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OPTIMISATION OF PURCHASING STRATEGY OF TOOLS AND
COMPONENTS BASED ON EXCHANGE CURVE THEORY

Abstract The optimal inventory control of tools and components in manufacturing systems plays an
important role in the success of sustainable operation from financial and ecologic point of view. This
study discusses an inventory control method, which is based on the transformation of investment of
inventory into annual order cost or vice versa. The study presents the mathematical model of the
exchange curve model for tools and components in the case of economic order quantity inventory
strategy. The described methodology makes it possible to optimise available purchasing strategies for
tools and components. The approach was tested with a scenario analysis, where different parameters of
the purchasing process including inventory related constraints were taken into consideration. The
computational results validated the exchange curve based inventory control methodology and showed
that the inventory strategy can be improved with cost transformation Practical implications of the
proposed model and method regard the possibility of finding optimal inventory policies that can affect
the operation costs of manufacturing systems.

Keywords: purchasing logistics, optimisation, inventory control, exchange curve

1. INTRODUCTION

Today, in order to increase the efficiency of production systems and meet
the dynamically changing demands of customers, manufacturing companies are
doing their utmost to optimise not only their production systems, but also the
related service processes, especially focusing on logistics. This means that the
optimisation of procurement, distribution and recycling logistics activities is
becoming increasingly important for sustainable production systems. In the field of
production logistics, strategic issues can be defined in two cases: design of a new
production logistics systems or improve an existing production logistics systems.
Logistics strategies should support the following production logistics objectives:
increasing capacity utilisation of production and logistics resources, reducing lead
times, reducing production process inventories (work in process) without
increasing supply risk, reducing the operation costs of the technological and
logistical process, increasing flexibility a reliability, increasing the transparency of
the technological process, reducing the environmental impact and integration of the
production logistics process into the overall company logistics system [1].

This paper studies the optimisation potentials of purchasing policies of tools
and components in a manufacturing system, while the economic order quantity is
taken into consideration. As the literature review section will show, modern
optimisation algorithms play an important role in the design and operation of
logistics systems [2] and the majority of the articles in the field of purchasing
policy optimisation are focusing on conventional manufacturing environment and
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only a few of them describes the purchasing policy optimization in a cyber-
physical system, where available real time status information based on digital twin
technology makes it possible to define a dynamic purchasing strategy optimisation
of tools and components. The article is organized as follows. Section 2 presents a
systematic literature review, which summarizes the research background of
purchasing policy optimization based on exchange curve. Section 3 describes the
mathematical model of exchange curve-based purchasing policy optimisation
including three different scenarios depending on the constraints. Section 4
demonstrates the scenario analysis, which validates the model. Conclusions, future
research directions and managerial impacts are discussed in Section 5.

2. LITERATURE REVIEW

As previous studies show, the optimisation of the inventory level and the
costs of inventory management has a great impact on the competitiveness of
manufacturing processes. A wide range of objective functions and constraints can
be taken into consideration regarding purchasing policy optimisation: purchasing
and stock holding costs; financial, technological and logistics consequence of
shortages; uncertainties of the manufacturing and service environment [3-5] or the
warehousing system [6]. The technologies of the fourth industrial revolution and
the transformation of conventional manufacturing and service systems into cyber-
physical systems lead to a more complex supply chain structure, where the four
supply chain levers have to be taken into consideration as an integrated,
interconnected or hyperconnected system, where the key performance indicators of
the supply chain subsystems (procurement, warehousing, fulfilment and
transportation) have a great impact on each other [7]. Statistical survey shows, that
the application of Industry 4.0 technologies leads to a cost savings of about 10%
regarding administrative costs for each purchasing [8]. Industry 4.0 technologies are
changing the role of purchasers, because the co-creation of specifications, automatized
prequalification and negotiations lead to the improvement of procurement processes
[9,10], especially from reduced uncertainties resulted by the application of digital twin
technologies point of view. The big data oriented smart tool condition monitoring
makes it possible to evaluate the present status of the tools and make prediction
including lifetime expectancies, which can support the optimisation of tool
procurement processes [11].

About 60% of the articles were published in the last five years. This result
indicates the scientific potential of the research of purchasing policy optimisation
in Industry 4.0 era. The articles that addressed the development of purchasing
policy optimisation are focusing on different fields of procurement and buying
aspects of supply chain solutions in the field of manufacturing, but only a few of
them focuses on the potentials of Industry 4.0 technologies. As a consequence, the
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main contribution of this article is the exchange curve-based mathematical model
of purchasing policy optimisation and the description of computational results
validating the described model.

3. TOOL AND COMPONENT MANAGEMENT IN CYBER-
PHYSICAL MANUFACTURING

However, there are different ways to optimise conventional manufacturing
systems, but Industry 4.0 technologies offer new opportunities and potentials to
improve the optimisation, especially focusing on the real time data-based design
and operation based on smart sensors and digital twin solutions. In cyber-physical
manufacturing systems, it is possible to use the real time status information to
optimize the manufacturing related operations including purchasing, distribution
and in-process recycling and reuse. Figure 1 shows a possible solution of the
optimisation of purchasing strategies of tools and components of a cyber-physical
manufacturing system. The proposed model includes the following main phases:

1. Smart micro sensors can be mounted into intelligent tools, and
these sensors can collect real time status information of the tool (temperature,
deformation, tension, etc.).

2. The collected information can be uploaded indirectly to a
database, or directly to a digital twin solution.

3. The digital twin solution can build real time models of the
analysed tool, or tool-machine, or tool-machine-product system. This real time
model can be uploaded into a discrete event simulation software, where the
model represents the present status of the system.

4. Using discrete event simulation, it is possible to analyse the
modelled system and make predictions.

5. The tool inventory is a basic information for the prediction,
especially if this information focuses on both quality and quantity of available
tools.

6. The enterprise resource planning includes a wide range of
modules, from these the production planning and scheduling module is
responsible for the design, operation, supervision and controlling of the
manufacturing system.

7. The production planning and scheduling module determines the
master production schedule, which is the most important input parameter for
the purchasing policy.

8. Using the master production schedule, it is possible to define
resource demands (machine tools, tools, components, human resources,
logistics resources, packaging).
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9. Based on the status information of inventory of tools and
components and the prediction information, the future potential status of the
system can be predicted, which is the basic information for the optimisation of
the purchasing policy.

10. Based on the prediction regarding tools, it is possible to make
predictions according the whole analysed systems including tools and
components.

11. The master production schedule is an important input parameter
of the purchasing policy optimisation.

12. The optimised purchasing policy has a great impact on the
component inventory, because the resulted changes in annual order cost and
annual investment in inventories of components lead to new parameters of the
purchasing process, which influences in this way the component inventory.

13. The optimised purchasing policy has a great impact on the tool
inventory, because the resulted changes in annual order cost and annual
investment in inventories of tools lead to new parameters of the purchasing
process, which influences in this way the tool inventory.

14. Predictions and lifetime expectancies of tool and products is an
important input parameter for the exchange curve-based purchasing policy
optimisation.

3 4
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Intelligent tool :> Smart microsensor $ Digital Twin [y simulation A Predicion

[T10

)

6 7 8
Enterprise resource Production planning Master production |-/
- A - [ Component mventory A
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Figure 1 — Digital twin-based optimization of purchasing policy of tools and components

4. MATHEMATICAL MODEL

To optimise the operation of production systems, it is essential to design
related logistics processes in a cost-effective way. Since one of the key elements of
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efficiency in production systems is the availability of tools and parts, it is of great
importance to define an optimal inventory strategy. Inventory management
processes have great importance in company's logistics system and have a major
impact on its economic operation. The aim of inventory management is to smooth
out the fluctuations in quantity resulting from imbalances between input and output
flows in the material system or from external environmental disturbances.

The purchasing policy of tools and components of manufacturing systems
can be optimised in many ways, depending on the characteristics of goods. If the
purchasing policy is based on economic order quantity methodology, then in the
mathematical model of the exchange curve based inventory control the average
inventory investment can be defined depending on the specific purchasing cost of
tools and components:

ct=XL 121 . 1)
where a; is the specific purchasing cost of tools and components and g; is the
economic order quantity, which can be calculated using the following equation:
_ |ZADrm )
4= By ! ( )
where AD; is the annual demand of tools and components, «; is the specific
order cost of tools and components, B, specific purchasing cost of tools and
components, ¥ is the specific warehousing cost of tools and components.
Using the economic order quantity for all tools and components, the average
inventory investment can be calculated:

fz.cm o 1 —_—
Cl_— 1[3: \2=}, f:lx-’ADI'C‘:'BJ- (3)

The second part of the cost functlon is based on the annual order cost of tools
and components, which can be calculated in the following way:

c2=3r, 2 (4)

q;

Using the economic order quantity for aII tools and components, the annual
order cost can be calculated in the following way:

B
¢ =3, ap o (B Ly aDa B @

Depending on the value of the average inventory investment and the annual
order cost, it is possible to draw a curve between these costs. This €* — ¢CZ curve
makes it possible to analyse and optimise the present inventory policy of tools and
components depending on the position of the present inventory policy related to the
€' — ¢? curve (see Figure 2).
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Figure 2 — Potential optimization directions of the purchasing policy depending on the

position of the present situation related to the exchange curve

Depending on the constraints defined by the purchasing policy based on
economic order quantity, we can define three different types of optimisation of
purchasing policy:

o In the first case, the purchasing policy defines the number of annual
orders regarding tools and components as a constant value (annual order
constraint). Depending on the parameters of the purchasing policy, we can
minimize the inventory costs, while it is not allowed to change the number
of annual orders which lead to a constant annual order cost. In this case, the
optimization of the purchasing policy means the transformation of
investments in inventories of tools and components to annual order costs.

¢ In the second case, the purchasing policy defines the investment in
inventories of tools and components as a constant value (investment in
inventory constraint). Depending on the parameters of purchasing policy,
we can minimize the annual order costs, while it is not allowed to change
the investments in inventory of tools and components. In this case, the
optimization of the purchasing policy means the transformation of annual
order costs to investments in inventories of tools and components.

e In the third case, neither the annual orders nor the investment in
inventories of tools and components are constrained by the purchasing
policy based on economic order quantity model. In this case, we are talking
about a mixed transformation, where we have to find the nearest point on
the €* — C* curve, which means, the it is possible that both parts of the
purchasing cost will be changed. In the case of this purchasing optimisation
we can minimize the change in the parameters related to the present
purchasing strategy.
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This ¢* — 2 plot is a rectangular hyperbola, which is named as an exchange

curve:
1 2
Cl'C2=E'{ 1B JAD; oy By} (6)
Within the frame of the next chapter some scenarios and numerical exampled
demonstrate the usability and efficiency of the exchange curve-based purchasing
policy optimisation in the case of tools and components in a manufacturing system.

5. NUMERICAL EXAMPLES

In the case of conventional manufacturing systems, where no real time status
information is available it is almost impossible to perform a real time optimization
a smoothing of purchasing policy. In cyber-physical systems, where the digital
twin of the manufacturing system collects status information from the resources
and processes of the manufacturing system through smart sensors, it is possible to
make real time decisions and optimize the purchasing strategy regarding tools and
components. In the case of intelligent tools, the inbuilt micro sensors can collect
status information, and based on this information it is possible to predict the future
status and life expectancy and the purchasing policy can be permanently changed.

In this scenario, the purchasing policy of tools and components in a cyber-
physical manufacturing system is analysed. The input parameters of the purchasing
optimization problem are given in Table 1, including the annual demand of tools
and components depending on the master production plan based on ERP, the
specific order cost and purchasing cost of tools and components (see Table 1). The
company orders the required tools and components monthly (12 times yearly) and
the annual order cost of this solution is 3036 USD, while the average inventory
investment is 11012 USD.

Table 1 — Input parameters of the purchasing policy optimisation problem

ID X1201 | X1202 | X1203 | X1204 | X1205 | X1206 | X1207
a; [USD] 320 200 80 90 50 90 120
AD; [pcs] 450 260 320 215 35 120 90
B, [USD] 10 30 50 40 22 34 67

Depending on the specific warehousing cost of tools and components (y), it is
possible to compute both parts of the cost function regarding purchasing of tools
and components. As Figure 3 demonstrates, regarding to the methodology of the
economic order quantity, the specific warehousing cost has the opposite impact on
the annual order cost and on the annual investment in inventory. The increased
specific warehousing cost lead to increased annual order cost, while the increased
specific warehousing cost lead to decreased annual investment in inventory of tools
and components.
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Figure 3 — Annual order cost and annual investment of inventory of tools and
components depending on the specific warehousing cost

As Figure 4 demonstrates, in the case of this scenario there are three different
ways to optimize the present purchasing strategy of tools and components (see
point A in Figure 4). In the case of monthly order of tools and components, the
annual order cost is 3036 USD and the annual investment in inventories is 11012
USD. The three potential optimisation directions are the followings:

e We can fix the annual order cost of tools and components and it is
possible to find a potential solution on the €* — ¢? curve with a reduced investment
in inventory of tools and components. This solution is represented by point B in
Figure 4, where the annual order cost is 3036 USD and the annual investment in
inventories is 6154 USD, which results a total annual purchasing cost reduction of
4858 USD.

e We can fix the investment in inventory of tools and components and it is
possible to find a potential solution on the €* — €* curve with a reduced annual
order cost of tools and components. This solution is represented by point C in
Figure 4, where the annual order cost is 1696 USD and the annual investment in
inventories is 11012 USD, which results a total annual purchasing cost reduction of
1340 USD.

o In the case of the third potential way, there are no constraints defined for
the annual order and investment in inventory, therefore we can find a potential
solution on the ¢* — € curve to minimize the distance between point representing
the present solution and point representing the new solution. A new procedure to
find the minimum distance from the operating point representing the present
purchasing strategy makes it possible to find this solution [12], which represents a
potential solution with minor changes in the purchasing strategy. Using the
suggested methodology, we can define this minimal distance point (see point D in
Figure 4), where the annual order cost is 2711 USD and the annual investment in
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inventories is 6890 USD, which results a total annual purchasing cost reduction of
4447 USD.
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Figure 4 — Potential optimization directions of the purchasing policy

The above mentioned purchasing policy optimisation is a macro-level
optimisation, because this methodology supports the detection of bottlenecks in
purchasing strategy regarding annual order cost and annual investment in
inventories of tools and components. After finding the bottleneck and changing the
better strategy for the purchasing the next important task is to perform a micro-
level purchasing policy optimisation, which can be based in this case on the
economic order quality methodology, because after finding a better macro-level
strategy on the €* — €2 curve we can compute the new parameters for the new
policy and we can determine the new parameters for the purchasing of tools and
components while depending on the manufacturing and logistics environment
different other components of the whole manufacturing system must be taken into
consideration (triggers in Kanban systems, stock out management, age
management and safety stock planning).

6. CONCLUSIONS

The efficiency of production systems is affected by the efficiency of both
technological and logistic subsystems. An important factor of the optimisation of
production systems is the optimisation of available resources, which is an
important task of purchasing logistics, especially for tools and components. Within
the frame of this article the author described an exchange curve-based purchasing
strategy optimisation approach, which makes it possible to optimise the present
purchasing policy depending on the value of annual order cost and annual
investment in inventory of tools and components. The proposed model focuses on
the potentials of Industry 4.0 technologies and describes a solution including
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intelligent tools, smart micro sensors, digital twin technology and discrete event
simulation. Purchasing policies are extensively discussed in a wide range of
research works, but only a few of them focuses on the potentials of real time
optimisation using Industry 4.0 technologies. To try to fill this gap, this work has
introduced a purchasing policy optimization methodology based on exchange
curve theory to analyse the structure of purchasing cost of tools and components
and suggest more efficient policies for the analysed purchasing. The described
methodology shows that the optimization of purchasing policy in cyber-physical
systems has a great impact on the profit of the manufacturing system and digital
twin solutions can support the optimization of purchasing policy, because real-time
data collection can improve the efficiency of failure data forecast, prediction and
status information collection. The most important managerial impact of this
methodology is, that the application of the proposed model and method can support
managerial decisions regarding buying, purchasing, procurement and warehousing.
A further study of the proposed work would be the modelling and optimisation of
the fourth optimisation direction, which objective function is the maximisation of
the profit between the present purchasing policy and the new purchasing policy
regarding the C* — C? rectangular hyperbola.
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Arora banpsi, Minrkons1, Yropuiaa

ONTHUMI3BAILIA CTPATETIi 3AKYHIBEJIb IHCTPYMEHTIB I
KOMILIEKTYIOUHAX HA OCHOBI TEOPIi OBMIHHUX KPUBUX

AwuoTtauisi. Ha egpexkmugnicms 6upoOHUUUX CUCTEM 8NIUBAE ePEeKMUBHICIb K MEXHON0IUNOI, |
JocicmuyHol niocucmem. Bascausum ¢hakmopom onmumizayii 6UPOOHUHUX CUCTIEM € ONMUMI3AYIS
HAABHUX PeCypCi6, WO € 8ANCTUBUM 3AB0AHHAM 3AKYNIBENbHOT I02ICIMUKU, 0COOIUBO THCIMPYMenmis ma
Komniekmytoyux. ¥ pamkax yiei cmammi asmop onucas nioxio 0o onmumizayii cmpamezii 3aKynieeins
Ha OCHOBI KpuBoi 0OMIHY, W0 0036015€ ONMUMIZY8AMU ICHYIOYY HOIMUKY 3AKYNIBEb 3AJIeHCHO G0
BeNUYUHU PIYHOI 6aPMOCMI 3AMO6GIIeHHs Ma WOPIYHUX IHGeCmuyiil y 3anacu iHCmpymMeHmie ma
Komnaekmyrouux. [lpononosana mooens hoKycyemovcs Ha MOHCIUSOCmAX mexnonoziu Inoycmpii 4.0 ma
ONUCYE PiUieHHsl, WO BKIIIOYAE IHMENEKMYAIbHI IHCIPYMEHMU, THMENeKMYabHi MIKDOOAmMYuKu,
MEXHON02110 YUPPOBUX OBIIIHUKIE Ma MOOEN08AHHS OUCKpemuux nodiu. Ilonimuxa 3aKynieens wupoko
002060pIOEMBCA Y 8ENUKIN KiILKOCHE 00CTIOMNCEHD, anle Tuute 0esKi 3 HUX NPUCBAUEHT MONCIUBOCHIAM
onmumizayii 8 peanrbHOMY 4Aaci 3 BUKOPUCIAHHAM mexHoa02it [Hdycmpii 4.0. [Llo6 cnpobysamu
3ano8HUMU Yo NPO2anuty, y Yitl pobomi 6yia npedcmagiena Memooono2is Onmumizayii noaimuxu
3aKynieenv, wo 6a3yemvcs Ha meopii Kpusoi 00MiKy, 015l aHaANi3y CMPYKMYPU 3aKynieebHOI 6apmocmi
IHCMpYMeHmié ma KOMHOHEHMI8 ma NPono3uyii Ginbu eqhekmusHUX NOTIMUK 0I5t AHATI308AHUX
3akynieens. Onucana Memooono2is NOKA3ye, Wo ONMUMI3ayis ROTMUKU 3aKynigens y Kibep@izuunux
cucmemax 0ydice GRAUBAE HA NPUOYMOK GUPOOHUYOT cucmemu, a pitienHs YUGpPosux OGIHUKIG
MOJACYNIL CRPUSIMU ONMUMI3AYIT NOTIMUKU 3AKVNI6eNb, OCKIbKU 301D OAHUX 8 PedCUMI PeaibHO20 4acy
MOdHCce NIOBUWUMU eheKMUBHICIb NPOSHO3YBAHHA OAHUX U000 6I0MOBIU, NPOZHO3Y6AHHS MA 361D
ingpopmayii npo peanvre. cmani. Haubinvw easicnusum ynpaguincokum eghpekmom yici memooonocii €
me, o 3aCMOCY68AHHA 3aNPONOHOBAHOT MOOeNi Ma Memooy Modice NiOMPUMYBAMU YNPAGITIHCHKI
Pplwents wooo 3aKynieeib, nocmayanis ma ckaaoysans. Tlooansuwum 0ociioHceHHAM 3anponoHO8anHoi
pobomu 6y0e MOOeno8anHs ma OnMUMI3ayis 4emeepmo2o HanpsImy Onmumizayii, Yyinibogoio PYHKYICIo
K020 € MAKCUMI3AYISE RPUOYMKY MINC ICHYIOYOI NOIMUKOI 3AKYNi6eb MAd HOB0K NOJIMUKOK
3akynienb w000 npamoxymHoi 2inepbonu C'-C2,

KurouoBi ciioBa: 3akynigenvbra nocicmuxa,; onmumizayiss, KOHMpoab 3anacie; Kpuea ooMiny.
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EVALUATION OF PERFORMANCE EFFICIENCY OF PACKING
A GROUP OF PRODUCTS IN THE WORKPLACE OF
ADDITIVE MACHINE USING A GENETIC ALGORITHM

Abstract. Research results of possibilities of packing a group of 3D-models of products in a layered
build space using a genetic algorithm are presented. It is proposed to determine the efficiency of the
optimization problem of rational arrangement of 3D-models group in the workspace of additive
machines depending on the number of loaded products. Condition for efficient use of the layered build
workspace is the minimum number of layers per product and the largest relative filling. Such criteria
are important, for example, for SLS/SLM technologies.

Examples of evaluation based on the analysis of derived voxel 3D model of the workspace with located
products are considered. Industrial products with different geometrical complexity were selected as test
3D models. This approach allowed to perform a comparative analysis of the results depending on the
design features of products.

The practical realization was performed in the subsystem of packing 3D-models in a workspace, which
is part of the technological preparation system for the manufacture of complex products by additive
methods. This system was developed at the Department of “Integrated Technologies of Mechanical
Engineering" named after M. Semko of NTU "KhP1".

Keywords: technology planning; additive manufacturing; triangulated model; voxel model, packing.

Introduction. One of the main optimization tasks of technological preparation
of additive processes (Additive Manufacturing) is to determine the rational location
of the product in the working area of layered building [1]. The ability to solve this
optimization problem significantly depends on the geometric complexity of the
products and requirements for effective use of additive machines [2]. When applied
to methods such as SLS and SLA, one of the important factors in the effectiveness
of layering processes is the degree of filling the workspace with products. The
provisional estimate of the product in technological preparation for adaptation to
the task of rational location is of interest to ensure the level of efficiency of
additive processes of layered building [3].

Literature analysis. Rational placement of products 3D models refers to the
problems of packaging, which are characterized by significant complexity of
solution [4, 5]. Product placement problems are solved both for single-build and
multi-build of one or more machines (single- or multi-machine) [6].

In the known works various approaches and algorithms on a rational
arrangement of products group in a workspace of additive technologies machine
are used. The genetic algorithm is one of the most common for solving such a
problem [7-9].
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Choice of rational location of the product in the working space of additive
machine, as a rule, is performed by solving the optimization problem based on one
or many criteria [6]:

- build height [10];

- surface roughness, support volume [11];

- layering time [12];

- total cost [13];

- profit [14];

- nesting rate [15];

- number of products parts obtained during their decomposition [3].

