration zone at the edges of the spline

teeth. However, in the contact zone of the bushing with the auger, the stress is less
than 100 MPa. This satisfies the strength conditions.
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SUMMARY

A detailed assessment of the tenseness and durability of the main parts and
assemblies for the cutting part of the UKD200-500 new generation shearer has
been carried out. It was created and introduced into serial production at the JSC
"Kharkiv Machine-Building Plant "Svitlo Shahtarja”. In terms of technical
characteristics, the shearer corresponds to modern foreign counterparts.

Calculations and modeling of the stress-strain state showed:

— the strength and durability of all gears and shafts are ensured;

— the calculated service life in terms of dynamic load capacity for all bearings
are ensured. Safety factors in terms of static load capacity exceed the
minimum allowable values;

— the calculated safety factors of strength for spline, pinned and hinge joints
exceed the minimum allowable values;

—modeling of the stress-strain state by the finite element method made it
possible to evaluate the strength of parts and assemblies of complex
configuration. Calculations have shown that, in terms of the level of
maximum stresses, all parts correspond the strength conditions.

Thus, it can be concluded that the developed cutting part design of the
UKD200-500 coal shearer provides the required durability of 15000 hours and the
average resource before overhaul (depending on the resistance of the coal to
cutting) not less than 800...1000 thousand tons.

References: 1. Koncepcija rozvytku vugil'noi' promyslovosti. Shvaleno rozporjadzhennjam Kabinetu
Ministriv Ukrai'ny vid 7 lypnja 2005 r. No 236-r [The concept of development of the coal industry.
Approved by the order of the Cabinet of Ministers of Ukraine of July 7, 2005 No 236-r]. Available at:
https://www.kmu.gov.ua/npas/18609693 (accessed 19 December 2021). 2. KD 12.10.042-99. Izdelija
ugol'nogo mashinostroenija. Kombajny ochistnye. Metodika vybora spektrov jekspluatacionnoj
nagruzhennosti transmissij [KD 12.10.041-99. Coal engineering products. Coal shearers. Methodology
of the spectrum selection for operational loading of transmissions]. Kyiv, 1999. 3. KD 12.10.042-99.
I1zdelija ugol'nogo mashinostroenija. Kombajny ochistnye. Metodika rascheta maksimal'nyh nagruzok v
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zubchatye cilindricheskie jevol'ventnye vneshnego zaceplenija. Raschet geometrii [State Standard
16532-70. Cilindrical involute external gear pairs. Calculation of geometry]. Moscow, Standarts Publ.,
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Onexcannp Kosansuyk, Poman bepexnuii, Bonoanmup HexxeboBebkni,
Onekcanap YcruHeHko, XapkiB, YkpaiHa

AHAJII3 HAITPY2KEHOCTI TA TOBI'OBIYHOCTI
OCHOBHMUX JETAJIEM PIXKYUYOI YACTUHHA
OYHMCHOI'O KOMBAWHY YKJI 200-500

Anorauis. AT "Xapxiecvokuti mawuro6yoiguuii 3a600 "Ceimno waxmaps" cmeopus ma enposaous y
cepitine UpoOHUYMBO oHUCHUU KoMmbaiiH Hos020 nokorinka YK/ 200-500. Hatibinew ionogioansrum
ma HABAHMACEHUM eNeMEeHmOM KOMOauHa € 1020 pixcyua yacmuna. Bomwa senae  coboro
mpucmyninyacmui npamosyouil pedykmop 3 enekmpoosucynom. Piscyua wacmuna e yrigpikoeanoro. L]e
00360J1A€ 6CMAHOBNIOBAMU [T AK 3 116020, MaK i 3 npasozo 60Ky pamu. Kodcen cmyninb pedykmopa
PO3MAUIO8ANULL 8 OKpeMIll 2epMemuyHitl Kamepi, 3axXuyeHiil 6i0 NPOHUKHEHHs AOPASUBHUX YACMUHOK. Y
npoyeci npoexmysanms 0Y10 BUKOHAHO 6elUKULl 00CA2 PO3PAXYHKIE 11020 OCHOGHUX Oemaneil Ha
MIiyHICMb Ma 008208IUHICMb. KOHMAKMHOI MA 32UHANbHOL MIYHOCMI ma eumpuseaiocmi 3y04acmux
3auenienb, 6ani6 HA CMAMUYHY MA GMOMHY MIYHICIb, MEPMIHY CIyxHcOu ma cmamudnoi miynocmi
RIOWIUNHUKIB,  WLTIYbOBUX, WIMUDMOBUX MA WAPHIDHUX 3'€OHAHb, MOOENOBAHHS. HANPYICEHO-
Odehopmoeano20 cmany OCHOSHUX Oemarneli ma By3nie MemoOOM CKiHYeHHUX enemenmis. Po3paxynku
3y6uacmux nepeoay, 6anig, NIOWUNHUKIE WMIYbOGUX, WMUDMOGUX mMa WAPHIPHUX 3'€OHAHb
BUKOHYBANUCL 30 OONOMO20I0 3A2ATbHONPUIHAMUX (HOICeHepHUX Memoouk. Taxodc ona 3y6uacmux
nepeoay ymouH06anu OONYCIMUMI HANPYIICEHHA HA OCHOBI MAMEMAMUYHO20 MOOENIOBAHHIA 6MOMHUX
npoyecig y 3y6ysax. PospaxyHku nokazanu, wjo MiyHicms ma 006208iYHiCHb YCIX 3y0uacmux Kouic ma
6anig 3aOe3neueHi; PO3PAXYHKOBUU MEPMiH CAyicOU Nno OUHAMIYHIL BAHMANCONIOUOMHOCMI YCiX
niowunHukie 3abesnevenutl, a 3anacu NO CMAMUYHOL  BAHMAICONIOUOMHOCMI Nepesuyyionts
MIHIMATLHO OONYCMUMI 3HAYEHHS, PO3PAXYHKOSI 3anacu MiyHOCmi Os Wiybo8UX, WMu@dmosux ma
WAapHIpHUX 3'€0HAHb Nepesuulyiontb MiHiManbHo Oonycmumi 3Havenus. Modenioeanns nanpysiceHo-
0eghopmosanoeo cmamny 3a 00NOMO20I0 MemoOd CKIHYEHHUX eNeMEeHmi@ 00360IUN0 OYIHUMU MIYHICTNDb
Jdemaneil ma 8y31i6 CKIAOHOI KOHQI2ypayii, maxux siK KOpHyc, 0OUNO NIAHEMAPHO20 CHIyNeHs ma
inwux. Li pospaxynxu noxasanu, wjo 3a pieHem MAKCUMATbHUX HANPYICEHb YCi 0emai 3a00601bHAI0Mb
ymosam miynocmi. Lle 0o36onse 3pobumu BUCHOBOK, WO PO3POOIEHA KOHCIMPYKYIA Pidcydoi yacmunu
Kombatina 3abesneyye HeoOXiOHy 006206iuHicmb 15000 200 ma cepedHiii pecypc 00 KanimanibHo2o
pemonmy (3anedicho 6i0 onipnocmi gyeinna pizannio) ne menute 800...1000 muc. m.

KuarouoBi ciioBa: ouucnuii xombauin; pixcyya yacmuna; 3y0uacma nepeoayd; MiyHicnmv; 008208IHHICHIb;
HANPYIHCEHHSL.
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