The main problem is that existing works have not created a methodological
basis for a comparative analysis of the effectiveness of algorithms for placing a
group of 3D models, taking into account geometric features of products. Initial
research of genetic algorithm possibilities for the placement of products with
different designs was carried out in [16]. But the problem remains to ensure
sufficiently high efficiency of using the workspace of machine in the manufacture
of small groups of products in one load.

The purpose of the article is to validate the possibility of effectively
performing the optimization problem of rational arrangement of 3D models of
products group with complex geometry in the workspace of additive machines
using a genetic algorithm.

Research methodology. A study of the possibilities of the solving
optimization problem of packing 3D models of products group was carried out in
the system "Technological preparation of materialization of complex products by
additive technologies”, developed at the Department of Integrated Mechanical
Engineering Technologies of NTU "KhPI". This system makes it possible to assess
the technological effectiveness of solving technological preparation problems
based on the statistical analysis of studied features of polygonal, voxel, and layered
3D models of products [16].

Optimization problem of product placement was performed using voxel
product models [3]. Voxel model consists of an ordered set of voxels, which are
volume elements with a given location in space (coordinates Xve), Yvi), Zv()-
Therefore, the voxel model is a set of elementary volumes V = {v[0], v[1], ...
v[nv]} = {v[i]}. Voxel models offer a quite simple way to process data for given
task.

The developed subsystem provides for the following modes of placing
products 3D models in the workspace of AM machine [16]: manual mode; random
search (Monte Carlo method); using a genetic algorithm.

Placement of products 3D models in the workspace was carried out with a
step-by-step check of the free space and fixation of orientation using a genetic
algorithm [6, 16, 17].
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In fig. 1 are the test 3D models placed in the workspace of Vanguard Si2 SLS
machine (made by 3D Systems).

a — shaft, b —auger, ¢ — case, d — souvenir, e — container, f— lid.
Figure 1 - Test 3D models

Research of the possibilities of developed algorithm for packing products 3D-
models (Fig. 1) was carried out by means of comparative analysis by a number of
layers Ni, coefficient of the relative use of the layered build workspace Ky.
Additionally, a relative number of filled and unfilled subspaces was considered to
evaluate the efficiency of the algorithm for uniform use of the workspace of the
additive machine.

Results of the research. The study of developed algorithm capabilities
described in [16] was carried out on the example of placing a group of products in
an amount of 5-20 pieces. Envelope sizes were set using the example of
Vanguard Si2 SLS machine. The estimated flow was considered by the number of
building layers, and the efficiency of the machine was considered by relative used
workspace of layered building. Slicing strategy with a constant building step h; =
0.1 mm, and with a variable step was carried out with the following characteristics:
maximum permissible value of deflection from the correct shape Asmax =0,1 mm
(for a description of slicing method is in [18]). Parameters of genetic algorithm;
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probability of crossing p.=80%, mutation probability pm =2%, population size

Np = 20 pcs., generations limiting number (generations) Ng = 50.
Results of analysis of options for placing 3D-models’ groups of products in the

workspace of the additive machine (Vanguard Si2 SLS) are shown in table. 1.

Table 1 - Researched features obtained in the analysis of options for 3D-
models packing in the workspace

Test 3D-model | Number Number of building Build |Coefficient of
(overall of layers height, space
dimensions) models constant variable Hs utilization,
step step Kv

Shaft 5 600 424 61.0 0.244
(60x216x60 10 1816 1481 182.6 0.163
mmd) 15 2958 2086 2515 0.178
20 3219 2813 322.9 0.184

Auger 5 582 503 61.2 0.042
(40x 14440 10 1020 901 104.9 0.049
mm?) 15 1387 1255 141.7 0.055
20 1317 1226 134.68 0.077

A IO
%‘2;‘210"125 15 3917 2156 393.0 0.034
20 4092 2452 413.1 0.043

Souvenir 5 1072 911 110.1 0.008
(73x51.3x70.1 10 774 633 80.2 0.021
mm?) 15 1473 1309 1511 0.017
20 1475 1341 150.5 0.023

Continer 0 | s | o4 | 289 | oo
532123;‘93'6"125' S5 4245 2380 428.1 0.010
20 3460 2353 347.5 0.016

Lid 150 1830567 1723885 18345 35 8818
52%39)"101 3432 g 1883 1817 192.1 0.021
20 2055 2001 209.3 0.025

Analysis of research characteristics, given in table. 1 shows a clear advantage
of the approach to load more products into the machine workspace. The exception
is the shaft and container 3D models. For a shaft 3D model, it is not possible to
increase the efficiency of manufacturing. This is due to rather large overall
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dimensions in relation to the working space dimensions. This circumstance does
not allow efficient use of the machine’s workspace. The explanation for the
container can be the fact that the model belongs to thin-walled products. In this
case, regardless of the number of models placement, it is impossible to achieve a
noticeable increase of Ky coefficient. We can also suppose that Ky coefficient is
slightly dependent on the choice of a packing algorithm. Models with more
complex geometry - auger, souvenir, lid show an essential increase of Ky with an
increase in the number of loaded products. Container and case show an essential
reduction in the number of layers for adaptive slicing strategy relative to constant
step (common slicing). This circumstance can be explained by greater initial
efficiency from the task performance of rational orientation of part according to the
optimization criterion of minimum of the area with greatest deviations from correct
surface shape.

Comparative analysis of the obtained results (table. 1) was carried out
according to graphs shown in Fig. 2.

I + + s 0,25 (o)
+ o g <
o a o = 0,20
g e}
e 5 o O
= 0,15
e} @) o =
A g 0,10
A ® Z 4 (]
A 35 0,05 [EI A
¢ ¥ = S 3 5
0,00
0 5 10 15 20 25 ] 5 10 15 20 25
Number of loaded products, N, Number of loaded products, N,
a) b)
Py
S = 300
(o iR
5 A i A 82 250
2 o £F
£ o < 1) A £ % 200
E lo} 8 2o =
P Q0
150 i =78 150 Py o) 2 5
g I ¢ 3 & ¥
= £ 100 =] o + = £ 100 @ ) +
g8 15 g f -
2 o [m) 2 * a
E g %0 ] 50
0 5 10 15 20 25 0 5 10 15 20 25
Number of loaded products, N, Number of loaded products, N,
c) d)
O -shaft; O - auger; A - case; = - souvenir; - container; + - lid

Fig. 2. Dependences of researched features on the number of loaded parts

Ratio dependence of the number of layers obtained by different cutting
strategies Ni_v/ NL ¢ on the number of parts loaded into the workspace N,, shown
in Fig. 2a. It allows to you identify the conditions for the greatest efficiency of
adaptive slicing in comparison with constant building steps. Using adaptive slicing
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for loads of the adaptive machine with a small number of parts is most successful.
Best results are obtained for container and case.

Analysis of filling factor of the workspace with models (Fig. 2b) shows a
significant difference for shaft from other models.

Fig. 2c,d shows graphs of the influence of loaded models’ numbers on a
relative number of building layers on one model. It is known, that building time
and a number of layers are approximately linearly related (within the framework of
using the same slicing strategy with the same parameters) for additive methods
such as SLS, SLM, SLA, DLP, etc. [19]. Therefore, obtained dependencies are of
interest for identifying conditions for increasing productivity of additive processes.
The minimum ratio N__c / Ny and, accordingly, Ni_ v/ Ny are observed for auger and
souvenir. At the same time, increased productivity, i.e. minimization of building
time will be ensured with a larger load of these models. In general, for all test 3D
models, there is a tendency to increase productivity of layered building processes
and fill factor of the workspace of the additive machine.

As a result of research, the following recommendations were obtained to
improve the efficiency of using additive installation at stage of placing products in
the workspace using a genetic algorithm:

- for products like a shaft and auger, the workspace of the additive machine
should not be filled to the maximum;

- greatest efficiency of adaptive slicing is provided for products with complex
surface geometry and therefore they should be pre-oriented according to criterion
of minimizing surface with greatest deviations;

- for products with complex surface geometry, it is necessary to fill the
workspace of the additive machine as much as possible.

Approbation of the algorithm using the example of packing a small group of
3D models of complex products has demonstrated some improvement in
researched features due to loading a kit of parts into the workspace of the additive
machine. In some cases, it was possible to reduce specific number of construction
layers per part within the range of 9.9 + 65.6%. At the same time, the time spent on
the implementation of the optimization problem of parts packing increases
significantly (preliminary researched results are presented in [16]).

Conclusions. Results of research of genetic algorithm possibilities for
effectively solving the problem of packing a group of products 3D models in the
workspace to fill it as much as possible showed an increase in productivity of their
layered building. At the same time, the time spent does not increase so
significantly compared to the task of packing a small 3D models group located
directly on the platform of the additive machine.

Based on the analysis of researched features of the workspace with placed 3D
models in the workspace, rational quantities of loaded parts have been identified,
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depending on their design features. Under certain conditions, it is possible to
reduce specific number of building layers per part to 65.6%.

Findings create the basis for further consideration of joint solution of the
problems of rational orientation and placement of a large group of complex
products in the workspace using a genetic algorithm to expand possibilities of
technological preparation of additive manufacturing.
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SApocnas "apamenko, XapkiB, Ykpaina

OIIHKA EOEKTUBHOCTI BUKOHAHHSA 3AJJAYI POSMIIINEHHA
I'PYIIX BUPOBIB Y POBOYOMY ITPOCTOPI AIUTUBHUX
YCTAHOBOK 3 BUKOPUCTAHHAM 'rEHETUYHOI'O AJITOPUTMY

AHoTauist. /lpeocmasneno pesyibmamu 00CHIOHNCEHH MONCIUBOCHEN POIMilyeHHs (YNAKOBKU) epynu
3D-moodenei 6upobie y pobouomy npocmopi nouwlaposoi no6y0osu 3 GUKOPUCHIAHHAM 2EHeMUUHO20
aneopummy. 3anpononoeano eusHavamu eQexmueHicmb ONMUMI3AYitHOI 3a0aui payioHATbHO2O
posmautysanns epynu 3D-modeneii y pobouomy npocmopi aoumusHux yCmaHo80K y 3aneHCHOCH 610
KiIbKOCMI  3a6aAHMAdICEHUX 6UPODIE. YMOB0I ehekmusH020 SUKOPUCMAHHA POOOU020 NPOCMOPY
nowaposoi nobyoosu € MIHIMAIbHA KINbKICMb wWapie Ha eupi6 ma Haubinbuie 8IOHOCHE 3aNOGHEHHS.
Taxki kpumepii € saxcaugumu 01 maxkux mextonoeitl sk SLS/SLM.

Posenanymo npuknaou oyinKu egekmusHOCHi po3pooNeH020 aneopummy Ha OCHOBI AHANi3y NOXIOHOT
soxcenvHoi 3D-mo0eni pobouoeo npocmopy 3 posmauwiogaHumu eupodoamu. B axocmi mecmosux 3D-
Modeneti 06pano NpoMuciosi eupobu 3 pisHow ckradHicmio. Takuii nioxio 003601u8 6uKoOHamu
NOPIGHSIbHULL AHAI3 PE3YTbMAMIE 6 3AJIeAHCHOCMIE 810 KOHCMPYKMUBHUX 0COOIUBOCMEN 8UPOODIE.
Tlpakmuyna peanizayisi 8UKOHY8ANACH y niOcuUcmemi payioHanvHo2o posmauiyeéanus 3D-modenei y
pobouoMy npocmopi, wo 6xo0umv 00 cucmemu mMexHoI02iuHOI Ni020MOBKU GU2OMOGNEHHS CKIAOHUX
supodie adumuenumu memodamu. [Jany cucmemy pos3pobieno Ha kagpedpi «Inmezposani mexnono2ii
mawunodyoyeanuay im. M.®. Cemxa HTY «XI1».

KaiouoBi ciioBa: mexuonociuna niocomosxka; aOUmMueHi MexHON02ll; MpIaHyIAYiliHG  MOOelb;
60KCENbHA MOOENb, POIMIUEHHs 2PYRU 6UPODIE Y pOOOUOMY NPOCMOPI.
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ANALYSIS AND COMPARISON OF THE WASTE MANAGEMENT
DEVELOPMENT IN HUNGARY AND SLOVAKIA

Abstract. Waste production is an indispensable human process that happens daily in all communities.
With the population increase and the industry developments, the waste amounts are growing, and their
treating processes are taking a bigger share of the transportation and handling tasks in the city
logistics. These waste collection, transportation, and treatment are described as waste management has
been investigated and developed especially with the various application, solutions, and developments in
the logistics, transportation, and industrial areas. Also, with the higher attention to the environmental
impact in the different areas, the green aspect of waste management takes more importance particularly
in city logistics where congestion occurs regularly. Within this work, waste management is analyzed in
Europe generally and Hungary specifically. Eurostat database is used for that purpose next to previous
research work tackling this topic. Also, a comparison between the waste management operations in
Hungary and Slovakia is discussed to show the difference of these operations’ developments between
the two countries between 2014 and 2020.

Keywords: waste management; city logistics; data analysis.

1. INTRODUCTION

The European Union repeatedly formulated aims, plans, and
recommendations concerning waste management [1]. A common EU aim is to
recycle 65% of municipal waste and 75% of packaging waste by 2030 [2]. The
document of “General Union Environment Action Program to 2020; Living well,
within the limits of our planet” described a waste management hierarchy according
to environmental aspects [1, 3]:

e Prevention,

e reduce waste. To avoid any extra amount of waste,

e reuse. It requires relatively little or no processing where the material can
be used again without any structural changes in it,

e recycling, and waste treatment. It means creating usable raw materials
from the waste,

e incineration with energy recovery. The released gases and heat are used
for power generating. By the end of this process, the gases are released after
purification from any contaminated substances,

e another recovery, and disposal. this method remains the worst option that
should be avoided as much as possible for its long-time need.

It is possible to describe waste management as the collective process of
monitoring, collecting, transporting, treating, recycling, or disposing of waste.

© M.Z. Akkad, T. Banyai, 2022
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This process takes its importance to lighten the negative effects of waste on
the health, environment, and public appearance. Waste can be defined as any
excess undesirable material, and it can mean rubbish or trash. Waste collection is a
main part of the waste management process. It is the process of transferring the
waste to the treatment or landfill facility. Waste treatment refers to the needed
processes to ensure that waste has the least possible effect on the environment. The
waste treatment methods may vary from a country to another [4]. On one hand,
waste management may be considered as a necessary cost that should be paid to
reach a clean environment that is not harmful to the health of inhabitants. On the
other hand, other authorities give great importance to waste management because it
saves raw materials resources. Many developed countries implemented
successfully waste treatment projects to get benefits from waste like recycling.

2. WASTE MANAGEMENT DEVELOPMENT

It is observed that there is a shift towards a more holistic approach in the
analysis of waste management [5], and reducing environmental impact is the
priority for future generations. Waste minimization mechanisms should be
implemented as well, taking into consideration the sustainable development
principles [6]. Also, sustainable development implementation mustn't cause long-
term business disadvantages for companies [7]. Numerous European cities have
been using sustainable systems in waste management for a few years, working on
optimizing the generated and collected amounts of waste to a minimum. However,
the dominant method of waste disposal is landfilling in Hungary [1]. The waste
minimization techniques can be used in the waste reduction of municipal waste
treatment, but the waste management problem in the European Union is classified
by [8]:

e the increase in industrialization and urbanization,

e the increase in the generated waste amount per capita,

e the maintain need of a high level of infrastructure investment
(incinerators, landfills, recycling facilities),

e institutional barriers,

o the diversity of interest groups next to the political and legal changes in
the field of waste management.

Different waste collection solutions are analyzed in the literature focusing on
different aspects of evaluation, like technology, logistics, human resources,
policies, and social aspects [9]. The optimal structure of the waste collection
system influences the performance of waste collection processes. A Portugal case
study shows that strategic expansion plans of waste management companies can be
supported by complex mathematical models and heuristic optimization algorithms
[10]. The importance of multi-level solutions is highlighted with a three-phase
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hierarchical approach in the Spanish region of Galicia [11] and Ankara [12]. the
authors focused on routing problems and facility location. Waste collection
systems show a broad range of uncertainties, for instance, the design of appropriate
infrastructure difficulties for waste collection and recycling were described in a
Hong Kong case study [13]. Other case studies from Denmark [14], Kampala City
[15], Italy [16], and Taiwan [17] demonstrated the importance of new technologies
in municipal waste collection systems.

3. ANALYSIS OF WASTE MANAGEMENT DATA IN EUROPE AND
HUNGARY

The used dataset in this chapter was imported from the Eurostat Statistics
website, the statistical office of the European Union. Two data were used to be
analyzed. The municipal waste management operations [18] and the recycling rate
of municipal waste [19]. It should be considered that the collected dataset was
based on the municipal waste which is produced by households next to other waste
sources like commerce, offices, and public institutions. The generated municipal
waste amount data includes the collected waste by or on behalf of municipal
authorities and disposed of through the responsible waste management system.
According to the OECD/Eurostat Joint Questionnaire municipal [18], waste
includes the following materials groups: paper, paperboard and paper products,
plastics, glass, metals, food and garden waste, and textiles. As it includes other
types of waste such as bulky waste, households, commerce and trade, small
businesses, office buildings, and institutions. As well as the collected waste from
selected municipal services, for instance, waste from garden and park maintenance,
waste from street cleaning services. However, it does not include waste from
municipal sewage network and treatment, municipal construction, and demolition
waste. The recycling rate of municipal waste indicates how waste from final
consumers is used as a resource in the circular economy [19]. The municipal waste
recycling rate gives a useful indication of the overall waste management system
quality. The Recycling rate indicator measures the share of recycled municipal
waste in the total municipal waste generation. Recycling includes material
recycling, composting, and anaerobic digestion. The ratio is expressed in percent
(%) as both terms are measured in the same unit, namely tons. The following
definitions were introduced within the collected data:

e Incineration expresses thermal treatment of waste in an incineration plant,

e Energy recovery is defined as the incineration that fulfills the energy
efficiency criteria,

e Recycling means any recovery operation which waste materials are
reprocessed into products, materials, or substances whether for the original or other
purposes,
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e Composting and anaerobic digestion are processes of biological
decomposition of biodegradable waste under controlled aerobic (composting) or
anaerobic conditions,

o Landfill is defined as the deposit of waste into or onto land; it includes
specially engineered landfills and temporary storage of over one year on permanent
sites.

The first table shows the annual waste generated in thousands of tons for 37
European countries from 2014 to 2020. It is interesting to see that the waste
amount in Hungary is relatively the same except for 2020 where it is 6.5% less
than the average of 2014-2019.

Table 1 — annual municipal waste generated in thousands of tons [18]

2014 2015 2016 2017 2018 2019 2020

Albania 1,229 | 1,413 1,300 1,254 1,325 1,087 | 1,048
Austria 4,833 | 4,836 4,928 5,018 5,119 | 5,220 :
Belgium 4,762 | 4,643 4,746 4,672 4,677 | 4,779 | 4,800
Bosnia and

Herzegovina 1,335 | 1,249 1,244 1,235 1,244 | 1,228

Bulgaria 3,192 | 3,011 2,881 3,080 2,862 : :
Croatia 1,637 | 1,654 1,680 1,716 1,768 1,812 | 1,693
Cyprus 513 525 539 537 562 571 543
Czechia 3,261 | 3,337 3,580 5,177 5,248 | 5,338 | 5,419
Denmark 4558 | 4,671 4,757 4,728 4,715 | 4,907 | 4,927
Estonia 470 473 494 514 535 490 :
Finland 2,630 | 2,738 2,768 2,812 3,041 | 3,123 | 3,296
France 34,260 | 34,344 | 35,356 | 35,817 | 35,889 | 37,397 | 36,154
Germany 51,102 | 51,625 | 52,133 | 51,790 | 50,260 | 50,612 | 52,567
Greece 5,315 | 5,277 5,367 5,415 5523 | 5,613 :
Hungary 3,795 | 3,712 3,721 3,768 3,729 | 3,780 | 3,545
Iceland 175 195 220 225 247 : :
Ireland 2,619 : 2,763 2,768 2,912 | 3,086 | 2,768
Italy 29,652 | 29,524 | 30,112 | 29,572 | 30,165 | 30,023 :
Latvia 726 798 802 798 785 840 909
Lithuania 1,270 | 1,300 1,272 1,286 1,301 1,319 | 1,350
Luxembourg 348 346 474 476 488 491 498
Malta 273 285 292 312 326 351 332
Montenegro 298 310 307 305 321 339 302
Netherlands 8,894 | 8,866 8,861 8,792 8,806 | 8,806 | 9,321
North Macedonia 765 786 : : 855 916 913
Norway 2,175 | 2,187 3,946 3,949 3,927 | 4,151 | 3,905
Poland 10,330 | 10,863 | 11,654 | 11,969 | 12,485 | 12,753 | 13,117
Portugal 4,710 | 4,769 4,891 5,007 5,213 | 5,281 | 5,279
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Romania 4,956 | 4,904 5,143 5,333 5,296 | 5,430 | 5,534
Serbia 2,130 | 1,840 1,890 2,150 2,230 | 2,350 :
Slovakia 1,733 | 1,784 1,890 2,058 2,254 | 2,299 | 2,366
Slovenia 892 926 943 974 1,009 0 1,024
Spain 20,836 | 21,158 | 21,542 | 22,018 | 22,229 | 22,262 | 21,529
Sweden 4,295 | 4,422 4,439 4,551 4,416 | 4,611 | 4,460
Switzerland 6,006 | 6,030 6,050 5,992 6,012 | 6,079 | 6,096
Turkey 31,230 | 31,283 | 33,763 | 34,173 | 34,533 | 35,017 :
United Kingdom 31,129 | 31,475 | 31,710 | 30,912 | 30,786 :

The second table shows the annual waste generated in kilograms per capita
for the same 37 European countries as it would be easier to compare the numbers
in this case. In 2014, Hungary is 24" in the order, while it is the 33 in 2018,
which means a waste amount decrease, and that is harmonious with the previous
table.

Table 2 — annual municipal waste generated in kilograms per capita [18]

2014 | 2015 2016 2017 2018 | 2019 2020
Albania 425 491 452 436 462 381 369
Austria 565 560 564 570 579 588 :
Belgium 425 412 419 411 409 416 416
Bosnia and
Herzegovina 349 340 354 352 356 352
Bulgaria 442 419 404 435 407 : :
Croatia 387 393 403 416 432 445 418
Cyprus 602 620 633 625 646 648 609
Czechia 310 316 339 489 494 500 507
Denmark 808 822 830 820 814 844 845
Estonia 357 359 376 390 405 369 :
Finland 482 500 504 510 551 566 596
France 517 516 530 535 535 556 537
Germany 631 632 633 627 606 609 632
Greece 488 488 498 504 515 524 :
Hungary 385 377 379 385 381 387 364
Iceland 535 588 655 656 702 : :
Ireland 562 : 581 576 598 625 555
Italy 488 486 497 488 499 503 :
Latvia 364 404 410 411 407 439 478
Lithuania 433 448 444 455 464 472 483
Luxembourg 626 607 815 798 803 791 790
Malta 628 641 642 666 672 697 643
Montenegro 479 498 493 490 516 545 486
Netherlands 527 523 520 513 511 508 534
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North Macedonia 370 380 : : 412 441 441
Norway 423 422 754 748 739 776 726
Poland 272 286 307 315 329 336 346
Portugal 453 460 474 486 507 513 513
Romania 249 247 261 272 272 280 287
Serbia 299 259 268 306 319 338 :
Slovakia 320 329 348 378 414 421 433
Slovenia 432 449 457 471 486 0 487
Spain 448 456 463 473 475 472 455
Sweden 443 451 447 452 434 449 431
Switzerland 733 728 723 709 706 709 706
Turkey 405 400 426 425 424 424 :
United Kingdom 482 483 483 468 463 :

The second table shows the recycling rate of municipal waste as a percentage
for 36 European countries. Unfortunately, it shows that Hungary has a very slight
rise in the recycling rate between 2014 and 2020 while taking into consideration
that the maximum rate was in 2018. By analyzing the data, it is very interesting to
notice that Slovakia has a big raise from 10.3 % to 42.2 % in 2020. Considering the
similar geographical location and relatively the country area, a comparison of the
waste management methods between Hungary and Slovakia is presented in next
chapter.

Table 3 — annual recycling rate of municipal waste as a percentage [19]

2014 2015 2016 2017 2018 2019 2020
Austria 56.3 56.9 57.6 57.7 57.7 58.2 :
Belgium 53.8 53.5 53.5 53.9 54.4 54,7 54.2
Bulgaria 23.1 29.4 31.8 34.6 315 : :
Croatia 16.5 18.0 21.0 23.6 25.3 30.2 34.3
Cyprus 14.8 16.6 16.1 16.2 16.5 16.3 16.4
Czechia 25.4 29.7 33.6 32.0 32.2 33.3 33.8
Denmark 45.4 47.4 48.3 47.6 49.9 51.5 53.9
Estonia 31.3 28.3 28.1 28.4 28.0 30.8 :
Finland 325 40.6 42.0 40.5 42.3 435 41.6
France 39.7 40.7 42.9 44,1 45.1 43.9 42.2
Germany 65.6 66.7 67.1 67.2 67.1 66.7 67.0
Greece 154 15.8 17.2 18.9 20.1 21.0 :
Hungary 30.5 32.2 34.7 35.0 37.4 35.9 33.0
Iceland 29.7 0.0 0.0 0.0 0.0 : :
Ireland 39.8 : 40.7 40.4 37.6 37.4 40.4
Italy 41.6 44.3 45.9 47.8 49.8 51.4 :
Latvia 27.0 28.7 25.2 24.8 25.2 41.0 39.6
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Lithuania 30.5 33.1 48.0 48.1 52.5 49.7 45.1
Luxembourg 47.7 474 49.2 48.7 49.0 48.9 52.8
Malta 11.7 10.9 12.7 115 10.4 9.1 10.5
Montenegro : : : : 3.4 5.0 4.6
Netherlands 50.9 51.8 53.5 54.6 55.9 56.9 56.8
Norway 42.2 42.8 38.2 38.8 40.7 40.9 44.9
Poland 26.5 325 34.8 33.8 34.3 34.1 38.7
Portugal 304 29.8 30.9 29.1 29.1 28.9 26.5
Romania 13.1 13.2 134 14.0 11.1 115 13.7
Serbia 0.7 0.8 0.3 0.3 0.3 : :
Slovakia 10.3 14.9 23.0 29.8 36.3 38.5 422
Slovenia 36.0 54.1 55.6 57.8 58.9 : 59.3
Spain 30.8 30.0 33.9 36.1 34.8 39.3 36.4
Sweden 49.3 475 484 46.8 45.8 46.6 38.3
Switzerland 53.5 52.7 52.5 52.5 52.5 53.0 52.8
Turkey : : 9.2 9.2 11.5 115 :
United Kingdom | 43.4 43.3 44.0 43.8 44.1 :

4. HUNGARY AND SLOVAKIA DATA COMPARISON

Tables 4 and 5 show the municipal waste management operations in Hungary
and Slovakia respectively.

Table 4 — annual municipal waste generated in thousands of tons for Hungary [18]

2014 2015 2016 | 2017 | 2018 | 2019 | 2020

Incineration with energy 373 | 525 | 554 | 608 | 501 | 515 | 604

recovery

Landfill and other disposal | 2,181 | 1,991 | 1,888 | 1,825 | 1,851 | 1918 | 1,770
Incineration 0 0 0 0 0 0 4
Recycling (material) 923 963 998 | 1,010 | 1,085 | 1,005 | 788

Recycling (composting

e 236 231 294 309 309 353 383
and digestion)

Table 5 — annual municipal waste generated in thousands of tons for Slovakia [18]

2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020

Incineration with energy recovery 190 191 197 197 187 211 188

Landfill and other disposal 1,158 | 1,226 | 1,236 | 1,246 | 1,248 | 1,197 | 1,175
Incineration 4 0 0 0 30 85 0
Recycling (material) 88 136 291 433 603 616 675

Recycling (composting and

. . 91 130 143 181 215 269 324
digestion)
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Figures 1 and 2 show the visualization of the waste management operations
for Hungary and Slovakia respectively. Energy recovery refers to incineration with
energy recovery, A refers to material, and B refers to composting and digestion.

2020 energy recovery

2019
landfill

2018

2017 W incineration

2016

mRecycling - A

2015

2014 mRecycling - B

0% 20% 40% 60% 80% 100%

Figure 1 — Waste management operations in Hungary

2020 energy recovery

2019 landfill

2018
m incineration

2017

2016 m Recycling - A

2015 m Recycling - B

2014

0% 20% 40% 60% 80% 100%
Figure 2 — Waste management operations in Slovakia

While in Hungary, it does not show any main changes in the waste
management operations with a slight decrease in the landfilling, Slovakia shows a
big increase in the recycling process especially for the material recycling on the
share of landfilling mainly. This reflects the green efforts into a more sustainable
waste management system in Slovakia in the last few years. However, the
recycling rate in Hungary was three doubles than Slovakia in 2014. This shows a
big importance to analyze deeply the used methods in both countries in the last
decade since it has promising possibility that this study can be used and reflected
on the waste management system positively in Hungary, Slovakia, or both.

5. SUMMARY

Taking the importance of the waste management systems that have direct
effect on the environmental, social, and sustainability aspects, this work provided
an analysis of the annual municipal waste amount, the annual municipal waste
generated in kilograms per capita, and the annual recycling rate in Europe
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generally and Hungary specifically. The data showed that Hungary does not have
noticeable increase in the recycling rate in the last few years, which reflects a
possibility and need for further research and developments in this area. Also, the
data showed interesting results from the Slovakian data. A comparison between
Hungary and Slovakia was presented that showed a big increase in recycling
operations in Slovakia compared to Hungary from 2014 to 2020. Considering the
nearby geographical location and relatively similar country area, this study
suggests a deeper analysis of the waste management operations in Hungary and
Slovakia that can be used and reflected on the waste management system positively
in Hungary, Slovakia, or both.
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Moxamman 3axep Axkan, Tamam banpsi, MimrkonsI, YropuimHa

AHAJII3 I HOPIBHAHHSA PO3BUTKY YIIPABJIIHHSA BIIXOAAMMU
B YI'OPIIHI I CIOBAYYNHI

AHoTauist. BupooHuymeo 6i0xo0ie € He3MIHHUM TIOOCLKUM NPOYECOM, WO 8i00Y8AEMbCS WOOHS Y 6CIX
cninoHomax. 3i 3pOCMaHHAM HACENeHHsI MA PO3GUMKOM NPOMUCTOB0CHI, 00cA2U 8I0X00i6 3pocmaloms i
npoyecu ix nepepobku 3aiumaiomv Oedani OilbULY YACMKY MPAHCNOPMHUX A  6AHMAICHO-
PO36AHMANCYBATILHUX 3A60AHb Y MICHKIll n02icmuyi. 360pu, mpancnopmysanHs ma o6pobka 8ioxodis
ONUCYIOMbCA AK YNPAGHIHHA 8I0X00aMU, sIKe OO0 O0CHIOHCEHO ma po3pobieHo, 30Kpema, 3 PIsHUMU
oodamKamu, pilleHHAMU Ma po3pobKamu 6 2aiy3i N02icmuKy, mpancnopniy ma npomuciosocmi. Kpin
mozo, 3 NiOBUWEHOI0 Y8A20I0 00 BNIUBY HA HABKOIUWMHE Cepedosuwje y PISHUX 2aNY3sX, eKON0IUHUL
acnekm ynpaeninns 6ioxodamu HaOyeac Oilbuo20 3HAYEHHs, OCOONUGO Y MICbKIll nocicmuyi, Oe
DPecyIApHO BUHUKAIOMb 3amopu. B pamxax yiei pobomu ananizyemvcs noOONCEHHs 3 GI0X00aAMU 6
E€sponi 3azanom ma 8 Yeopwuni sokpema. basza oanux €epocmamy euxopucmogyemocs 0ns yiei memu
nopsio i3 nonepeonboio VOCTIOHUYLKOI pobomoio, npucesdenii yii memi. Kpim moeo, ob2oeopiocmucs
nopieHsiHHs onepayiu 3 sioxodamu ¢ Yeopuuni ma Crnosauuuni, oo nokazamu pizHUYK y pO36UMKY
yux onepayii midxc 0soma kpainamu y nepioo 3 2014 0o 2020 poxy. 3easicarouu Ha 8adciugicms cucmem
NOBOOJICEHHS 3 8IOX00aMuU, SIKI Maiomb 6e3n0Cepeonill GNIUE HA eKONO02IUHI, COYIaNbHI acnekmu ma
acnekmu cmivkocmi, y yiti pobomi 6y6 npedcmasienull aHai3 piuHoi KitbKocmi no6ymosux 6ioxoois,
Wo ymeopioiomuscsl 8 Kilozpamax Ha Oyuty HAceleHHs, ma piyHo2o pieHs nepepobku 6 €sponi é3azani
ma Yeopwuni sokpema. [ani nokazanu, wjo 6 YeopwuHi 3a 0Cmanti Kilbka poKie He cnocmepieaemcs
nomimuozo 30inbuwients pieHs peyupkyaiayii, wo 6i0obpadcac ModcIusicmy ma HeoOXionicmo
noOambWUXx 00CaioANcens ma pos3pobox y yii eanysi. Kpim moeo, Odocmioocennsi nokazanu yikagi
pesynomamu 30 cnosayvkux oOanux. byno npeocmaeneno nopiensanna misxe  Yeopwunoio ma
Cnosauyunolo, ake NOKA3GA0 3HAYHe 3POCMAHHA onepayili 3 nepepodku 6ioxodie y Crosauuumni
nopigisano 3 Yeopwunoio 3 2014 0o 2020 poky. 3 oensdy na 6ausvke ceoepadiune po3mawyeants ma
BIOHOCHO CXO0JHCY MEPUMOpIl0 Kpainu, ye OOCNIONCEeHHA NPONOHYE Oinbut 2nUOOKULl ananis onepayiil 3
sioxooamu 6 Yeopwuni. ma Cnosauyunu, sAKi MOJICHA BUKOPUCTNOBYEAMU MA AKI MOJICYNb NOZUMUGHO
NOZHAUUMUCS] HA CUCMEME YRpaeints eioxodamu 6 Yeopuwuni, Croeauuuni abo 6 060x Kpainax.
KuaiouoBi ci10Ba: kepysants gioxooamu; Micbka I02ICMUKA,; AHAL3 OAHUX.
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OPTIMISATION OF MILKRUN ROUTES
IN MANUFACTURING SYSTEMS
IN THE AUTOMOTIVE INDUSTRY

Abstract. The in-plant supply has a great impact on the performance of manufacturing operation,
because the manufacturing-related logistics operations influence the efficiency of manufacturing. There
are different solutions to perform in-plant supply, in the automotive industry the milkrun and water
spider solutions are widely used. Within the frame of this article the authors describe the optimization
of milkrun routes in the manufacturing plant of an automotive supplier. The described methodology
simplifies the problem for single- and multi-milkrun problems and the solution is demonstrated with an
Excel Solver-based methodology. The optimization process and its practicability will be demonstrated
through an example.

Keywords: milkrun;optimization; logistic process; automobile industry.

1. INTRODUCTION

The permanently increased demands of customers are significantly changing
the role and operation of the automotive industry. Already since the second half of
the 20th century, the flexibility of automotive processes and the minimisation of
these processes over time become more and more important. In the logistics
systems of automotive suppliers, long lead times are linked to production logistics
processes, and all companies are therefore trying to find suitable solutions and
reduce the lead time of production logistics. Milkrun solutions can be considered
as suitable solutions of this problem of automotive industry. Milkrun is a system
for the replenishment of raw materials at specific time, in varying quantities but, as
a matter of principle, in similar sizes. In fact, it means the scheduled delivery and
replenishment of raw materials and components used in production The advantage
of milkrun systems is that the trolleys used to implement them can be flexibly
extended and, in addition to the supply of raw materials, they can also transport the
waste and scrap generated in production, i.e. a raw material cycle can be
established [1-3]. In this paper, the authors present an optimization algorithm that
is suitable for the design of complex milkrun-based material supply systems in
industrial environments. In this paper, a solution method is presented using a
practical example of an automotive supplier, which uses the capabilities of Excel
Solver for batch execution to determine the optimal design of a large-scale in-plant
supply chain for a milkrun system.
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2. LITERATURE REVIEW

The literature on the design of milkrun-based material supply systems has
expanded over the last decade, due to the increasing application of these solutions
in industry, especially in mechatronics assembly and automotive supplier
environments [4]. Since the aim of this paper is to present a methodology for the
design of milkrun-based material supply systems, in this literature review we
briefly review the main sources that provide a survey of the design methods and
the main algorithms used in the design. It can be clearly stated that the design of
milkrun-based material supply systems can be implemented using essentially
heuristic algorithms due to their complexity. An optimization method based on a
genetic algorithm is presented using the example of an automotive supplier to
illustrate the solution of an NP-hard mixed integer programming problem [5]. A
hybrid metaheuristic solution based on a harmony search and simulated annealing
forms the basis of the algorithm discussed in [6]. This approach is used to show an
example of supply chain optimization involving an off-site milkrun material supply
system and a crossdocking facility. An example of the application of the C-W
saving algorithm can be found in source [7], where a design method that minimizes
the path length of the runs and the operating cost is described. The applicability of
the ant colony algorithm is illustrated in [8] through an example of a dynamic
optimization problem. In the example presented, minimizing the required time of
material supply tasks is included as a main objective function component. A two-
phase metaheuristic algorithm based on greedy and tabu search is used as the basis
for the design method presented in [9], which aims at selecting optimal vehicles in
high density milkrun material supply systems. An example of the application of
evolutionary strategies is presented in [10]. The uniqueness of the presented
example lies in the fact that the design of the milkrun material supply system
integrates the inverse processes of the packaging materials, which is an integral
part of both the in-plant and the external milkrun processes [12]. Of course, in
addition to heuristic solutions, a number of simulation-based applications can also
greatly support the design of milkrun systems [13-16]. Following this brief
literature review, the paper presents the optimisation problem. Then, the
optimization of the milkrun path for one or more milkrun-routes is described.

3. THE OPTIMISATION PROBLEM

The optimisation algorithm was created in Excel using the Excel Solver
extension and the VBA (Visual Basic Application) development environment.
Within the frame of this article both the algorithm and a numerical example is
described. The parameters of the numerical example are the followings:

* 26 production lines (marked with “A” on the layout),

* 18 junctions (marked with “I”’ on the layout),

33



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

» the departure and arrival locations of the warehouse (marked with “WH”
on the layout),

» the straight sections connecting these production lines, junctions and
warehouse points.

In this scenario, the algorithm considers the size and capacity of the
production lines to be the same. The length of the sections is a ratio without units
of measure. The transportation time required per unit section is 3 seconds, and the
time required for material handling (loading and unloading) at each production line
is 10 seconds.
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Figure 1 — Layout of the production plant

The main objective function of the optimization is the minimization of
required time for the milkrun routes, while this optimised route satisfies the
conditions necessary to perform the material handling tasks:

e The time required to travel the generated routes must not exceed the
predefined upper time limit of the milkrun system. The predefined time limits may
depend on the human resource (e.g. lunch break, end of working hours) or on
technical or logistics resources (e.g. low battery). In the present numerical
example, the predefined upper limit of the milkrun system is 500 seconds. In case
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the time required for the route exceeds the predefined time limit, the number of
milkrun routes has to be increased and the optimisation has to be performed again.
e The number of milkrun routes can only be increased until the required
quantity of logistics resources (milkrun trolley) does not exceed the available
number of milkrun trolleys. In the case where all available trolleys have been used
but our time constraint condition is not met, the task is unsolvable because of time-
and capacity-related constraints.
To determine a path minimized as a function of time, the extreme value of the
single-variable function must be determined, i.e., after derivation, the value of the
derived function is 0.

fr=0 )

There is a direct proportionality between the value of time and the value of
distance (1 path unit — 3 s), so the time-dependent function and the distance-
dependent function differ only in constant. Since the derivative of the constant is 0,
it is sufficient to optimize the path by distance to minimize the time.

ft)=g(s)=cand f'(t) = g'(s) (2

Hence, the optimization method works with distance values, only converting
the disctane values to time values at the end of the optimisation process.

4. SINGLE-MILKRUN OPTIMISATION

When optimising for a single route, our most important constraints are the
followings: (1) the initial location and the final location of each milkrun routes is
the warehouse, (2) the required materials are delivered or dropped out at the
different production lines exactly once. The first step is to convert the identifiers of
the production lines and the warehouse point into numbered identifiers. This is
necessary because the Solver extension can only optimize with numeric conditions,
not with other identification conditions. The conversion is outlined in Table 1.

Table 1 — Examples for the identification of production lines

ID of production line WH Al A2 A3 A4 A5
No. ID of production 0 1 2 3 4 5
line

After the identifiers have been converted, all possible paths connecting two
production lines (or a production line and a storage point) should be entered in the
Excel spreadsheet. An identifier must also be assigned to these sections, because
the optimisation of the milkrun routes is based on the transformation of these
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sections. The identifier of the stages is the identifier of the outbound production
line and the identifier of the inbound production line, linked by a hyphen. It is
important to note that this is a directed graph, so both endpoints of an edge can be
head or tail, so each edge must be taken into consideration twice.

Once the data and conditions for the optimisation have been defined, the
actual optimisation is carried out.

(v =) (. " A1s (ns) nr )

Figure 2 — Results of a single-milkrun optimisation

In the Solver interface, the following parameters are required for the
optimisation:

o Value of the objective function: the cell in which the lengths of the given
edges are summed.

e Objective: Minimization.

e Variables: The cells that can be varied to achieve the optimal result. In the
present case, these variables are the numerical identifiers of production lines,
because by changing them we can minimize the length of the route.

e Constraints: Specification of the conditions is necessary to perform the
optimisation task. In out numerical example the following conditions are taken into
consideration:
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e The value of the cells defining the numerical identifiers of production
lines is between 0 and 27.

e The required materials are delivered or dropped out at the different
production lines exactly once, so each cell must have a different value
(permutation representation).

e Solution method: Evolutionary.

Using the evolutionary solution method, the Solver finds the optimal solution
of the milkrun routing problem within the frame of n phases. In the first phase, it
selects the optimal solution from a random set of input values (locale optimum).
From this selected set of solutions, in a second phase, it generates new solution sets
and selects the optimal value. This algorithm is repeated until the solver cannot
refine the solution within a given time parameter (iterative methodology). After all
parameters are specified, the Solver outputs the result shown in Figure 2 as the
optimal milkrun route. The most important parameters of the optimal route are the
followings: length of the route is 141.9 distance unit, required time is 425.7
seconds, idle time is 260 seconds and total required time is 685.7 seconds. The
total required time exceeds the predefined upper time limit, so the optimisation
process must be extended with more milkrun trolleys.

5. MULTI-MILKRUN OPTIMISATION

Definition of the shortest path

Due to the fact that the result of the optimization for one milkrun route does
not meet the predefined milkrun time constraint, the optimization must be
performed for two milkrun routes. The first step is to determine the shortest route
from the warehouse to each production line. This also requires the use of the Excel
Solver extension, but determining the shortest paths to 26 production lines
manually would take a lot of time, so VBA is used for batch optimization so that
all the shortest paths can be determined in one step.

The optimisation requires a table of all possible routing paths. In contrary to
the previous minimisation, in this phase not the edges between two production
lines but the edges between the production line and the junction are taken into
consideration. For each routing section, we assign its distance and a binary
number. This binary number indicates whether or not the section is part of the
desired shortest route. The length of the shortest route can be determined from this
information multiplying the two numerical values of each route segment. Those
sections that are not included in the route are eliminated by multiplying by 0. This
value is minimized by the Solver. The minimization is done by varying the binary
values of the route sections while constraints are taken into consideration. To
specify the constraints, it is necessary to define a new table in which the starting
point, the junctions and the production lines are listed. The constraint of the
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optimisation problem is that the initial location (the tail of the edge) is set to 1, the
arrival point (the head of the edge) is set to -1, and all other production lines and
junctions are set to 0.

The value of the points is given by the fact that each departure gives a value
of 1 and each arrival a value of -1. The production lines or junctions, through
which the route passes are both tail and head of the edges in the graph, so they sum
is 0, as do the production lines or junctions through which the route does not pass.
We should always give a -1 value to the production line where we want the route to
arrive. After setting all the parameters of the Solver, the batch optimisation can be
performed.

Definition of production line pairs

In the next step, we use the shortest paths to form pairs of production lines,
which are considered as one production line, thus reducing the number of
production lines to be taken into consideration.

The pairs of production lines are formed based on the common edges. The
production lines that have significant number of common edges are put into a
production line pair. This analysis is made for each potential production line pairs.

The common edges can be defined using the the binary values, if the shortest
route to both production lines for a given route section is 1, then there is a common
edge. Such matches are counted, added together and the total number of possible
common edges for all possible pairs of production lines is obtained. However, the
finding of a production line pair depends not only on the number of common
edges, but also on the distance between the shortest routers to the two production
lines. This is necessary because common edges far away from the warehouse have
a significantly higher number of common edges than those close to the warehouse,
so that taking the distance into account, a much more realistic value is obtained by
using it as a ratio.

r, i As Integer, j As Integer
string, string2 As String

e = WorksheetFunction.CountIf (Range (Cells(3, j + 30 + 30 * x}, Cells(180, § + 30 + 30 * x)}, 1)
+ 30 * e = stringl & "-" & string2

Figure 3 — Algorithm to analyse the identity of edges
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Definition of production line groups

The next step of the optimization is to use the ratio defined in the previous
section to determine the two groups of production line pairs for which the milkrun
routes will be optimized separately. Starting with the highest ratio, the common
edges are connected in descending order until two large groups of lines are formed.

6. RESULTS

Once we have the two groups of production lines for which we want to
optimize the routes, we perform the minimization. The settings of the Solver are
exactly the same as for the optimization for one milkrun route. The most important
parameters of the optimal route are the followings: length of the routes are 95.1
and 117.4 distance unit, required time is 285.3 and 352.2 seconds, idle time is 140
and 120 seconds and total required time is 425.3 and 472.2 seconds.

The results obtained meet the predefined time-related constraints for the
Milkrun trolleys and the times required to cover the route are almost the same, so
the optimisation is considered complete. In case the obtained time results do not
meet the constraints, the method described for the optimization of multiple milkrun
trolleys should be repeated by increasing the number of milkrun trolleys.

(=) (6 )——() (m =] 7 Ja{me (s
N N/ i o 1\ / \

Figure 4 — The optimised milkrun routes in the manufacturing plant
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7. SUMMARY

Today, the automotive industry is increasingly influenced by customers’ demands.
Lead time is a significant part of the processes performing manufacturing. In an
automotive supplier's production logistics system, there are many methods to achieve a
flexible and well-functioning material flow. One such system is the milkrun system,
which implements material flow by creating route among manufacturing objects. The
topic of this paper was the optimization of Milkrun systems, where we have presented a
methodology to optimize single or multiple milkrun paths. The process has been
illustrated through a numerical example. Potential future research direction is the
application the mentioned milkrun optimisation method for transportation problems,
especially in the case of first-mile problems regarding intermediate storage networks
[17], and it is also possible to take the potential of Industry 4.0 technologies [18] for the
real-time routing into consideration.
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Anam @pannys, Tamam banssi, Mimkouns, Yropuiaa

ONITUMIZAIIA MAPIIPYTIB MILKRUN Y BUPOBHUYNX
CUCTEMAX ABTOMOBLIbHOI TPOMUCJIOBOCTI

AHoOTaNifA. BHympiuinb03a600CbKi NOCMABKY MAIOMb 6€IUKUL 6NIUE HA NPOOYKMUBHICHb SUPOOHUYUX
onepayitl, OCKiIbKU 02icmudni onepayii, wo nog's3ami 3 6UpOOHUYMEOM GNIUBAIONTb HA ePeKMUBHICb
supooHuymea. Icnyiomo pisHi piwieHHst 0 6HYMPIUHbO3A600CHK020 NOCMAYAHHA. B agmomobinbHil
NPOMUCTOBOCI WUPOKO GuKopucmosytomscs piwtenns Milkrun ma Water Spider. B pamkax yiei
cmammi  agmopu  onucyioms onmumizayilo mapwipymie Milkrun na 3a600i nocmauanenuxa
asmomobinis. Onucana mMemooono2is cnpowye 3a80aHHs 015 3a0ay 3 00HUM I Oekintokoma Milkrun, i
plwents 0eMoHcmpyemobcs memooonozicio Ha ocHosi Excel Solver. Ilpoyec onmumizayii ma iioeo
30IUCHEHHICMb NPOOEMOHCIMPOSaHo Ha npukiadi. Konu mu maemo 06i epynu eupobnuyux minitl, Ons
AKUX MU XOYeMO ONMUMI3yeamu Mapuipymu, Mu 6UKOHYEMO MiHimizayito. Hanawmyeanns
«po3¢’sazyeauay maxi cami, Ak [ O onmumizayii 0 oonoeo mapupymy Milkrun. Haibinow
BACTUBUMU NAPAMEMPAMU ONMUMATLHO20 MAPWPYMY € HACMYNHI: npomsichicms mapupymie 95,1
ma 117,4 oounuyi giocmai, neoOxionuti yac 285,3 ma 352,2 cexynou, uac npocmoio 140 ma 120
cexynO ma 3azanvruil Heooxionutl yac 425,3 ma 472,2 cexynou. Ompumani peyibmamu 6i0nogioaions
BUBHAYEHUM MUMYACOSUM 0OMedicensm 05 6izkie Milkrun, a uac, neo6Xionuti 01 npoxoOdcents
Mapwpymy, npakmuyHo 00HaAKOBUIl, MOMY ONMUMI3AYIAL B6ANHCAECMbCA 3a8epUIeHoI0. Y eunaoky, aKujo
ompumaHi Yacogi pesyibmamu He 6i0N08i0aomMb 0OMeHCeHHAM, CII0 NOSMopumu Memoo, ONUCAHUL
onst onmumizayii Kinekox siskie onst Milkrun, 36inowuewu kinokicmo 8izkie 0 Milkrun. Ilomenyitinum
MatioymHim HANPIMKOM OOCHIONCEHb € 3ACMOCYBAHHS 32A0aH020 Memody onmumizayii Milkrun npobizy
0I5l MPAHCNOPMHUX 3a60aHb, 0COOIUBO Y pasi npobiem nepuioi Muii wooo Mepexc NPOMIHCHO20
30epieanis, a MaAKoJC MOICIUSE GUKOPUCTAHHS nomenyiany mexnonoeit Indycmpii 4.0 ons eupiwenns
MPAHCHOPMHUX 3A60AHb. BPAXOBYBANIU MAPWPYMUZAYTIO Y PEATbHOMY HACI.

Kuarouosi cnoBa: Milkrun; onmumizayis; noeicmuunuii npoyec; agmomoodiibHa RPOMUCTIOBICb.
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METHODOLOGY OF DEFINITION OF OPTIMAL
DIAMOND WHEEL CHARACTERISTICS
AT STAGES OF PRODUCTION AND OPERATION

Abstract. The problem of increase of effectiveness of manufacturing and application of diamond-
abrasive tool is still a challenging research subject. Development of computer facilities opens up
possibilities for development of three-dimensional (3D) methodology of integrated study of the
interconnected processes of manufacturing and exploitation of diamond-abrasive tool and improvement
of the single-point tool reliability at the stage of tool sharpening. Creation of the methodology of 3D
simulation of processes of diamond-abrasive tool sintering and processes of machining allows to
increase essentially validity of the obtained results, to reduce volume of experimental researches for
definition of optimum grinding conditions and to develop new technologies, tools and equipment. The
developed methodology gives the opportunity to create expert system for assignment of rational
characteristics of diamond wheels and grinding modes. The proposed 3D methodology to research
processes of diamond-abrasive machining covers all basic stages of life cycle of the tool, including
processes of manufacturing and exploitation. Subsystem of computer-generated determination of
conditions of manufacturing of defect-free diamond wheels and grinding of superhard materials on the
base of 3D simulation of deflected mode of elements of the "SHM crystal grain — metal phase — grain —
bond" system at process of diamond wheel sintering and grinding is developed.

Keywords: simulation; system "Wheel working surface (WWS)-SHM"; grinding; destruction; system
"polycrystal - grain - bond".

1. INTRODUCTION

It is known that efficiency of diamond grinding process is defined both
characteristics of diamond wheels and correct selection of grinding conditions. The
former is mostly provided at the stage of manufacture of diamond wheels, the latter
- at the stage of their production.

During grinding process of materials, hardness of which does not allow to
provide the classic requirement of the cutting theory about twofold exceeding of
tool material (TM) hardness above hardness of material to be machined (MM), the
relation of «material to be machined - diamond grain — wheel bond» system
element strengths can be determinant. For example, at diamond grinding of
superhard materials (SHM), when hardness of TM and hardness of MM are
practically identical, the efficiency of the process is completely defined by an
optimal relation of strengths of SHM, diamond grains and wheel bond [1].

Now there are some hundreds brands of bonds applied in Ukraine for
diamond wheels. These bonds essentially differ on strength properties. For
example, only metal bonds have rather wide range of strengths from aluminium up
to hard-alloys.

© V. Fedorovich, I. Pyzhov,Y. Ostroverkh, 2022
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Similarly, diamond grinding powders from AC2 up to ACL160T are
characterized by the same wide range of strength properties which differ on
hardness in hundreds time.

However, now there is no methodology for selection of an optimal
combination of strength properties of diamond grains and metal bond as applied to
processing of particular material to be machined.

The available recommendations on application of any diamond grains and
metal bonds are of very common nature and have wide ranges. Such
recommendations, taking into account that diamond grains are expensive (cost of
diamond grains differs depending on a brand of a grain in hundreds times), lead to
low efficiency of their usage and therefore to high production cost of the of
diamond grinding process, that essentially restrains diamond grinding application
during processing. Insufficiently grounded selection of concentration level of
diamond grains in diamond wheels leads to disadvantageous grain usage too. So
the concentration of diamond grains (25,50,100,150,200 %), traditionally applied
in commercial wheels, should be defined more precisely. Our preliminary
investigations have shown, that for processing of particular material to be
machined one should select the specific on strength (and price) diamond grains,
these grains should be placed in the specific on strength bond and amount
(concentration) of the grains in the wheel should be strongly specific (calculated).
Thus to save diamond grains their concentration should not be restricted to
commercial one. At the same time the task of an optimal combination of strength
properties of metal bond and diamond grains should be solved too from the point
of view of saving their integrity during diamond wheel sintering.

2. LITERATURE REVIEW

Deliberate attempt has therefore been made in this work to elaborate the
calculated methodology for solving given problem. The methodology of
calculation is grounded on 3D simulation of deflected mode of grinding zone and
analysis of fracture processes occuring in this zone depending on strength
properties of diamond grains, bond and material to be machined.

The efficiency of the grinding process with SD and cubic boron nitride
wheels using porous metal bonds is shown in [2,3]. In them, the authors studied the
design and characteristics of metal-bonded diamond grinding wheels made by
selective laser melting, studied the grinding temperature and wear of superabrasive
boron wheels on a porous metal bond with highly efficient deep grinding.

The authors [4] found that the ultimate load causing the fracture of diamond
grains depends not only on the compressive strength of the diamond grains, but
also on the compressive strength of the bond, as well as on the coefficient of
embedding of diamond grains in it. The classification of the types of wear of
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diamond wheels using various bonds and possible models of fracture of diamond
grinding wheels is given in [5, 6].

M. Mahdi and L. Zhang [7] used the finite element method (FEM) to simulate
stresses caused by mechanical loading, thermal cycling and phase transitions. H.
Sakamoto [8] applied FEM to study the wear and deformation of diamond cutting
wheels with different structures by determining the conditions that ensure the
minimum temperature during grinding and its uniform distribution. In the works of
V. Yadava [9,10] using the FEM, the residual stresses arising during high-speed
grinding are determined. The generalization of a large number of experimental data
and the results of model experiments [11, 12] made it possible to carry out a
comparative analysis of the fracture criteria. The possibilities of using the theory of
plastic fracture were considered by K. Iwata (1984), Cockroft and Latham (1968),
K. Osakada (1984), R. Mises et al. (1939) [13,14]. When analyzing the behavior of
plastic materials, the value of equivalent stresses according to von Mises is most
often used as a fracture criterion [15].

To solve nonlinear finite element problems of mechanics of a deformed solid
body and heat transfer, it is advisable to use the multipurpose software package
LS-DYNA, intended for solving three-dimensional dynamic problems of
mechanics of a deformed solid body. [16, 17].

3. RESEARCH METHODOLOGY

Available software packages based on finite element method (FEM) such as
«Cosmos», «Nostran» and «Ansys» open new possibilities for study of deflected
mode at sintering (production) of diamond wheels and grinding zone. The
methodology of 3D simulation of deflected mode (DM) of SHM grinding zone,
realized with using of such packages, has allowed to develop expert system of
grinding process by calculated way (theoretically), without long-duration and
laborious experiments. This expert system permit to predict and to optimize both
available defect-free processes of machining of superhard materials, and newly-
developed ones [18].

To determine optimal combination of strength properties of diamond grains,
material to be machined and metal bond both at the stage of production of diamond
wheels, and at the stage of their exploitation the investigations of sintering process
of diamond wheels on metal bonds and grinding zone of various hard-to-work
materials have been carried out using the developed methodology of 3D simulation
of DM (fig. 1).

The task, solved in the process of 3D simulation of DM of sintering zone of
diamond-bearing layer of wheel on metal bond is the definition of optimal
combination of strength properties of diamond grains and bond, at which integrity
retention of diamond grains is provided during diamond wheel sintering.

44



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

Effectiveness of diamond grinding

Production Exploitation
of diamond wheels | | of diamond wheels
3D DM 3D DM
of wheel sintering of orinding zone
7one = =

Optimal combination

of strengths of bond,

diamond grains and
diamond concentration|

Optimal combination
of strengths of material
to be machined, bond,

diamond grains and

diamond concentration

¢ dRetent(;on : Optimal output data
OTCHERIONE, praitis of grinding process
integrity = =

Figure 1 — Finding of optimal combination of strength properties of material
to be machined, metal bond, diamond grains and diamond concentration in sequence

Contrary to available ideas, proposed to consider the model of diamond-
bearing layer of wheel as perfect one [19,20], we have stated, that the structure of
diamond layer of the wheels contains initial defectiveness in the form of damaged
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diamond grains, which can be quantitatively defined by damage degree of diamond
grains [6].

It is established work [6], that the particle-size analysis of synthetic diamond
grains AC50 400/315, extracted by recuperation from tvesal sample, has shown
that during sintering only about 10-20 % of grains remain undamaged. So it is
shown, that diamond grain concentration influences deeply on damaging rate of
diamond grains when sintering composite diamond materials (CDM). The increase
of concentration from 50 up to 150 % raises damaging of diamond grains at
sintering process in 2,8 times.

Since the technology of sintering of diamond-bearing layer of the wheel, for
example, on hard-alloy bond such as BK, is practically identical with the
technology of sintering of CDM, we think, that some part of grains at sintering of
diamond wheels are damaged.

It is shown [21], that during sintering of diamond wheels the percentage of
main fraction (coarse grains) is diminished by 20-30 %.

Apparently, the diamond grains of different strength will be differently
fractured during sintering. Certainly, both metal bond composition, and as a
consequence, technological parameters of wheel sintering will deeply influence on
damaging rate of diamond grains.

At 3D simulation of sintering process the fragment of diamond-bearing layer
of wheel was presented as a cube dimensioned 300x300x300 um, in midpoint of
which a diamond grain as an octahedron dimensioned 100x100 um was placed,
that corresponds to 100 % concentration of diamond wheel. At simulation of 50 %
diamond grain concentration wheel the size of the cube was redoubled and so on.
The model was loaded with stress and temperature appropriate to the real process
of diamond wheel sintering. It is accepted, that if the reduced stress in diamond
grain exceeds ultimate strength it will be considered as destroyed (defective) one.
Sintering process of diamond-bearing layer was simulated for various metal bonds
from aluminium up to hard-alloy ones, using diamond grains with various strength
from AC2 up to AC160T. Varying combination of diamond grain strength and
grain concentration in the wheel for various metal bonds one can determine such
their combinations, at which retention of diamond grain integrity was provided i.e.
grains should not fracture during sintering. It is established, that not all of
commercial wheels with usable combination of brand of diamond grains and brand
of metal bond can be manufactured with standard concentration of diamond grains
without failure of their integrity. So, for example, at sintering of wheel on bond
M6-14 with diamond grains of brand AC6 the grain concentration in the wheel
should not exceed 7 %, otherwise grains will fracture as early as wheel sintering. It
is shown, that for guaranteed retention of diamond grain integrity practically in all
commercial wheels, their concentration should be much less than applied one.
Such tendency coordinates well with possibility and necessity of lowering of
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diamond grain concentration for wheel up to level of 10-15 % at grinding of
superhard materials [22].

4. RESULTS

It is established, that for retention of diamond grain integrity during sintering
of the wheels one must observe combinations of brand of diamond grains and
brand of metal bond. So diamond grains with strength not less than indicated in
table 1 should be included in various metal bonds for the wheel of 100 % grain
concentration.

Table 1 — Maximum permissible strength of diamond grains for various bonds

Bond M1-01 M2-09 M6-14 BK
Grain AC6 AC32 AC50 AC160

Thus, at the first stage of the investigations the optimal combinations of
strengths of metal bond and diamond grains with their maximum concentration
limit in the wheel providing retention of diamond grain integrity during diamond
wheel production are established. Optimal relation of strengths of bond, diamond
grains and grain concentration, obtained at this stage, are only limiting parameters
(characteristics) and should be defined more precisely for diamond grinding
process depending on strength properties of material to be machined.

After obtaining of the prescribed limits one should determine optimal
combination of strengths of material to be machined, bond, diamond grains and
grain concentration in the wheel, which provides maximal efficiency of grinding
process. During exploitation optimal combination of strengths of bond, diamond
grains and grain concentration is determined depending on strength properties of
MM. For this purpose the methodology of 3D simulation of DM, only for grinding
zone, will be used too.

Optimal combination of strengths of bond, grains and grain concentration
should provide such level of DM in grinding zone, when:

- Retention of diamond grains in bond is provided;

- Brittle microfracture of diamond grains (at grinding of "soft" materials) or
self-sharpening of grains without forming of wear platforms (at grinding of "hard"
materials) are eliminated;

- Maximal stresses in material to be machined (removal of allowance) are
provided;

- Formation of inadmissible defect layer is eliminated.

If physico-mechanical characteristics of MM and strength of diamond grains
and bond are used as initial data, then outcomes of computation will be
concentration of diamond grains. In order to find strength of diamond grains as a
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result of computation, one should use physico-mechanical characteristics of MM
and strength of bond and concentration of diamond grains, and so on.

Analytical model and example of computation data of 3D DM of the «SHM-
grain- bond» system are shown in fig. 2.

Figure 2 — 3D analytical model of grinding area (a) and example
of DM computation data of «SHM-grain- bond» system (b)

Thus, space of optimal fracture of units of the «SHM-grain- bond» system
elements, where the grain is kept and is not fractured, SHM is fractured in contact,
but is not cracked owing to the total loading of all grains (except spoilage) is
theoretically defined (fig. 3).
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Figure 3 — Computation data of optimal concentration of diamond grains
and cross-feed on strength properties of grinding zone elements
The space of optimal conditions of diamond grinding of different brands of
SHM, including newly-produced brands can be theoretically defined. The further
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experimental researches with the purpose of curtailment of their size, will be
carried out in this area.

Optimal characteristics of diamond wheels and conditions of processing
(table 2) are defined as applied to diamond grinding of superhard materials

Table 2 — Optimal characteristics of diamond wheels at the stage of their exploitation

Strength Concentration

woe | O | Sfmea | ofdiamond | CLRGRE | Noma

machined dlam_ond bond. GPa grains in m/s pressure, MPa
grains ' wheel

ACITIK AC160 600 5-7 40-50 3-4

ACB AC85 500 8-11 35-40 2,5-3

JIATI AC60 400 12-15 30-35 2-2,5

CKM AC32 300 17-22 25-30 1,5-2
T'excanur-P AC15 100 25-35 20-30 1-15
Dnp6op-P AC15 100 35-50 20-30 1-15

Such relation of strength properties of materials to be machined, bond and
diamond grains ensures defect-free processing under conditions of the maximum
possible productivity and minimum specific consumption of grains during diamond
grinding. One of the substantial reserve for effectiveness increase of given kind of
processing is finding of similar optimal relations as applied to the process of
diamond grinding not only SHM, but also hard alloys, ceramics, polymers and
other materials.

5. CONCLUSIONS

Thus, methodology of definition of the scientifically proved
recommendations on application of optimal combination of strengths of bond,
diamond grains and grain concentration for effective grinding of materials of
different hardness has been worked up. It is established, that strength of wheel
bond is the major parameter defining not only degree of diamond retention, but
also productivity of the grinding process. Concentration of diamond grains in
wheel should be assigned starting from the relation of strength of the «material to
be machined-grain-bond» system elements. The defectiveness level at diamond
grinding of SHM is defined by relation of strength of SHM, bond, diamond grains
and grain concentration in the wheel. Graininess selection of diamond wheel
should be carried out taking into consideration strength properties of diamond
grains, which differ in size.
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Bonogumup ®@enoposud, [Ban [Tmkos, €Breniit OctpoBepx,
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METOJIOJIOT'ISI BUBHAUEHHSI ONTUMAJIBHUX XAPAKTEPUCTHUK
AJIMA3HOI'O KPYT'A HA ETAIIAX BUPOBHHMIITBA TA
EKCIIJIYATALIL

AHoTanisi. [lpobnema nidsuwenns egekmusHOCmi 8UZOMOBNEHHA MA  3ACMOCY8AHHA  AIMA3ZHO-
abpasuenozo  IHCMpPyMeHmy — 3aIUUAEMbCA — AKMYAlbHOl0 — memolo  docaiodcensb.  Poszsumox
00uUCTI08ANLHOI  MeXHIKU  8IOKpUBAE MOMCIUBOCMI 0N po3pobku mpusumipnoi (3D) memoouxu
KOMNIIEKCHO20 OOCHIONCEHHs 83AEMONO8'A3AHUX NPOYECi8 BULOMOBIEHHS MA eKCHIyamayii aimasHo-
abpasusHO2o THCMPYMeHmy ma Ni08UUeHHs HAOIUHOCMI 0OHOMOYKOB020 IHCIMPYMEHMY HA emani to2o
samouysanns. CmeopenHs MemoouKku MpusUMIPHOZO MOOENIOBAHHS NpOYecie CRIKAHHA alIMA3HO-
abpasusHo2o IHCMpyMeHny ma npoyecie MexamiyHoi 0OpoOKu 00360J8€ CYMMEBO NIOBUWUMU
00CMOBIPHICIbG OMPUMAHUX PE3YILMAmi, CKOPOMUmu 00cae eKCnepuMeHmaibHux 00CaiodceHb O
BUBHAYEHHST ONMUMALLHUX PEdICUMI WIYEanHs ma po3pobumu HOGI MexHON0z2il, iHCmpyMeHmu ma
obnaonanma. Po3pobnena memoouka oae MOMCIUBICHb CIMBOPUMU eKCHEPMHY CUCIeMY 0I5l 3A80aHHS
PAYIOHANLHUX  XAPAKMEPUCIMUK AIMA3HUX Kpyeie ma peowcumie winigpyeanus. Ilpononosana 3D-
MEmOOUKa OO0CHONCEHH NPOYeCi6 alMA3HO-AOPA3UEHOI 0OPOOKU OXONNIOE 6CI OCHOBHI emanu
JHCUMMEBO20 YUKILY THCIMPYMENNTY, GKIIOUAIOYU NPoYyecu gueomoesnents ma excnayamayii. Taxum uunom,
PO3pO0IEHO MeMOOUKY 6USHAUEHHA HAYKOBO OOIPYHMOBAHUX PeKOMeHOayill ujo00 3acmOCy6aHHs
ONMUMANLHO20 NOCOHAHHA MIYHOCMI 36'S3KU, AIMA3HUX 3epeH ma KOHyenmpayii 3epen  Ons
epexmusno2o noopibnenns mamepianie pisnoi meepoocmi. Bemanosneno, wo miynicms 36'13Kku kpyea €
HAUSAMNCTUSIUUM NAPAMEMPOM, BUSHAYANLHUM | AK CIIYNIHb AIMAZ0YMPUMAHHS, T AK NPOOYKMUBHICID
npoyecy wnighyeanns. Konyemmpayiro aimasnux 3epen y Kpy3i ciio 3adaeamu  6uxoosuu i3
CRIBGIOHOWEHHS. MIYHOCTI eNeMENMI@ CUCIeMU «mMamepian—3epno—36'a3kay. Pieenv oepexmmuocmi npu
anmasznomy wnighyeanni HTM eusnauaromov 3a cnigsionouennam miynocmi HTM, 36's3ku, aimasnux
3epen ma Kowyewmpayii 3epen y Kpysi. ITi00ip 3epHucmocmi aimasHozo Kpyea clio npoeooumu 3
VPaxy8auHam e1acmueocmeit MiyHoCmi aaMasux 3epet, o PisHAmbCs 3a pO3MIPOM.

KuwuoBi ciioBa: mooenosanns; cucmema "poboua nogepxmsi kpyea — 00pobnosanuii mamepian;
WRIQYBAHHS, PYUHYSAHHS, cucmema "noaikpucman — 3epHo — 38's3xka ",
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ON THE SURFACE ROUGHNESS OF 3D PRINTED PARTS
WITH FDM BY A LOW-BUDGET COMMERCIAL PRINTER

Abstract. As additive manufacturing machines price is decreasing, while, at the same time, the
expertise in the relevant field is rising, it is essential to test and evaluate the low-budget machines that
are available for commercial use. Whilst low-budget machines are widely utilized for rapid prototyping
and experimentation, they are not capable of producing parts with high surface quality and achieve
high levels of repeatability due to low quality hardware and not optimized software. Having said that,
the main aim of the current study is to experiment with a low budget Fused Deposition Modeling (FDM)
3D-Printer, and evaluate the surface roughness of the printed parts in respect to the angle from the
print plate. Polylactic Acid (PLA) was chosen as filament material, while the printed parts surface
roughness was measured according to the 1ISO ASTM 52902-2021 standard. The surface roughness was
estimated in terms of the R, and R, values, while a statistical analysis was implemented in order some
interesting conclusions to be deduced regarding the correlation between part orientation and surface
quality.

Keywords: additive manufacturing machines; rapid prototyping; Fused Deposition Modeling; surface
roughness; 3D-Printer.

1. INTRODUCTION

Over the last decades, Additive Manufacturing (AM) processes have become
a hot topic for both the researching and the industrial world, as they can give
highly customized and geometrically complex products. In AM, a 3D-CAD model
is virtually broken down into 2D-cross sections and the final product is built by
consecutive layers [1]. Many AM techniques have been developed, such as vat
polymerization (SLA), powder bed fusion (SLS, SLM) and material extrusion
(FDM).

Specifically, in Fused Deposition Modeling (FDM), a thermoplastic filament
(such as PLA, ABS, PEEK, etc.), which is stored in a reservoir, is heated up to the
melting temperature and then it is extruded through a nozzle tip on the 3d-printing
bed [2]. Several parameters affect the characteristics and the quality of the building
part. Some of them are the build orientation, the layer height, the raster angle, the
air gap, the printing speed, the infill density, the infill pattern, the extrusion
temperature and the nozzle diameter [3].

Most of the published papers study the impact of these parameters on the
mechanical properties of the final products. Es-Said et al.[4] carried out
experiments with FDM-produced ABS samples with 0°, 45° and 90° raster angle.
The results showed that the highest ultimate, yield and bending strength are
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reached for 0°, whereas 45° and 90° are much weaker orientations and may lead to
delamination of the layers. Ashtankar et al. [5] tested FDM-processed ABS
samples in five different orientations (0° 30°, 45° 60°, 90°) and concluded that
both maximum tensile and compressive strength reduce as the build orientation
varies from 0°to 90°. Baich et al. [6] investigated the effect of infill density on the
tensile, compressive and bending strength of FDM-manufactured ABS specimens.
Specifically, three different infill densities were tested and compared with solid
ABS specimens: low density, high density and double density. In compression and
bending tests the results showed that double dense samples achieved higher
properties, as expected. On the other hand, the result of the tensile test was
counter-intuitive, as the high dense sample achieved higher strength compared to
the double dense sample. De Toro et al. [7] investigated the impact of layer height,
printing pattern, infill density and nozzle diameter on the tensile and bending
behavior of FDM-printed CRF-Nylon parts. The results showed that infill density
is the most crucial parameter in order to achieve good tensile and bending
behaviors. Moreover, lower layer heights result in better bending properties,
whereas the printing pattern influences more the tensile behavior of the component.
On the other hand, nozzle diameter had not a significant influence on the tensile
and bending properties. As follows from the analysis of this paragraph, a great
number of experiments have been done in order to study the impact of the different
FDM parameters on the mechanical properties of the final products. However, in
Mechanical Engineering, strength is not the only property that judges the quality of
a product. For this reason, tests should not only be limited on mechanical
properties, but they should also take into consideration the surface roughness of the
products, as well.

Although, surface roughness is a crucial factor when studying FDM processes,
yet the experimental work that has been carried out is limited. Lin et al. [8]
processed with FDM methods the following three materials: 1% alginate/7%
gelatin hydrogel, 3% alginate/7% gelatin hydrogel and poloxamer paste. The
results showed that conical nozzles, high pressures and large nozzle-to-platform
gap generally reduce the surface roughness. However, there is a need for
calibration of these three parameters for each material. Moreover, a slight
limitation of this study is the fact that extrusion stress caused by these parameters
is not taken into consideration. Sandhu et al. [9] carried out experiments with
FDM-processed PLA samples. Specifically, they tested the impact of layer
thickness (0.16mm, 0.2mm, 0.28mm), raster angle (30°, 45°, 60°) and infill pattern
(octet, quarter-cubic, cubic) on the surface roughness of the samples, along X and Y
axis. They concluded that the surface roughness in both X and Y axis lies in,
approximately, the same range and the best result is given for the combination of
0.16mm layer thickness, 60° raster angle and cubic infill pattern.
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Several researchers have studied the impact of build orientation on the surface

roughness. Kozior et al. [10] pointed out the significant impact of build orientation
on the surface roughness of SLM-processed 316L Stainless Steel parts. However,
these observations should be ratified and for other material, such as thermoplastics
in order to achieve a more general view of the build orientation-surface roughness
correlation. Buj-Corral et al. [11] and Alsoufi et al. [12] carried out some very
interesting experiments in order to find out the build orientation-surface roughness
correlation in FDM-printed PLA parts. However, both their studies are based on
case-sensitive (cylindrical FDM-processed samples) and the measurements are not
according to a standard regulation, so their results cannot be generalized. For this
reason, there is a need to carry out experiments, with the strict specifications that
the 1SO standards recommend. By following these regulations, the experiments
will be much more consistent, which will be very valuable when it comes to
understanding and simulating these phenomena.
The target of this paper is to calculate the build orientation-surface roughness
correlation of FDM-printed PLA samples, according to ISO ASTM 52902-2021.
The novelty of this paper is the use of a low-cost FDM-printer in order to ascertain
whether low-budget 3D-printers can give parts with acceptable (according to 1SO
ASTM 52902-2021) surface roughness.

2. MATERIALS AND METHODS

The material used in this paper is PLA with its properties listed in the Table 1,
while the utilized

Table 1 — PLA properties and technical specifications

PLA Properties — specifications

Manufacturer Real Filament
Manufacturer’s preferred hot-end 205 °C
temperature

Manufacturers preferred heating
bed temperature

Specific gravity 1.24 g/cc

16 kpsi (machine direction, MD) / 21 kpsi (traverse
direction, TD)

40 °C

Tensile strength

Elongation at break 160% (MD) 100% (TD)
Tensile modulus 480 MPa (MD) 560 MPa (TD)
Impact strength 2517

Melt temperature 210°C +/-8°C

Melting point 145-160 °C

Vicat softening temperature 60 °C
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Figure 1 — PLA Filament that was utilized

The low-budget 3D-Printer used in this case is the Ender 3 with direct drive
extruder set up, whilst the Cura 4.12 was chosen as the slicer software. The basic
settings that been utilized are presented in the Table 2, while the full detailed list of
Cura Software Settings can be provided and will be in CSV format.

Table 2 — 3D printing main parameters

3D Printing main parameters
Layer Height 0.16 mm
Wall Line Count 4
Infill Density 45.0%
Printing Temperature 205
Build Plate Temperature 67
Print Speed 50 mm/s
Retraction Enabled
Fan Speed 75%
Build Plate Adhesion Type Brim

In Figures 2 and 3 the Cura GUI environment is depicted, as well as the
respective roughness test prints.

The measurements were taken on both sides of the test prints, with these sides
were named “UP” and “DOWN” respectively. For the surface roughness
measurements, a Taylor Hobson Surtronic 3+ profilometer was employed (see
Figure 4). Based on the ISO ASTM 52902-2021, on each specimen side three
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roughness measurements were taken at different locations, in a direction
perpendicular to the lay pf the texture (i.e., along the samples’ length). The
evaluation length was set 12.5 mm and the sampling length (Ac) at 2.5 mm.

The suggested number of samples for this test is five according to the AS ISO
ASTM 52902-2021. The measured values are the arithmetical mean deviation of
the assessed profile known as Ra and the average distance between the highest
peak and lowest valley in each sampling length known as Rz, which are calculated
by the equations shown below [13,14]:

Ro =1 [}712(0)ldx (1)

where Ir is the length where measurements are taken, X is the length axis, and Z is
the height from valleys to peaks.

Figure 2 — Cura GUI Environment, Settings, and the part arrangement on the build plate
of the 3D-Printer are visible

Figure 3 — Printing lines orientations are perpendicular to the long side of the parallelogram
with 0° angle from the bed
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Figure 4 — Taylor Hobson Surtronic 3+

1
Ry =;Ef—1R:,- )

where s is the number of sampling lengths and Ry is R; of the ith sample. The
assessment of the surface roughness is done based on the mean values of R, and R,
for each angle, and the respective coefficient of variation as well. The coefficient
of variation considers the mean value and the standard deviation, and is calculated
by eq. 3 [14]:

== ®)
where o is the standard deviation and p the average of the sample.

3. RESULTS AND DISCUSSION

The parts geometry and the obtained prints based on the AS ISO ASTM
52902-2021 is presented in Figure 5.

Figure 5 — 3D-Printed parts
S7
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In Tables 3 — 6 the surface measurements of R, and R; are listed along with
the respective mean values, standard deviations, and the coefficients of variation.

Table 3 — Ra measurements for the Up surface

Ra— Up Surface

#of spec. | #ofmeas. | 0° 15° 30° 45° 60° 75° 90°

0.00 | 15.00 | 30.00 | 45.00 | 60.00 | 75.00 | 90.00

1 13.80 | 32.20 | 26.00 | 26.80 | 24.80 | 20.80 | 14.20

11.60 | 31.60 | 25.80 | 26.20 | 22.60 | 16.40 | 15.40

12.20 | 33.20 | 28.40 | 26.20 | 25.60 | 18.00 | 15.00

18.60 | 33.40 | 27.60 | 25.80 | 27.40 | 19.60 | 19.80

19.00 | 35.20 | 27.80 | 25.80 | 26.20 | 20.80 | 19.60

19.80 | 35.20 | 27.40 | 24.80 | 30.80 | 22.00 | 19.00

14.00 | 37.80 | 30.60 | 23.60 | 31.60 | x 15.20

15.80 | 36.60 | 29.00 | 23.60 | 23.20 | x 15.00

14.60 | 43.20 | 33.00 | 23.80 | 21.60 | x 14.00

17.00 | 9.20 | 25.60 | 22.80 | 21.60 | 20.00 | 18.40

16.60 | 9.20 | 25.80 | 23.40 | 19.00 | 18.40 | 18.60

17.20 | 9.00 | 25.40 | 22.60 | 20.20 | 23.00 | 17.20

7.80 | 38.80 | 27.40 | 25.00 | 22.40 | 22.60 | 18.60

w
WINFRP|WINRFPIWINRP(WNFPWIN| -

7.80 | 36.80 | 26.40 | 24.80 | 21.20 | 21.00 | 19.40

Mean value in um 8.80 | 38.40 | 26.00 | 25.40 | 21.40 | 20.40

Standard deviation in um 14.31 | 30.65 | 27.48 | 24.71 | 23.97 | 20.25

Coefficients of variation 3.97 1151 | 211 1.33 3.73 1.93

Table 4 — R, measurements for the Up surface

R; — Up Surface

#ooof | #  of g 15 | 300 45 600 | 750 90°
Spec. meas.
1 85.00 | 168.00 | 139.00 | 156.00 | 144.00 | 132.00 | 81.00
1 2 80.00 | 169.00 | 137.00 | 160.00 | 133.00 | 97.00 | 91.00
3 86.00 | 168.00 | 161.00 | 160.00 | 156.00 | 110.00 | 85.00
1 105.00 | 164.00 | 156.00 | 146.00 | 153.00 | 122.00 | 129.00
2 2 112.00 | 175.00 | 168.00 | 144.00 | 151.00 | 124.00 | 123.00
3 124.00 | 174.00 | 16400 | 139.00 | 181.00 | 133.00 | 106.00
1 91.00 | 18100 | 166.00 | 139.00 | 195.00 | x 93.00
3 2 99.00 | 178.00 | 153.00 | 136.00 | 133.00 | x 94.00
3 96.00 | 220.00 | 174.00 | 135.00 | 133.00 | x 82.00
A 1 117.00 | 51.00 | 132.00 | 129.00 | 122.00 | 116.00 | 109.00
2 110.00 | 5400 | 130.00 | 136.00 | 113.00 | 108.00 | 110.00
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3 117.00 | 45.00 | 131.00 128.00 | 116.00 | 145.00 | 96.00
1 55.00 | 211.00 | 142.00 142.00 | 132.00 | 132.00 | 111.00
5 2 62.00 | 197.00 | 140.00 134.00 | 125.00 | 119.00 | 126.00
3 60.00 | 205.00 | 140.00 143.00 | 135.00 | 118.00 | 106.00
Mean value in um 93.87 | 157.33 148.87 | 141.80 | 141.47 | 121.33
Standard deviation 22,53 | 58.09 1497 | 10.12 | 22.88 | 13.05
in um
Cot;fficients of 0.24 0.37 0.10 0.07 0.16 0.11
variation
Table 5 — Ra measurements for the Down surface
Ra — Down Surface
# of spec. #ofmeas. | 0° | 15° | 30° | 45° 60° 75° 90°
1 X | x X 15.60 | 18.20 | 18.20 | 14.60
1 2 X | x X 15.40 | 14.80 | 17.80 | 17.20
3 X | x X 15.60 | 16.00 | 19.40 | 13.60
1 X | x X 15.60 | 16.80 | 19.40 | 16.40
2 2 X | x X 16.40 | 19.00 | 17.80 | 15.40
3 X | x X 17.80 | 17.80 | 18.40 | 14.20
1 X | x X 16.20 | 16.00 | 13.40 | 14.00
3 2 X | x X 18.40 | 15.80 | 14.00 | 14.40
3 X | x X 20.80 | 20.20 | 14.20 | 13.60
1 X | x X 14.60 | 3.60 | 18.80 | 16.80
4 2 X | x X 14.60 | 7.40 | 17.40 | 15.00
3 X | x X 15.40 | 5.60 | 19.80 | 14.20
1 X | x X 20.40 | x 18.00 | 16.00
5 2 X | x X 20.20 | x 21.80 | 17.40
3 X | x X 21.00 | x 18.40 | 16.20
Mean value in pm - - - 17.20 | 14.27 | 17.79
Standard deviation in um - - - 236 | 553 | 230
Coefficients of variation - - - 0.14 | 0.39 | 0.13
Table 6 — R; measurements for the Down surface
R; — Down Surface
#ofspec. | #ofmeas. | 0° | 15° | 30° 45° 60° 75° 90°
1 X X X 90.00 | 106.00 114.00 84.00
1 2 X X X 89.00 94.00 115.00 94.00
3 X X X 92.00 | 101.00 124.00 99.00
9 1 X X X 86.00 97.00 113.00 97.00
2 X X X 97.00 | 108.00 104.00 91.00
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3 X X X 105.00 | 101.00 100.00 87.00

1 X X X 99.00 88.00 75.00 85.00

3 2 X X X 107.00 | 96.00 75.00 94.00

3 X X X 118.00 | 124.00 85.00 84.00

1 X X X 82.00 25.00 114.00 106.00

4 2 X X X 80.00 40.00 100.00 86.00

3 X X X 89.00 23.00 120.00 83.00

1 X X X 120.00 X 103.00 103.00

5 2 X X X 114.00 X 132.00 111.00

3 X X X 126.00 X 100.00 108.00

Mean value in um - - - 99.60 83.58 104.93
Standard deviation in pn - - - 14.65 34.12 16.74
Coefficients of variation - - - 0.15 0.41 0.16

Based on the experimental data of Tables 3 — 6, the charts for Ra and R,
depending on the angle to the build plate can be drawn, which are presented in
Figures 6 and 7.

Ra vs Angle
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Figure 6 — Ra to Angle Degrees from build plate

Based on the charts of Figure 5, it can be deduced that mean R, values on the
up side are low for the 0o angle, then they increased up to 30.65 pm for the 15°,
and finally they descend to 17.09 for the 90°. The mean R, for the Down surface
has a more vague behavior, since it has only a small variation depending on the
angle, while, this deviation is not monotonous. Another interesting observation
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regarding the correlation between the surface roughness of the Up and Down side
of the printed part can be also deduced. The values are getting more similar as the
printed part orientation changes to be perpendicular to the build surface, where the
roughness of each side should be equal. Unfortunately, due to measurement errors,
3D-printer accuracy and other parameters, the measurements cannot be exactly
similar for the 90°. Moreover, it is visible that the Up side of the parts are rougher
than the other Down side for all the angles.

Rz vs Angle
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Figure 7 — R; to Angle Degrees from build plate

Regarding the R, values, and based on the diagrams of Figure 6, it is visible
that the mean R, values follow the same trend as the Ra. For the up side, at first,
mean R; is as low as 93.86 pum, then it peaks to 157.33 um at 15 degrees and it is
gradually descending to 102.8 pm for the 90°. For the down side, again the samples
for 0, 15 and 30 degrees could not be measured due to overrange values at 15 and
30 degrees, or because (for the 0°) the surface was in touch with the building plate.
Other than that, the downside has smaller values for the 45, 60 and 75 degrees and
at 90 degrees the values of R, are very close, almost similar. It can be said that non
measurable values for 15 and 30 degrees at the Down side has been created due to
lack of sufficient cooling and inaccuracy of the printer. The same conclusion can
be reasonably deduced for the high R, values at 15° on the up side of the parts.

Finally, by the plots for the coefficient of variation of Figure 8, it is possible
to get to some interesting conclusions regarding the repeatability. The 45 degrees
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have significantly low coefficient of variation, meaning that the surface finish was
very similar in all the samples and in both surfaces (i.e., Up and Down). A big
difference between the coefficient is visible on the Up side of the part and the
Down side of the part for the 60°. This is due to reasons such as lack of structural
supports and not sufficient and proper cooling. In all the samples the worst
scenario is the samples that were printed in 15 degrees from the build plate, which
also have a very high coefficient of variation. This is expected reasonable since, for
the 15° the unsupported surface is even bigger, and the not fully cooled material is
pulled by the gravity, creating a rough and nonuniform surface.

Coefficient of variation vs Angle
0.45
0.4 A

.§ 0.35 A /_\

= 03 —

< 0.25 y \ // \\ —+—Up Ra

E 0.2 \ J =fi—Up Rz

g 0.15 Down Ra
o 0.05 === Down Rz

0
0 15 30 45 60 75 90 105
Angle from build plate [in degrees]

Figure 8 — Coefficient of variation vs Angle degrees from build plate for the Ra and R; for
the Up and Down surfaces

Last but not least, it is visible that even though 30 and 45 degrees have the
smallest coefficient of variation, meaning that in these angles the produced parts
will have similar surface roughness, they do not have the smallest R, or R; values.
This is a trade-off the user of such a machine must accept as he can choose to
reliably create parts of bigger surface roughness or create parts with smaller
surface roughness unreliably.

4. CONCLUSIONS

In the current study, an experimental investigation of surface roughness in 3D
printed parts manufactured by a low budget 3D-print machine was studied. The

62



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

creation of the 3D-printed parts was performed according to ISO AS ISO ASTM
52902-2021, as well all the measurements. For each angle, 5 specimens were built
and the surface roughness was measured on the Up and Down surface. The
assessment of the surface roughness was made based on the R, and R, mean values,
as well the respective coefficient of variation. The main deduced conclusions are:

e A low budget machine cannot produce parts with low R, and R, values
reliably.

e A trade-off should be conducted between reliably producing parts with big
Ra and R; values or unreliably and unrepeatably producing parts with small R, and
R; values.

e This machine due to lack of cooling, lack of second extruder for water
soluble support and not so high quality of the hardware, as well as not optimized
software and firmware, cannot produce reliably parts with good surface roughness
on both sides, i.e., Up and Down.
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loanic T. Xpucromymy, Bacmiki E. Anekcomyiry, Hikomaoc E. Kapxkaroc,
Emanyin JI. [Tamazorny, Arrenoc I1. Mapkomynoc, Adinm, I'pemis

PO IOPCTKICTH MOBEPXHI JIETAJIEA IPYKOBAHUX
3A TEXHOJIOI'TEIO FDM 3 BUKOPUCTAHHSAM
MAJIOBIOI’)KETHOI'O KOMEPIIMHOT O 3D IPUHTEPA

Anorauis: Ockinbku yinu HA MAWUHU 0N AOUMUBHO20 BUPOOHUYMBA ZHUNCYIOMbCA, A 00C8I0 Y
GIONOBIOHIU 2aNY3i 3POCMAE, BANCIUBO MECMYEAMU MA OYIHIBAMU MAN0OIO0NCEMHI  MAUUHU,
docmynui  OnA  KOMepyitino2o — euxkopucmauus. Xoua — Manob0dICemHi  8epcmamu  WUPOKo
BUKOPUCIOBYIOMbCA OJISL WBUOKO20 NPOMOMUNYSAHHS MA eKCNePUMEHMIG, GOHU He 30amHi 6upoOaAmu
demani 3 BUCOKOIW AKICMIO NOBEPXHI ma 00cseamu BUCOKO20 PIBHA NOBMOPIOBAHOCHI  13-3a
HUBLKOSKICHO20 0OIAOHAHHS MA HEONMUMI308AH020 NPO2PAMHO20 3abe3neyenns. IIpu ybomy ocHosHOIO
Memoio NOMOUHO20 OOCHIOHCEHHSI € NPOBEOCHHS eKCNepUMeHmi8 3 Maniodoxcemuum 3D-npunmepom
0151 MOOen6anHss Memodom Hanaasienns (FDM) ma oyinka wopcmrkocmi noeepxui HAOPYKOSAHUX
demaneil 8 3a1eHCHOCHIL 8I0 Kyma 8iOHOCHO OpYKo8aHoi (hopmu. B sxocmi ¢inamenmnozo mamepiany
oyra obpana nonimonouna kucioma (PLA), a wopcmkicmb nogepxni  OpykoGawux Oemaneil
sumiprosanacs 6ionogiono 0o cmanoapmy I1SO ASTM 52902-2021. I[llopcmkicms nosepxhi
oyinioganacs 3 o020y sHauenvs R, i R, a makooic 6ye nposedenuti CMamucmuyHuil anaums, oo
3pobumu 0esKi yikasi 8UCHOBKU WOOO0 KOpenAyii Mixc opicHmayieto demani ma AKicmio nogepxwi. J{ns
KOJICHO20 KYMA 6UCOMOGIANU NO 5 3pA3Ki6 ma GUMIPIOGAIU WOPCMKICIb NOBEPXHI Ha GepxHili ma
HUdICHIU nosepxusx. OYIHKY WOpCmKocmi NOSepXHi NPOBOOUNU 3a CepeOHiMU 3HAYeHHAMU Ry i R, a
makooic 8i0nogionum Koeiyichmom eapiayii. OCHOBHUMU BUCHOBKAMU € MAKI: MAL0OKONCEMHUL
sepcmam He Modice HAOIUHO 8UPOOIAMU Oemai 3 HUSLKUMU 3HAYeHHAMU Ry ma R, HeobXiono 3natimu
KOMIPOMIC MIdiC HAOIUHUM SUPOBHUYMBOM Oemaneli 3 6eUKUMU 3HAYeHHIMU Ry ma R, abo nenaoitinum
ma HenogmopHUM GUPOOHUYMEOM Oemanell 3 Maiumu 3uavennamu R, ma R, Oana mawuna uepes
8IOCYMHICMb OXON00NHCEHHS, IOCYMHICMb OpYy2020 eKkcmpyoepa Oasi 6000PO3YUHHOI NIOKAAOKU | He
HACMINBKU  BUCOKOI AKOCMI anapammoi YacmuHu, d mMaxKodic He ONMUMI308AHO20 NPOSPAMHOZO
3abe3neuents ma NPOWIUSKU, He MOJice HAOIUHO 8UPOOIAMU Oemani 3 2aPHOIO WOPCMKICMIO NOBEPXHI 3
000x 60Ki6, mMOOMOo 36epxy ma 3HU3Y.

KarouoBi ciioBa: mawwnu 0ns aOumueHo2o GUPOOHUYMSA, WEUOKe CMGOPEHHsI NPOMOMUnie;
MOOeNI0BaHHS NIABIEHO20 OCAOICEHH S, WOPCMKICIb n06epxHi, 3D-npunmep.
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WEAR RESISTANCE OF HARD TURNED SURFACES

Abstract. The quality of working surfaces plays an important role in automotive industrial components.
One of the main characteristics of such surfaces is their wear resistance. In this study external
cylindrical surfaces were analyzed. A Design of Experiment methodology was applied and hard turning
experiments were carried out to analyze the effects of the cutting parameters on the 3D surface
roughness values of reduced peak height, skewness and kurtosis. The study confirmed earlier findings
that at lower feed the wear resistance is higher based on the analyzed roughness parameters. The
cutting speed and the depth-of-cut do not influence these parameter values significantly.

Keywords: hard turning; wear resistance; 3D surface roughness.

1. INTRODUCTION

A working surface means that it has motion relative to another surface. One
of the most important phenomena in this relationship is the wear of surfaces. In the
automotive industry many components incorporate working surfaces. Most of them
have to be hardened in order to increase the wear resistance and therefore the life
of the components [1, 2]. Machining of these hard materials is challenging. Not
only the conventional grinding but the use of single-point tools is also possible [3].
Hard turning is a good choice to machine hardened surfaces by a relatively high
material removal rate and can result in an efficient procedure. However, turning
hard materials requires a machine tool with rigid structure and superhard tool
materials [4, 5] in order to reach the expected accuracy and surface quality [6].
Hard turning results in a periodic surface topography. If random topography is
required, grinding is the recommended technology [7].

Due to the complex requirement system of working surfaces, topography and
therefore surface roughness characterization have become highlighted topics in
machining [8-10]. Wear resistance is of the tribological properties of surfaces.
There are numerous roughness parameters that aim to provide information about
the wear resistance of a surface, for example the peak height (Sp), reduced peak
height (Spk), peak material portion (Si1), peak material volume (Vmp), skewness
(Ssk), kurtosis (Sku), and surface bearing index (Sei). These parameters are defined
in different ways, for example Ss and Ssc are dimensionless parameters, Vmp
measures specific volume and Sy measures a certain part of the profile height.
These differences make comparison difficult. In one study it was stated that the
orders of wear resistance of surfaces machined by different technological data are
different in the cases of the differently defined roughness parameters [11].

© V. Molndr, 2022
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In this study the results of hard turning experiments are demonstrated. The
technological data (cutting speed, feed, depth-of-cut) were varied. According to the
tool manufacturer’s recommendation the lowest and the highest values of these
data were applied and a design of experiment (DoE) was carried out, which
resulted in 8 setups. Among the above mentioned parameters the relatively widely
used Spk and two statistical-based parameters, Ss and Sku, were analyzed. It has to
be noted that the industrial use of the 3D roughness parameters is not widespread
yet because of the relatively high time consumption; however, the accuracy of
these parameters is considered better than that of their 2D counterparts [12—14].

The novelty of the experiments is that more than one roughness parameter
was considered at the same time for the analysis of wear resistance and the
experiments were designed for the total range of technological parameters. The
results can provide useful information for the research of the tribological
characteristics of machined surfaces.

2. EXPERIMENTAL SETUP

In the experiments external cylindrical surfaces were machined by hard
turning. The technological data of the machining are summarized in Table 1, which
also details the DoE setups.

Table 1 — Setups of the experiment and the applied technological data

Surface / Setup def: Tn?rfn;m C?,ttl[?ﬁ/rsnﬁﬁ?d f [n:(;?/(:ev]
A 0.05 60 0.05
B 0.05 60 02
C 0.05 150 0.05
D 0.05 150 0.2
- 03 60 0.05
F 0.3 60 0.2
G 03 150 0.05
H 03 150 0.2

The machining experiments were carried out on a CNC lathe type
Optiturn S 600. In the machining experiment a Mitsubishi CNGA 120408TA4 type
insert was used. The workpiece material was 16MnCr5, its hardness was 63 HRC.
The lengths of the machined surfaces were 40 mm and their diameters were 70 mm.
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The surface topography was analyzed by 3D roughness parameters. In the
measurements 2.05%2.05 mm areas were scanned by using a measurement machine
type Altisurf 520. A 0.8 mm cut-off and Gauss filter were applied. The scanning
was carried out using an optical sensor (type CL2). The x- and y-direction
resolutions were 2 pum, therefore one million points were scanned. The z-direction
resolution was 0.012 pm. The nominal measurement range was 0—300 pum. For the
analysis of the roughness parameters the standard 1SO 25178 was used

3. DISCUSSION

The arithmetical mean heights (Sa) were analyzed to get information about the
surfaces based on a parameter which is widely used in industry. S, values vary
between 0.11 and 1.08 um. The machine tool proved to be good; no resonances
were experienced during the machining process. In Fig.l1 examples are
demonstrated for the analyzed surfaces. In Table 2 the analyzed roughness
parameter values are summarized for the 8 setups.
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Figure 1 — Examples for hard turned topographies; (a) setup A, ap=0.05 mm, vc=60 m/min,
f=0.05 mm/rev, (b) setup F, ap=0.3 mm, vc=60 m/min, f=0.3 mm/rev

The reduced peak height is defined according to Fig. 2. A lower value
indicates better wear resistance. In Fig. 3 the values of this parameter are
demonstrated. It can be observed that the feed influences this value to a relatively
high extent. At 0.05 mm depth-of-cut (d-o-c), by increasing the feed from 0.05 to
0.2 mm/rev the Spk values are 11 and 9 times higher at cutting speeds of 60 and
150 m/min, respectively. At 0.3 mm d-o-c, by increasing the feed from 0.05 to 0.2
mm/rev the Sy values are 7 and 19 times higher at cutting speeds of 60 and
150 m/min, respectively. The lower feed results in better Sy values. The depth-of-
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cut does not influence the value. It is not obvious how the cutting speed influences
the parameter values. In the case of higher d-o-c Syk increases with the cutting
speed when higher feed is applied but in the case of lower d-o-c the opposite can
be observed.

Table 2 — Measured roughness values

Surface / Setup Sa Spk Ssk Sku
A 0.12 0.14 -0.03 3.14
B 0.94 1.56 0.65 2.39
C 0.13 0.11 -0.26 3.20
D 0.65 1.09 0.59 2.10
E 0.21 0.21 0.05 2.64
F 1.04 1.53 0.54 211
G 0.11 0.10 -0.20 3.13
H 1.08 1.88 0.62 221
Taraeum

T

Sk=
24331pm

vk =
.2418pm

LI R |

Sri=27.0637 % Sr2=882375 %
Sal = 262800.5870 um3fmm2 Sa2=2141.3390 prm3mm2

Figure 2 — Calculation of the Spk parameter (setup H)

In Fig. 4 the value ranges for the 2D Rs and Ry, parameters are demonstrated
for easier visualization.

The skewness gives information about the wear resistance, among other
things. A negative or zero value belongs to a greater bearing area, therefore the
wear resistance is better. In all the experimental setups the values do not exceed 0.7
(Fig. 5). When lower feed was applied, the values were around or below zero. The

68




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

reason for this is that by such low feed the tool ‘burnishes’ the surface. At 0.05 mm
d-o-c, by increasing the feed from 0.05 to 0.2 mm/rev the S values increase by
0.68 and by 0.85 at cutting speeds of 60 and 150 m/min, respectively. At 0.3 mm
d-o-c, by increasing the feed from 0.05 to 0.2 mm/rev the Ss values increase by
0.51 and by 0.82 at cutting speeds of 60 and 150 m/min, respectively.

2.00 2.00 1.53
g 1.50 'g'i 1.50
=1.00 0.11 = 1.00 0.10
o joR
@50 101 150 @050 70 150
—p 60 v -y 60 v
0.00 ¢ 0.00 c
0.05 02 [m/min] 0.05 0.2 [m/min]
f [mm/rev] f [mm/rev]
a b

Figure 3 — Reduced peak height: (a) ap=0.05 mm, (b) ap=0.3 mm

_____________ 1
> Rsk =0 > Rku=3
/ /
MN— \
YW " Rsk<0 25 2 S AN 1 NS—
L) / ] e
| (Lapped, honed) [ Rku>3
‘Méﬁd&g@bﬂ \:D Rsk >0 _'AUWV%&?W% N Rk<3

Figure 4 — The values of Rsk and Ssk parameters [15]

If the kurtosis value is 3 or lower, the wear resistance increases. When a
lower feed was applied, the values were around 3. At higher feed the values
decreased. At 0.05 mm d-o-c, by increasing the feed from 0.05 to 0.2 mm/rev the
Sku Values decrease by 0.75 and by 1.10 at cutting speeds of 60 and 150 m/min,
respectively. At 0.3 mm d-o-c, by increasing the feed from 0.05 to 0.2 mm/rev the
Sku Values decrease by 0.53 and by 0.92 at cutting speeds of 60 and 150 m/min,
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respectively. The d-o-c has no significant influence on the Sy, value. The role of
the cutting speed is again not obvious.

0.80 0.65 0.59 0.80 0.54 0.62

0.60 0.60
Z0.40 Z0.40 —
~ 0.20 ~ 020 ;
A 0.00 £_|7 Bogo ||

020 -0.03 0.20

-0.40 0.26 040 0.20

0.05 0.2 0.05 0.2
f [mm/rev] f [mm/rev]
Byc: 60 = vc: 150 Hmyc: 60 ™ vc: 150
a b

Figure 5 — Skewness values: (a) a,=0.05 mm, (b) a,=0.3 mm

Analyzing the three roughness parameters the following order can be stated
among the setups (better wear-resistance from left to the right):

Spkk HHB—-F—-D—E—-A—-C—G
Se«: B»H—-D—-F—-E—-A—-G—C
Swi: Do F-H—-»B—E—-C—A—>G

400 7 1544 320 4.00 313
2.64

- 3.00 239 51 - 3.00 ,qq 22
5200 = 2,00
X X
wn [

1.00 1.00

0.00 0.00

0.05 0.2 0.05 0.2
f [mm/rev] f [mm/rev]
Hyc: 60 ¥ vc: 150 Hyc: 60 ®vc: 150
a b

Figure 6 — Kurtosis values: (a) ap=0.05 mm, b) a,=0.3 mm
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Figure 7 — Tribological topography map

The second four setups belong to the feed 0.05 mm/rev in all the three cases.
The reason for this clear order is that because of the lower feed a relatively ‘filled’
topography is formed by the cutting tool. Concerning the other two technological
parameters no clear tendency can be identified. It has to be noted that the surface
topography is mainly determined by the feed. This can be seen also in Fig. 7.

CONCLUSIONS

Hard turning experiments were carried out for 8 setups by varying the
technological parameter values of the cutting speed, the depth-of-cut and the feed.
Spks Ssk and Sy, 3D surface roughness parameters were analyzed. The change of the
d-o-c and the cutting speed do not influence the analyzed values. The only clear
statement of the experiments is that the feed influences the analyzed roughness
parameters. When lower feed (0.05 mm/rev) was applied, the wear resistance was
clearly better than in the case of higher (0.3 m/rev) feed. All the three roughness
parameters support this statement.
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BixTop MonsHap, MimkounsI, Yropuiuaa

3HOCOCTIMKICTh IOBEPXOHb 3ATAPTOBAHUX JETAJIEM
ICJIAA OBPOBKHU TOUYIHHAM

Anortauisa. Obpobka 3azapmosanux mamepianié € CKIAOHUM 3a80anHsAM. Modciuee sk 36uuaiine
wiighyeanns, max i GUKOPUCMAHHS OOHOMOUKOBUX IHCmMpyMenmig. JKopcmke moyinns - xopowiuti 6uoip
07151 00POOKU 3a2APMOBAHUX NOBEPXOHb 30 PAXYHOK 8IOHOCHOI WBUOKOCI 3HIMAHHA Mamepiany i Modice
3abesneuumu egexmugny npoyedypy. OOonax mokapna 06podka meepoux mamepianié eumazac
gepcmam 3 JCOPCMKOIO CIMPYKNMYPOIO Ma iHCMPYMeHmu 3 HA0mMEepoux mamepiainié O 0ocseHeHHs
0UIKY8aHOI moyHOCMi ma skocmi nogepxwi. JKopcmke mouinHs npu3e00untb 00 NEPioOUUHO20 Perbey
noeepxui. Yepes cknadmy cucmemy 6umoz 00 pobOuUX NOBEPXOHb, monozpais i, omoice,
Xapakmepucmuka WOpCmMKOCMi  NOGepXHi  Cman — Nnpiopumemnumu — memamu npu  o6pooyi.
3Hnococmitixicms — ye mpubono2iuni e1acmueocmi n08epxoHs. IcHye besniu napamempis WopcmKocmi,
SKI  NOKIUKAHI  Hadamu  iHpopmayilo npo 3HOCOCMIUKICMb NoeepxHi. YV yvomy 00cniodicenti
0eMOHCMPYIOMbCsL pe3ybmami eKcnepumenmie iz meepoum mouinusam. Texnonoziuni napamempu
(weuoKicms  pizaHHs, nooaua, emubuHa pizanHs) smiHsanucs. Bionosiono 0o pexomenoayii
B8UPOOHUKA THCMPYMeHmYy OVIU 3ACMOCO8AHI HAUHUMCYI MA HAUBUWI 3HAYEHHA Yux Oauux, i 6y1o
npoeeodeHo Naany8anHs eKCnepuMenmy, 8 pe3yibmami sko2o 6yno ompumano 8 narawmysans. Hosusna
EeKCNepUMeHmie y momy, Wo 3 aHAIi3y 3HOCOCMIUKOCMI OOHOYACHO 8PAX08YBANUCS Olilblie OOHO2O
napamempa WoOpCMKOCMI, A eKCnepUMEeHmU NpoBOOUNUCS ONs YCbo2o OIana3’oHy MexHON0SIYHUX
napamempis. Excnepumenmu no s#copcmkomy modinnio npoeoounucs. 0as 8 ycmanosox 3 6apito8aHHaM
3HAYEHb MEXHONOSIMHUX NaApamempie WSUOKOCMI pPI3anHs, IubuHu pizawHs ma nooavi. Bymu
npoananizosani 3D napamempu wopcmrocmi nosepxui Sp, S« ma Sw. 3mina enubunu pizanns ma
WBUOKOCMI PI3aHHA He BNIUBAE HA AHANIZ308aHI 3HAYUEHHS. €OUHA YimKa KOHCMAmayis ekcnepumMenmie
— nodaua 6nIUBaE HA aHanizosami napamempu wopcmrocmi. Konu sacmocogyeanacs nudicua nooava
(0,05 mm/06), 3H0cocmitikicmy O6yna A6HO Kpawolo, Hidc y pasi binvw eucoxoi (0,3 m/06) nodaui. Vci
mpu napamempu wopcmKocmi niomeepoxcyloms ye meepodxcenus. Pesynomamu moscyms nadamu
KopucHy inghopmayiio 01 00Ci0IHCeHHA MPUOOTOIUHUX XAPAKMEPUCTHUK 0OPOOIEHUX NOBEPXOHD.
KurouoBi ciioBa: orcopcmre mouinns, snococmitikicms;, 3D wiopcmkicme nogepxi.
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THEORETICAL VALUE AND EXPERIMENTAL STUDY
OF ARITHMETIC MEAN DEVIATION IN ROTATIONAL TURNING

Abstract. The calculation method of the Arithmetic Mean Deviation (R,) is presented for rotational
turning. The necessary equations for the calculation of R, are given beginning from the equation of the
cut surface theoretical profile, and we determine the theoretical values in the studied range of the
technological parameters. Cutting experiments with these data were performed and the roughness
values of the machined surfaces were measured. Then we carried out a comparative analysis of the
measured and the calculated values of the arithmetic mean deviation.

Keywords: arithmetic mean deviation; rotational turning; theoretical and experimental study.

1. INTRODUCTION

In the production of surfaces and parts, which meet the prescribed roughness
requirements, several types of procedures with different kinematic and/or
geometric relation are applied in finishing operations [1,2]. The variety of
kinematics comes from the different translational or rotational movements of the
workpiece and tool [3,4], while the diversity of geometry is given by the number of
edges, the design and position of the cutting edge (for example: linear or helical),
the shape of the removed chip (constant or varying) and the characteristic of
material removal (continuous or intermittent) [5,6]. The selection of the machining
procedure is determined by the prescribed accuracy and roughness (quality)
requirements among others [7,8], furthermore the more productive one should be
chosen for several optional procedures [5,6,7]. However, the increasing costs with
the increase in tool wear should be considered as well [9,10]. Longitudinal turning
is most widespread in the machining of cylindrical surfaces [11,12].

We study rotational turning, where a helical edged cutting tool with slow
rotations removes the allowance from a fast-rotating workpiece with constant chip
cross-section and continuous material removal [13,14]. In the studied procedure the
machining is done by one cutting edge with constant circular feed and depth of cut.
The non-linear (helical) cutting edge and the applied circular feed alter the
characteristics of chip removal from the longitudinal cutting; the extent and ratio of
cutting force components is different due to the applied edge geometry and
kinematics. The contact length between the cutting edge and the workpiece is
longer, which is caused by the 0° major cutting edge angle and the inclination
angle determined by the helix angle. Therefore, the topography of the machined
surface is different. The contact point between the machined surface and the tool
moves continuously in one direction along the cutting edge during the cutting.

© |. Sztankovics, J. Kundrdk, 2022
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Hence not just one point of the cutting edge comes into contact with the workpiece
during material removal. The usage, load and tool wear will be even along the
entire cutting edge. These differences must be taken into consideration in the
determination of the process parameters. The effects of the influencing parameters
must be known in different machining procedures which can achieve the
prescribed roughness values on the part surfaces. The study of these can be done
by theoretical (mathematical deduction or modelling [15,16]) and/or experimental
analyses, or the comparative analysis of the two [17].

The theoretical values of the roughness parameters give important
information on the effect of cutting edge geometry of feed alteration by helping
estimate the expected roughness. Therefore, we worked out the calculation method
of the Arithmetic Mean Deviation (Ra) for turning with circular feed, and the
outcome is compared with experimental results.

2. THEORETICAL VALUE OF ARITHMETIC MEAN DEVIATION

When determining the machined surface roughness, it must be taken into
consideration that the theoretically determinable and the practically measurable
values are usually different, although a strict correlation can be observed between
the two. The theoretical roughness is defined by the position of the cutting edge in
the tool reference plane and the feed that is generating the surface periodicity. In
rotational turning, the former results from the machined surface radius (rm), the
radius (rs) and the inclination angle (4s) of the helical cutting edge. The periodicity
of the surface is given by the tool and workpiece revolutions or angular speed (ws
and wm), the additional axial feed rate (vsz), the inclination angle and the radius of
the cutting tool.

In our study, the highlighted section (I-111) of the cut surface must be
evaluated for the determination of the arithmetic mean deviation, due to the
symmetric nature of the periodically repeating cut surface.

Peak line r Y I11

................................ -mlb IEm(: m'fj

Mean line

Valley line ¢ 2 tm

Figure 1 — Arithmetic Mean Deviation (Ra) in the theoretical machined surface
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The Arithmetic Mean Deviation can be given by the solution of Equation (1)
according to the standard [18] for the theoretical profile (fa: axial feed, n:
dependant variable, {m: independent variable, £m: value of the mean line).

1 [fal? _
Ra = E[ |fm - ‘fm|d§m (1)

—fal2

The determination of the cut surface equation is presented in our earlier work
[19]; one variable &n(Zm) form can be seen in Equation (2).

tan(A
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The equation of the line parallel to the horizontal axis (mean line) is &, = &m,
where the areas below and above the curve are the same. The sought value results
from the quotient of the integral on the { axis of the analysed curve (I-111) and the
length of the assessed profile. This results in Equation (3) for the case presented in
Figure 1.

It follows from the interpretation above that Equation 1 can be transformed
here. Due to the symmetric nature of the studied profile, the lower limit of the
integration is O instead of -f./2. The interval can be divided into two sections since
the area below (I-11) and above (11-111) the mean line can be calculated separately.
The I-111 interval is divided into two section by coordinate {ma, Where the mean
line intersects the analysed curve(point Il in Figure 1). This condition can be
written as &m(Cma) = &m. Hence the theoretical value of R, is the solution of
Equation (4).

fal2

_ 2
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The next step in our study is the determination of the mean line position in the
roughness profile of the machined surface. Equation (1) was approximated to
perform the designated integration. 6th Taylor polynomial is calculated due to the
shape and attributes of the function. The result can be seen in Equation (5). After
the evaluation of Equation (3) with the function in Equation (5), the vertical
position of the mean line is deduced in Equation (6).

2
w%z ‘:m Tm (7;+Tm)

Em(lm) = (5)

2
21, (Vs.a + (?"Sw5+rmwm)cot(,ls))

2
_ Ty TT* (Vs.a + ?;cuscot(ﬂs)) (rs41)

m

Z (6)
61, (Vs.a + (?"Sw5+rmwm)cot[ﬂj))

_ The next step is the determination of (. from the given condition ({m(¢ma) =
£m). After the substition of Equations (5) and (6) into the condition, the sought
value is given in Equation (7).
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Vs
— 7
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The evaluation of the equations leads us to the theoretical value of the
Arithmetic Mean Deviation in the form of Equations (8)-(9).
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3. CONDITIONS OF THE CUTTING EXPERIMENTS

The main aim of the cutting experiments was the comparison of the measured
and calculated values of Ra. A Perfect-Jet MCV-M8 machining centre was chosen
for our studies. The helical edged rotational turning tool was clamped on the
machine table parallel with the workpiece placed in the spindle of the machine tool.
The rotary feed is caused from the circular interpolation of the tool and the cutting
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speed is resulted from the rotational movement of the workpiece. The position of
the tool and the workpiece can be seen in Figure 2.

The experiments are carried out on heat-treated C45 cylindrical steel
workpieces with @40 mm diameter and 12 mm length. The material removal is
done by a Fraisa P5300682 cutting tool with 30° inclination angle. 200 m/min
cutting speed and 0.1 mm depth of cut were adjusted. We analysed the effect of the
feed alteration with 7 kinds of values: 0.1 mm/rev., 0.2 mm/rev., 0.4 mm/rev., 0.6
mm/rev., 0.8 mm/rev., 1.0 mm/rev., 1.2 mm/rev. 2D surface roughness was
measured by a Mitutoyo SurfTest SJ-301 device on 3 different generatrix of the
machined surfaces. The evaluation and cut off lengths were chosen according to
the DIN EN ISO 4288 standard.

Figure 2 — Position of the tool and the workpiece

4. EXPERIMENTAL RESULTS AND DISCUSSION

The theoretical and experimental R, values were evaluated within the studied
range. The theoretical values of the Arithmetic Mean Deviation (Rac) were
calculated for the different setups using Equation (8). The averages of each of the 3
measured values (Ram) were also determined for the 7 parameter combinations
after the cutting experiments. The results of the evaluation are shown in Table 1.
Typically, the calculated values of R, are lower than the measured values.

It can be seen based on the depiction of the theoretical and experimental
values in function of the feed (Figure 3) that the roughness alteration caused by the
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increasing feed is well described by the theoretical curve, the tendency is the same.
The coefficient of determination in the studied range is R? = 0.8543.

Table 1 — Results of the roughness measurement and calculations

f a Ve Ra1 Ra2 Ras Ram Rac
[mm] [mm] [(M/min] | [pm] | [pm] | [pm] [nm] [nm]
0.1 0.1 200 0.47 0.45 0.48 0.466 0.016
0.2 0.1 200 0.47 0.48 0.49 0.480 0.063
0.4 0.1 200 0.54 0.55 0.57 0.553 0.255
0.6 0.1 200 0.73 0.69 0.74 0.720 0.578
0.8 0.1 200 1.2 1.39 1.28 1.290 1.034
1 0.1 200 1.15 1.08 1.14 1.123 1.627
1.2 0.1 200 2.78 2.86 2.79 2.810 2.361
3 i —-Exp. -@-Calc. i

0 .....l.no-cuuuono-

0 01 02 03 04 05 06 07 08 09 1 1.1 12
f [mm/rev.]

Figure 3 — Measured and calculated values of Ra

Based on the measured and calculated values, if the feed is below 0.6 mm/rev,
the difference between the two is proportionally higher than the difference in
higher feeds. This caused by that phenomenon that at lower feeds the geometry of
the tool has a weaker effect, with the machined surface roughness being influenced
more by the material composition, the attributes of the surface layer and the
deformation in the cut zone. The latter effects remain nearly constant at different
feeds; however, the periodical profile generating effect of the cutting edge
geometry becomes dominant. This finding can be clearly seen in Figure 4.
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Figure 4a — Measured and calculated roughness profiles (f = 0.2 mm/rev.)
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Figure 4b — Measured and calculated roughness profiles (f = 0.6 mm/rev.)
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Figure 4c — Measured and calculated roughness profiles (f = 1.2 mm/rev.)
5. SUMMARY

The effect of feed alteration in rotational turning is studied based on the
theoretical and experimental values of Arithmetic Mean Deviation in this paper.
We presented a method for the determination of the theoretical value of the
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analysed roughness value. Based on the equation of the cut surface deducted using
by constructive tool geometry, we described the equation necessary for the
calculation of R, in function of the influencing kinematic and geometric parameters.
For the chosen technological parameters in the studied range, we calculated the
theoretical values, which are validated through cutting experiments.

It was found that the theoretical values of R, are typically lower than the
measured roughness values in the 0.1-0.2 mm/rev feed interval. The change in
roughness with the increasing feed is described well by the calculated values, the
trends are the same. Roughness profiles are also showed that with the increase of
the feed, the periodic profile generating effect of the tool edge geometry becomes
dominant, while the proportion of other topography affecting mechanisms becomes
lower.

References: 1. Byrne, G., Dornfeld, D., Denkena, B.: Advancing Cutting Technology. CIRP Annals -
Manufacturing Technology Vol 52, Issue 2, pp. 483-507, 2003. 2. Savas V., Ozay C.: Analysis of the
surface roughness of tangential turn-milling for machining with end milling cutter. Journal of Materials
Processing Technology, ISSN: 0924-0136, Vol 186, pp. 279-283, 2007. 3. Armarego, E. J. A., Karri, V.,
Smith, A. J. R.: Fundamental studies of driven and self-propelled rotary tool cutting processes — I.
Theoretical investigation. International Journal of Machine Tools and Manufacture, ISSN: 0890-6955,
Vol 34, No 6, pp. 785-801, 1994. 4. Childs, T. H. C., Sekiya, K., Tezuka, R., Yamane, Y., Dornfeld, D.:
Surface finishes from turning and facing with round nosed tools. Cirp Annals 57, 2008. pp. 89-92.
5. Tschatsch, H.. Applied Machining Technology. Springer Science & Business Media. 2010.
6. Shaw, M. C.: Metal Cutting Principles, Oxford University P, New York, 651 p., 2005.
7. Brechner, C., Esser, M., Witt, S.: Interaction of manufacturing process and machine tool. CIRP
Annals - Manufacturing Technology Vol 58, pp. 588-607, 2009. 8. Struzikiewicz, G., Otko, T.:
Dependence of shape deviations and surface roughness in the hardened steel turning. Key Engineering
Materials, 581, pp. 443-448. 2014. 9. Paprocki, M., Wygoda, M., Wyczesany, P., Bazan, P.: Symptoms
of wear HSS cutting tools in different wear stages. Manufacturing Technology 21(3), pp. 387-397.
2021. 10. Klymenko, G., Vasylchenko, Y., Kvashnin, V.: Modeling of cutting tools wear for lathes.
Cutting & Tools in Technological System Vol. 93, pp. 138-148. 2020. 11. Berio, J., Maiikovd, I,
Vrabel, M., Karpuschewski, B., Emmer, T., Schmidt, K.: Operation Safety and Performance of Milling
Cutters with Shank Style Holders of Tool Inserts. Procedia Engineering, 48, pp. 15-23. 2012.
12. Zegbala, W., Gawlik, J., Matras, A., Struzikiewicz, G., S'lusarczyk, £.: Research of surface finish
during titanium alloy turning. Key Engineering Materials, 581, pp. 409-414. 2014. 13. Klocke, F.,
Bergs, T., Degen, F., Ganser, P., Presentation of a novel cutting technology for precision machining of
hardened rotationally symmetric parts, Production Engineering: Research and Development, vol. 7, pp.
177-184, 2013. 14. Degen, F., Klocke, F., Bergs, T., & Ganser, P.: Comparison of rotational turning
and hard turning regarding surface generation. Production Engineering, 8(3), pp. 309-317., 2014.
15. He, C.L. Zong, W.J. Zhang, J.J.: Influencing factors and theoretical modeling methods of surface
roughness in turning process: State-of-the-art. International Journal of Machine Tools and Manufacture,
Volume 129, pp. 15-26, 2018. 16. Dyadya, S., Kozlova, Y., Germashev, A., Logominov, V.: Simulation
of the machined surface after end milling with self-oscillations. Cutting & Tools in Technological
System Vol 94, pp. 19-27, 2021. 17. Guo, H., Kang, M., Zhou, W.: Prediction of Surface Roughness
and Optimization of Process Parameters for Slow Tool Servo Turning. Manufacturing Technology
21(5), pp. 616-626., 2021. 18. 1SO4287:1997: Geometrical Product Specifications (GPS) — Surface
texture: Profile method — Terms, definitions and surface texture parameters, 1997. 19. Sztankovics, |.:
A forgécsolt feliilet analitikus meghatarozasa rotacios esztergalasnal. (“Analytical description of the cut

80



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

surface in rotational turning”, in Hungarian) Multidiszciplinaris Tudomanyok: A Miskolci Egyetem
Kozleménye 11: 4 pp. 102-110., 9 p. (2021).

Irran CrankoBud, AHom Kynnpak, Mimkonem, YropmuHa

TEOPETUYHA 3HAYNMICTD I EKCIEPUMEHTAJIBHE
JOCILIKEHHS CEPEJJTHEAPUOMETHYHOI'O BIIXWJIEHHSA
IPU POTALIMHOMY TOUYIHHI

AuoTtauiss. Haseoeno memoo po3paxyHky cepeonvboeo —apugmemuunoco eioxunenns Ra 01s
pomayitinoco mouinns. Hagedeno HneoOXiOHi pieHsHHS ONsl pO3PAXYHKY Ra, 6uxo0suu 3 pieHsHHS
meopemuyH020 NPOQINI NOGEPXHI PI3AHHA, MA BUSHAYEHO MEOPEMUUHI 3HAYEHHS Y O0CTIONCYBAHOMY
0ianazoni MexHON0IYHUX napamempis. 3 yumu OaHuMu 6yIu npogedeHi eKCnepuMeHmy 3 pisanHs ma
BUMIDIOBAHHA 3HAYEHb WOPCMKOCMI 00pobneHux noeepxoHs. Ilomim 6yn0 nposedeno NopieHANIbHUL
amaniz  GUMIpAHUX MA PO3PAXOBAHUX 3HAYEHb CepeOHbo20 apupmemuynozo eioxunenus. Ilpu
BUSHAYEHHI WOPCMKOCMI  00pOONIeHOI NOo8epXHi HeOOXIOHO 8paxo8yeamu, w0 3HAYEHHs, WO
MeopemuyHo BUSHAYAIOMbCA | NPAKMUYHO SUMIPIOBAHI, 3A36UYAll DI3HI, XO4A MIXHC HUMU MOJCe
cnocmepicamucs cmpoaa Kopenayisa. Teopemuuna wopcmyicms 6U3HAYAEMbCSA NONOICEHHAM PI3aATbHOL
Kpaiiku 8 6a306ill NAOWUHI [HCMPYMENNTY mad nooayeio, wo cmeoploe nepioduynicms nogepxui. Ilpu
POMAYItiHOMY MOYIHHI NEPUULl BUSHAYAEMBCS PAOiycom 00pobaeHoi nosepxui (rm), padiycom (rs) ma
Kymom Haxuny (Ls) e6uHmoegoi pisanvroi xpaiiku. Ilepioduunicmv nogepxHi 3adacmvcs obepmamu
iHcmpymenmy ma 3a20mieku abo Kymosorw weUuoKicmio (ws i wp), 000amkoso 0Cbosol nodauero
(Vsya), Kymom Haxury ma padiycom pizansnoz2o incmpymenmy. Ha ocnosi eumipsinux i pospaxosanux
3HaueHwb, AKwo noodaua Hudxcue 0,6 MM/00, Pi3HUYSA MIDC HUMU RPONOPYIUHO OLIbWLA, HIJC PI3HUYS NPU
Oinbwt 6ucokux nooauax. lLle euxnukano mum AsuweM, WO NPU MEHWUX NOOAYAX 2eoMempis
iHCMpYMeHmy Mae MeHwiull 6naus, a Ha WOopPCmKICMb NOGEPXHI, wo 00podiaembces, Oinbuiull 6nIue
Haoaoms CKIa0 mMamepiany, e1acmueocmi nosepxrHeso2o wapy i oegopmayii 6 301i pizauns. OcmaHHi
ehexmu 3anuUIAIOMbCA MATIdICe NOCMITHUMU NPU DIZHUX NOOAYAX, NPOME NePeBadlCa UM CMAe 6Nus
2ceomempii’ pi3anbHOi Kpauku y cmeopenti nepioouunozo npoginio. Byno euseneno, wo meopemuuni
3HauenHst Ry 3a36unail HUdCHi 3a 8UMIpSHI 3HaYeHHs wopcemrkocmi 6 inmepsani nooay 0,1-0,2 mm/006.
3mina wopcmrkocmi 3i 30iibweHHAM ROOAYi 00OPe ONUCYEMbCS POPAXYHKOGUMU 3HAYEHHIMU, MPEHOU
mi orc cami. [Ipoghini wopcmrocmi maxoc nokasanu, wo 3i 30UIbUWEeHHIM N00ayl Nepesadlcaryum cmae
eghexm popmysanHs nepioouyHo2o npoin eeomempii pizaibHOI Kpauku iHCmpymeHmy, mooi sK
YACMKA THWUX MEXAHIZMIB, WO BNIUBAIOMb HA MON02PADII0, 3HUICYEMBCS.

KrodoBi cioBa: cepedne apudmemuune eioxunenmms; pomayiiine MOUIHHA; MeopemuyHe ma
eKCnepUMEeHMAbHe QOCTIONCEeHHSL.
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METHODOLOGY FOR DEVELOPING AN EXPERT SYSTEM
FOR THE GRINDING OF SUPERHARD MATERIALS

Abstract. An expert system of the grinding process has been developed, which makes it possible to
predict and optimize the process of defect-free processing of both existing and newly created superhard
materials. The expert system consists of two interconnected modules - theoretical and experimental. The
theoretical module of the expert system allows, at a given level of significance, to determine the values
of the output indicators and the kinetics of their change in the process of adaptability, depending on the
physical and mechanical properties of the interacting materials and processing conditions. The
experimental module of the expert system allows you to coordinate and correct the results of theoretical
calculations when determining the optimal grinding and operating conditions for processing various
grades of superhard materials. When optimizing the sharpening process of a blade tool, processing
efficiency, consumption of diamond wheels, cost price and various quality indicators of its cutting
elements can be selected as a criterion. The use of the expert system significantly reduces the amount of
expensive and laborious researches in determining the optimal processing conditions for various
grades of superhard materials (SHM), including newly created ones.

Keywords: Diamond grinding wheel; Finite element method; Knowledge base and database; grinding
process optimization; grinding rate; Stress-Strain State; Tool Sharpening; Surface Roughness.

1. INTRODUCTION

The main purpose of the expert system is to predict the level of output
indicators when grinding various grades of SHM, including newly created ones,
and to optimize the processing.

At certain stages of work, the expert system provides for the participation of
an expert. The expert has knowledge of the process and how to influence its
effectiveness.

2. LITERATURE REVIEW

An expert system is a computer program that uses expert knowledge to
provide highly efficient problem solving in a narrow subject area [1]. When
creating the expert system, a procedural knowledge base was used, that is, the
author of the work acts as a knowledge engineer and subject expert.

The expert system uses both a database and a knowledge base in the subject
area of diamond abrasive processing and blade processing with a SHM tool. The
database contains reference data on the characteristics of diamond wheels (bond,
grain grades, concentration, grain size, etc.), physical and mechanical properties of
various grades of diamond grains and processed SHM. The expert system is

© V. Fedorovich, I. Pyzhov,Y. Ostroverkh, L. Pupan, Ya. Garachenko, 2022
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developed on the basis of a procedural knowledge base. The knowledge base
operates with such concepts as the reliability of a SHM blade tool, defects during
its sharpening, the weight contribution of various factors to the efficiency of the
processing and is built according to the proposed algorithm for determining the
optimal conditions for micro-fracture of the elements of the “SHM - grain — bond”
system, based on ensuring the load on single grain. Borland Delphi 5 was used as a
programming language. The expert system includes a finite element method (FEM)
software such as Cosmos and Ansys.

3. RESEARCH METHODOLOGY

Combining the elements of the grinding area into a single technical 3D
system "SHM-grain-bond" made it possible to establish the mutual influence of
their physical and mechanical properties and geometrical parameters on the
intensity and nature of mutual micro-fracture [2]. On the basis of 3D modeling of
the stress-strain state (SSS) of the grinding area, a scientifically grounded
systematics of the destruction mechanisms of its elements is proposed, taking into
account the degree of contact between the bond and the processed material. The
systematics includes the types of interaction of elements and the types of their
destruction. Fracture mechanisms during diamond grinding of superhard materials
are determined by the anisotropy of the properties of diamond crystallites, the ratio
in the contact of “soft” and “hard” faces of crystallites and grains. It has been
proved that when calculating the processes of fracture of polycrystalline materials
consisting of anisotropic elements, one should use not averaged physical and
mechanical properties, but their most characteristic values, taking into account the
specifics of a particular problem being solved. The fatigue-cyclic nature of mutual
micro-fracture of both the processed superhard material and diamond grains has
been confirmed by model and experimental studies. The number of cycles to
fracture is determined by the degree of defectiveness of the interacting structures
and the values of the crack resistance coefficient.

4. RESULTS

The structural and logical diagram of the expert system algorithm is shown in
Fig. 1.

According to the diagram, the expert system consists of several
interconnected modules and subsystems, each of which solves its own specific
problem. The operation of the expert system is based on the results of research
carried out in previous works of the authors [2, 3,4].
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Figure 1 — Structural and logical diagram of the expert system of the grinding process

After entering the initial data into the expert system - physical and
mechanical properties of SHM, grains and bonds, normal pressure or transverse
feed, grinding speed, grain size and concentration of diamond grains, parameters of
the working surface of the wheel (which can be controlled during grinding [2]),
preliminary check of ensuring the defect-freeness of the processing. For this, the
calculation of 3D SSS of the system “Bond - crystallite - metal phase — grain” is
carried out. At this stage, 3D modeling of the stress-strain state of the SHM - grain
- bond system, the level of thermal stress and / or strain energy in the polycrystal is
analyzed and it is checked whether they do not exceed the critical values. An
analytically similar problem was solved by N.V. Novikov. [5] in relation to the
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fracture of composite superhard materials, but without taking into account the force
factor.

If the operating conditions of a SHM product are known (for example, a blade
tool), then the calculation of the 3D SSS of a cutting wedge of an SHM blade tool
is carried out under extreme operating conditions to ensure the reliability of an
SHM blade tool at the stage of its manufacture.

The theoretical module includes subsystems: determination of the critical
value of the embedding of grains in the bond (by the 3D SSS method); determining
the number of working grains; determination of the relative value of the actual
contact area in the WWS - SHM system; determination of the load on a single
grain. If the load on the grain is sufficient to ensure its self-sharpening (micro-
fracture), a productive process is implemented, if not, a precision one, where
thermally activated processes are responsible for the rough tolerance removal. The
volume of fractured SHM and diamond grains is calculated in two ways. If the
loads in the grain - SHM contact are sufficient for their microfracture in one-step
interaction, the calculation is carried out by the finite element method [6], if the
load is not sufficient, the fatigue-cyclic contact problem is solved. In productive
grinding, the process of microfracture of SHM and grains can be carried out with
one-step (in one contact) interaction of a grain with a polycrystal or in the mode of
fatigue-cyclic microfracture. In the first case scenario, the volumes of fractured
SHM and grains are determined during 3D modeling of the stress-strain state of the
system by the value of supercritical reduced stresses and / or deformation energy in
individual elements. Based on these calculation results, the productivity of
tolerance removal, specific consumption and wear of diamond grains are estimated.

If it is necessary to calculate the process of thermally activated finishing
(precision processing) - the decision is made by an expert, the sequence of the
subsystems includes: calculation of the intensity of thermo-oxidative and diffusion
removal of the rough surface layer of SHM, during thermal-force interaction with
an iron-containing metal bond obtained after preliminary treatment of SHM;
determination of productivity and time required for removal of the volume of
material located in a layer corresponding in thickness to the maximum roughness
of the preliminary treated surface (determined by laser scanning).

In the case of processing a new superhard material (experimental data are
absent), the initial data are entered directly into the theoretical module, and the
output indicators of the diamond grinding process or finishing of new SHM
obtained as a result of its operation can be corrected using the experimental
module.

The theoretical module of the expert system allows, without costly and time-
consuming experiments, to quantitatively evaluate the grinding performance,
specific wear, roughness of the processed surface depending on the SHM grade,
grain grade, grain size and concentration, normal pressure, load on a single grain,
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grinding speed, actual contact area, the relative support area of the wheel’s
working surface (WWS). Since the process of diamond grinding is carried out with
a combined control of the parameters of the WWS, based on the metered removal
of the bond and the forced formation of a cutting submicrorelief on diamond
grains, it is necessary to determine the control parameters [7]. When assigning
technological parameters for the forced formation of a submicrorelief on the areas
of grain wear under ultrasonic action with an impactor tool, the grade of grains and
grain size of the WWS and impactor and their bond are taken into account [2]. The
concentration of the impactor is determined by the physical and mechanical
properties and grain sizes of the WWS and the impactor. The grain size of the
impactor should be 2 - 3 times less than the grain size of the WWS, the grain grade
is as strong as possible (AS160T, Kic > 10 MPa-m'?).

The experimental module of the expert system based on computer processing
of a wide range of experimental studies allows, with / or without an expert, to
determine the optimal conditions for the diamond grinding process of various SHM
under specific limiting factors, i.e., under certain real production capabilities. The
weighted contribution of various input parameters of the processing was
determined by the method of regression analysis, which allows the system to make
a decision without the participation of an expert.

The order of operation of the expert system in the general case for various
options for its use determines the following sequence of user actions:

- If there are results of experimental studies for the processed SHM, we enter
the initial data into the experimental module of the expert system, we obtain the
optimal conditions (modes) for processing this SHM grade.

- If the product made of SHM is a blade tool, then data on the extreme
conditions of its specific operation are entered into the theoretical module. For
these conditions (cutting force, temperature), the calculation of 3D thermo-force
SSS of the cutting edge is carried out. Then the inverse problem is solved for 3D
thermo-force stress-strain state of the system “Crystallite of SHM - metal phase -
grain — bond” and the loading conditions of this system (force and temperature) are
determined, at which these stresses will slightly exceed operating ones during the
sharpening of the tool.

- If the obtained modes of diamond grinding or thermally activated finishing
in the experimental expert system cause defects during processing, the command
“change modes” is issued; at this stage, the expert decides which input data should
be changed. Subject to fulfillment of this requirement (which ensures the reliability
of the SHM blade tool already at the stage of its manufacture), the calculation
according to the theoretical module continues.

-In the event that the reduced thermal and force stresses and / or the
deformation energy exceed the ultimate stress of SHM, there is a high probability
of the formation of microcracks on the processed surface of the mesh, i.e., scrap,
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for example, when sharpening a blade tool. In this case, it is necessary to change the
initial data, for example, to reduce the value of the transverse feed or to intensify the
process of controlling the parameters of the WWS [8]. If no defects are formed, then
using the same technique in the package for the finite element method by calculating
the reduced stresses in the “Grain — bond” contact, we determine the critical value of
the embedding of grains in the bond with the selected initial data. Knowing the critical
value of the embedding of grains in the bond, using the theoretical dependences
obtained by us [9] and corrected by the experimental correction factor obtained when
studying the parameters of 3D topography of the surface of the WWS and SHM by
laser scanning, we determine the number of grains in the contact and the value of the
actual contact area. For this purpose, a system developed by V.L. Dobroskok of 3D
modeling of the working surface of the wheel is also applied [10]. Using the obtained
results, we determine the load on a single diamond grain. If the load on the grain is
sufficient for its micro-fracture (self-sharpening) or the process of forming a cutting
submicrorelief on the grains is carried out purposefully by superimposing ultrasonic
vibrations [11], (determined by the expert), then further calculations are carried out
along the “productive grinding” branch. The process of productive grinding is analyzed
in two stages. At the first stage, by the method of 3D modeling of the stress-strain state
of the “SHM - grain — bond” system by the finite element method, elements are
determined in which either the reduced stresses or the deformation energy exceed the
critical values for STM and grains, predetermining their destruction. At the second
stage, the fatigue-cyclic problem of microfracture of elements of the “grain — SHM”
system is solved [2].

5. CONCLUSIONS

Thus, on the basis of a comprehensive theoretical and experimental study of the
3D topography of the processed surface and the working surface of the grinding wheel
by laser scanning, modeling the 3D stress-strain state of the system “processed material
- working surface of the abrasive diamond tool” and the dynamics of wear of its
elements, an expert system of the grinding process has been developed. The expert
system for the grinding process of superhard materials allows predicting and optimizing
the process of defect-free processing of both existing and newly created superhard
materials. The development of the expert system was carried out at the level of the
finished software product.
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METOJI0JIOT'IS PO3POBKH EKCITEPTHOI CUCTEMHA
JJIA VIO YBAHHSA HAATBEPINX MATEPIAJIIB

AHoTanist. Pospobaeno excnepmuy cucmemy npoyecy wiii)y8ants, wo 0036014€ NPOSHO3YEAmMU Md
onmumizysamu npoyec be3depekmnoi 06pobKu AK ICHYIOUUX, MAK | HOBOCMEOPIOBAHUX HAOMBEPOUX
mamepianie. Excnepmua cucmema ckiaoaemuvcs 3 080X 63AEMONOG'A3AHUX MOOYIIE — MEOPemuiHO20
ma excnepumenmanvHozo. Teopemuunuii MOOY1b eKCnePpmHOI cucmemu O03601A€ HA 3A0AHOMY DI6HI
SHAUYWOCMI  BUSHAYAMU 3HAYEHHA BUXIOHUX NOKA3HUKI6 ma KiHemuky ix 3MiHu y npoyeci
NPUCMOCOBYBAHOCMI 3ANEHCHO B0 PI3UKO-MEXAHIYHUX BIACMUBOCIIEN 83AEMOOIIOHUX MaAmepianie ma
yMo8 00pobKu. ExcnepumeHmanvHuil MoOYib eKCnepmHoi cucmemu 00360J5€ Y32004Cy8amu  ma
KOpu2yeamu pesyiomamu meopemuiHux PO3paxyHKie npu 6UsHaAYeHHI ONMUMATbHUX YMO8 WIQYEaHHs.
ma ynpaeninHsa 0 00poOKU pI3HUX MApoK Haomeepoux mamepianie. Ilpu onmumizayii npoyecy
3amMoyy8anHs 1e306020 IHCWMPYMeHmy AK Kpumepiti Modice 6ymu obpana npooyKmugHicnms 06poodKu,
sumpama aiMasHux Kpyeie, cobieapmicmv ma pisHi NOKA3HUKU AKOCMI IX PIJCYUUx enemeHnmis.
Buxopucmanns excnepmroi cucmemu icmomso cKopouye oocsie 00poux i mpyooMiCmKUX 00CAIONCEHb
Wo0o ONMUMATILHUX YMO8 00pOOKU pI3HUX Mapok naomeepoux mamepianie (HTM), 3oxpema
nosocmeopenux. Takum yunom Ha 6asi KOMNIEKCHO20 MEOPEeMUKO-eKCNePUMEHMANbHO0 BueyenHs 3D
monoepagii 06pobEaroI nosepxHi ma poboyol NOBEPXHI WNIYB8ANBHOL0 KPY2a MEMoOOM IA3ePHO20
cKamyeanus, Mmooentoeanns 3D HanpysceHo-Oepopmosanoco cmany cucmemu  "06pobuosanull
mamepian — poboua nosepxmus abpasueHo-aiMasHozo IHcmpymenmy” ma Oumamiku 3Hocy Oyna
cmeopena excnepmua cucmema. Excnepmna cucmema npoyecy winipysans Hadmeepoux mamepianie
00360JI51€ NPOSHO3Y8AMU MA ONMUMIZY8amu npoyec 6e30ehekmuoi 0OpoOKU 5K ICHYIOYUX, max i
HOBOCMBOPIOBGAHUX HAOMEEPOUx mamepianie. Po3pobka excnepmuoi cucmemu 6UKOHAHO HA PiGHI
20M06020 NPOSPAMHO20 NPOOYKNIY.

KuarwuoBi cioBa: aivasnuil wnighysanvruii Kpye; mMemoo KiHyegux eieMmeHmis; 0asa 3uanb i 06asa
Oanux;, onmumizayis — npoyecy — WNIQYSaHHs;,  NPOOYKMUGHICMb — WINIQYE8AHHS,  HANPYICEHO-
Oeghopmosanuli cmam, 3amoyKa iIHCMpYMeHnty; WOPCMKICHb NOGEPXHI.
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THE EFFECT OF THE POINT SAMPLING TO THE RESULT
OF COORDINATE MEASURING OF FREE-FORM SURFACE

Abstract. The coordinate measuring technique appropriates to measure dimensional and geometric
properties of a machine part. The result of the measuring is effected by several parameters, like the
measuring method, the point sampling technique, and the mathematical processing of the measured
coordinates. The current article investigates the effect of the point sampling methods in case of a free-
form surface. Two methods are compared: the uniform matrix method, and the Halton-Zaremba quasi-
random method. The number of measured points is investigated also. The free-form test surface was
produced by ball-end milling, and the radius, the cylindricity and the surface profile error were
assessed.

Keywords: free-form milling; geometric tolerances; point sampling; form deviation.

1. INTRODUCTION

The free-form surfaces are widely used in die and mould industry. The
accuracy of the surfaces is critical in this application, because the shape of the
mould is copied to the product. The geometric accuracy of the free-form surface is
the result of the cutting technology, but the measuring method ensures the
feedback to the production.

The coordinate measuring technique appropriates to measure dimensional and
geometric properties of a machine part. The measuring process is defined by
several parameters and circumstances, which have effect on the measured results.
The measuring method (contact or non-contact), the point sampling method, the
mathematical method of the data processing are the most characteristic questions in
case of coordinate measuring of free-form surfaces [1].

During the point sampling, the number of measured points a distribution of
them are defined. Regular, random, quasi-random and adaptive point sampling
method can be used.

Kawalecz and Magdziak [2] investigates the accuracy of the curve
reconstruction in function of the number of measured points. The numerical
simulation shown, than the accuracy do not change over 50 points. Zhao et al. [3]
investigates the similar approach in case of four case studies. They found, that over
50 points, the deviation of the theoretical and constructed surface decreases.

Zahmati et al. [4] suggest a new adaptive point sampling method, which
consider the CAD model of the free form surface. The positions of the points are
determined by a swarm algorithm. Rajamohan et al. [5] investigates uniform and
adaptive point distribution methods. In case of 25 points, the patch size ranking
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method ensured the smallest error of the rebuild surface.

The aim of the research is to investigate the effect of the tool path strategies
of ball-end milling on the micro and macro accuracy of a free form surface. During
the research not only the machining circumstances, but also the selection of the
appropriate measuring methods means challenges. The detailed definition of the
measuring method is important from the viewpoint of the accuracy of the result,
the comparison of the different parts, and the time of the measuring process.

In this paper, the coordinate measuring method is analysed. The aim of the
paper is to present the effect of the point sampling methods and the number of
measure points (NoP) on the dimensional and geometric error in case of free form
surface. The results will be the base of the measuring process of the further
research for investigate the effect of the tool path and the cutting parameters to the
dimensional and geometric accuracy.

2. MATERIALS AND METHODS

Four convex (CX) and four concave (CV) test parts were manufactured by
ball-end milling. The radius of the cylindrical test surface was 45 mm. The overall
size of the test part is 80x80 mm. The material of the part was 42CrMo4 (1.7225;
Rm = 1000 MPa) low alloy steel. The four teeth ball-end milling cutter was used
with 10 mm diameter, the tool was Fraisa X7450.450 solid carbide milling cutter.

The machining was performed by a Mazak 410 A-I1 CNC machining centre,
and the CNC programs were generated by CATIA v5 CAD/CAM systems. The
tool path was parallel with the y-axis, and the zigzag strategy was used. The
spindle speed (n) was 5100 1/min, the depth of cut (ap) 0.3 mm. The feed per tooth
(f2), the feed speed (vs) and the width of cut (ae) were varied based on the Table 1.

Table 1 — The cutting parameters

n f; Vi ap e

1/min mm mm/min mm mm
CV-1 5100 0.08 1630 0.3 0.35
CX-1 5100 0.08 1630 0.3 0.35
CV-2 5100 0.08 1630 0.3 0.25
CX-2 5100 0.08 1630 0.3 0.25
CV-3 5100 0.12 2450 0.3 0.15
CX-3 5100 0.12 2450 0.3 0.15
CV-4 5100 0.16 3260 0.3 0.15
CX-4 5100 0.16 3260 0.3 0.15

The coordinates of the surface points were measured by the Mitutoyo Crysta-
Plus 544 coordinate measuring machine. The 441 points were measured in an
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equidistant, 21x21 matrix. During the analyses, the current point pattern was
generated by the selection of these points.

Two point sampling methods were investigated, the uniform matrix pattern
(maked by X) and the Halton-Zaremba method (marked by HZ). The uniform
matrix pattern covers the whole surface with the same point density. However, in
case of low number of points, some regions are not covered exactly. The problem
is, that the character of the surface should be consider during determining the point
pattern, but then the preliminary processing of the investigated surface is required.
The quasi-random methods, like the Halton-Zaremba pattern, cover the surface
with better sampling. The random point patterns eliminate the problems of
periodical errors also.

In case of Halton-Zaremba method the relative coordinates of the point can be
defined as following [6]:

i
X = o= 1)

vy =Zjlgby'- 2007 (2)
where
i: the number of the points (0 to (NoP-1))
bij: the j™ bit of the binary representation of i
b : the transformed value of bj;
b;}- = by; if j is even,
bi; =1 — by, if j is odd,
For example, if 36 points were determined (NoP = 36) the i is between 0 and
35. The binary representation of i=35 and the b;;” are:

i 5 4 3 2 1 0
bij 1 0 0 1 0 0
bij’ 0 0 1 1 1 0

Fig. 1 shows the 36 points in case of concave and convex test parts. The first
picture shows the uniform matrix pattern, and the second shows the Halton-
Zaremba pattern. In case of matrix pattern, there are several points on the
horizontal sections, but no points on the small radius. In case of the Halton-
Zaremba pattern, there are points on every regions.

The number of measured points were NoP = 16, 25, 36, 49, 64, 100, 121. The
seven matrix patterns and Halton-Zaremba patterns are shown on the fig. 2 and fig.
3. During the research two types of surface were investigated (CV/CX), which
were machined by 4 different sets of parameters, 7 sets of points were measured
based on 2 patterns, so the number of data was 2x4x7x2 = 112.
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Figure 1 — Example for point sampling in case of 36 points
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Figure 2 — Matrix point sampling patterns
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Figure 3 — Halton-Zaremba point sampling patterns

Based on the measured point data the radius of the cylindrical surface (R), the
cylindricity error (Cyl) and the surface profile error of the whole surface (SP) were
determined. The reference values are the result of the evaluation of 441 points. The
dimensional and geometric error were determined by Evolve Smart Profile v7. The
data analysis was performed by Excel and MiniTab v14.

3. RESULTS

The measured data of the radius, cylindricity error and surface profile error in
function of number of measured points can be seen on the fig. 4. The value of the
radius is very different in case of convex and concave parts (~0.09-0.14 mm) and
in case of small number of points, the value is inaccurate, the changing is large.
The HZ pattern ensures better stability of the evaluated radius, while the matrix
pattern results very different radius comparing with the reference values.

In case of geometric errors, the effect of the nature of the surface is smaller,
but the importance of the number of measured point is evident. Small number of
measured points result smaller geometric error, but the HZ patterns reach the near
reference value earlier. Based on the diagrams the point number 49 is the lower
limit in case of the investigated geometry.

The effect of the measuring pattern can be seen on the error map also. Fig. 5
shows the four error maps of surface profile error in case of 36 measured points.
The left pictures show the result of the matrix pattern and the right ones show the
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maps of the Halton-Zaremba method. In case of matrix pattern, there is no point on
the small radiuses, so it cannot be taken into account.
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Figure 4 — The measured dimensional and geometric data
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Figure 5 — The surface profile error in case of NoP=36 (CX-1; CV-1)

In order to deeper analysis of the factors, main effect plots were generated.
The main effect plot shows the average value of the investigated parameter, in
function of the selected input parameter.

Fig. 6 shows the results of the analysis of the value of the radius. The rR
means the ratio of the measured and the reference value. The ideal value is one,
when the measured value is equal with the reference value.

The character of the surface has the largest effect on the radius, the cutting
parameter sets, the number of points and the point sampling method has just a little
effect. Nevertheless, in case of convex and concave surfaces the values of the
radius are very different, the average values can balance each other, so the
separated database was analysed too (fig. 7). In these cases, the effect of the
number of points is well recognised. The value of the radius approaches the
reference value. The effect of the point sampling method is clearer: the Halton-
Zaremba method ensures more accurate results.
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Figure 6 — The main effect plots of the radius
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Figure 8 — The main effect plots of the geometric errors
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The main effect plots of the cylindricity and the surface profile error show
(fig. 8), that the character of the surfaces has effect on the geometric error. The
convex surfaces have smaller error, but in case of relative values, the effect is small.
The number of measured points improves the results. The cylindricity and the
surface profile error are close to the reference values. However the cutting
parameters modify the geometric errors, they have no effect on the relative values.
The Halton-Zaremba point sampling method ensures more accurate results in this
case too.

4. CONCLUSION

The geometric errors are receiving increasing attention in the machine and
tool design and manufacturing. During the tolerancing process, not only the
functional and manufacturing aspects have to be considered, but the measuring
process also. The parameters of the measuring process have effect on the results, so
the standard measuring process ensures the repeatability and comparability.

The effect of the number of measured points and the point sampling method
were investigated in case of free form surface milling. Two methods were
compared, the uniform matrix method and the Halton-Zaremba quasi-random
method.

In case of the dimensional error (value of the radius), the number of points
and the point sampling method have only a little effect on the measured values.

In case of cylindricity and surface profile error, the character of the surface
(convex or concave) and the cutting parameters have no effect on the relative
values of the errors. The increasing humber of points correct the values and the
Halton-Zaremba method ensures better results.

Based on the measured data, under 49 points, the results can change a lot.
Therefore, the 49 points can be a lower limit of the number of measured points
with Halton-Zaremba pattern in case of the test geometry.

The regression analysis [7] can improve the accuracy of the assessment of the
geometric error, so the further aim is to apply this method in case of surface profile
error of free form surfaces.
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BILIUB TOUKOBOI BUBIPKH HA PE3YJBTAT KOOPJIUHATHHUX
BUMIPIOBAHB ITOBEPXHI JETAJII JOBLUIBHOI ®OPMHU

AnoTtanis. Koopounamno-eumipio8anbha mexHika NpusHawena Oas 6UMIDIOBAHHA DPO3MIPHUX MA
2ceomempuuHux napamempie demaneti mawuHu. Ha pesynemam umipioganHs 6nauearomsv KilbKa
napamempie, MaxKux sik Memoo GUMIPIOGAHHS, Memoo GUOIPKU MOYOK ma Mamemamuyne o6pooienHs
BUMIPIOBAHUX KOOpOUHam. Y yiti cmammi 00CAIONCYEMbCI GNIAUE MEMOOIE MOYKOBO20 8I060PY Npod y
8UNAOKy nosepxui 6invHoi gopmu. Iopisnoomecs 06a Memoou: memoo O0OHOPIOHUX MAmMpuyb ma
Keazieunaokosuii memoo Xoamoua-3apembu. J{ocnioxHcyemvcss mMaKoxdc KilbKiCmb MOYOK, U0
sumiprogaiomvcsi.  Bunpobyeana nosepxus 006i1bHOI (opmu Oyna 6ucomosieHa 3a 00NOMO20H
mopyegozo pesepysanns, i 6yau oyineni padiyc, YuriHOPUYHICMb MA NOXUOKA NPOQINIO NOGEPXHI.
Teomempuunum noxubkam npudinsacmocsi 6ce Gilbuie yeazu Npu NPOEKMYEAHHI MA SUPOOHUYMEE
Mawiun ma inempymenmis. Y npoyeci usHaueHHs OONYCKi6 HeOOXIOHO 8pax08y8amu K (YHKYIOHAIbHI
i eupobHuui acnexmu, mak i npoyec eumipy. Ilapamempu npoyecy 6UMIDIOBAHHS 6NAUBAIOMb HA
pe3yibmamu, moMy w0 CMAHOAPMHULL Npoyec SUMIPIOBAnHs 3abe3neyye GiOmeopiosanicms ma
cymichicmb. Y pazi po3smipHOi ROMUIKU (3HAYeHHs padiycy) KilbKicmb MOYOK ma Memoo 6ubipKu
MOYOK MaNO 6NIUSAIOMb HA GUMIDSIHI 3HA4eHHs. Y paszi NOMUIKU YuliHOpuyHocmi ma npoginio
nosepxui, xapakmep No6epXHi (onykia abo yseicHyma) ma napamempu pi3aHHsA He GNIUearmov Ha
BIOHOCHI 3HAYEHHS NOMUNOK. 30iIbUleHHs KIIbKOCMI MOYOK KOPUSYE 3HAYeHHs, a Memood Xonmowa-
3apembu 3abesneuye natikpawi  pesyromamu. Ha ocnosi  eumipsinux Oanux, menwe 49 6Oanie
pe3ynbmamu MO*Cyms CUnbHo 3minumucs. Taxum yunom, 49 mouox mMoxicyms 6ymu HUMCHbOIO MeHcero
KIIbKOCMI BUMIDSIHUX MOYOK 3 diazpamoro Xonmorna-3apembu y paszi mecmogoi 2eomempii. Peepecitinuii
ananiz Mogice NIOGUWUMU MOYHICIb OYIHKU 2COMEMPUYHOI NOXUOKU, MOMY Memoio € 3aCMOCY68aHHs
Yb020 Memoody y pasi noxXubKu nPoPiNo NOGepxoHs 00BLILHOL hopmu.

KuwuoBi cioBa: gpesepysanns 008inbHol hopmu,; 2eomempudni OONYcKu;, mMOYKo8utl i06ip npoo,
8iOXuneHHs hopmi.
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THE RALATIONSHIP BETWHEEN THE PARAMETERS
OF ROUGHNESS AND FEATURES OF SURFACE
FORMATION WITH A SPECIAL MICROPROFILE

Abstract. This article shows the regularities of the formation of the relationship between the
parameters of the roughness of the treated surface under the conditions of processing with a tool made
of superhard materials. Features of formation of the ratio of height parameters of roughness Rmax/Rafor
conditions of diamond-abrasive processing are shown. In general, in relation to Rys/R, we have a kind
of "roughness arc", when first for a normal untreated rough source surface it is close to 4, then
abrasive-diamond treatment of this surface raises this ratio to 6 and then to 8, but further methods of
abrasive finishing and polishing reduce the ratio to 6 and then chemical-mechanical polishing to a
high-quality surface returns this ratio to values close to 4. This means that if the initial cost of grinding
the original surface affects the increase in the ratio, then the subsequent cost of finishing and polishing
work reduces the value of the ratio Rma/Ra to the original. The peculiarities of obtaining a treated
surface with a special microprofile, which is a flat protrusions with recesses (a kind of "pockets") for
placing oil to increase the service life of such a surface.

Keywords: parameters of the roughness; the ratio of height parameters of roughness Rmax/Ra; special
microprofile.

1. INTRODUCTION

An arithmetical average deviation from the mean line R, is a surface roughness
parameter most widely accepted and used in scientific and technical publications.
We point out that at one time GOST 2789-73 "Roughness of the surface.
Parameters, characteristics and designations” indicated that the roughness
parameters (one or more) are selected from the following nomenclature: Ra —
arithmetic mean deviation of the profile; R; is the height of the profile irregularities
at 10 points; Rmax is the highest profile height; Sy is the average step of inequalities;
S — the average step of the local protrusions of the profile; t, is the relative
reference length of the profile, where p is the value of the cross-sectional level of
the profile. Generalized data on the influence of various machining methods and
modes using tools of superhard materials (SHM) on these parameters have not
been adequately presented in the literature. Therefore, it is not clear which criteria
should be used when deciding upon the machining processes in order to achieve
the required R, value. Furthermore, the experience in commercial operation of
products suggests [1] that for various applications more than one surface roughness
parameter of contacting surfaces should be monitored:

© V. Lavrinenko, V. Solod, 2022
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— Ra and the relative reference length of the profile irregularities t, for the
parts that operate under the conditions of sliding and rolling frictions and
for low-wear parts,

— Raand t, for the parts prone to contact stresses,

—  Rafor press-fit joints,

— maximum height of irregularities Rmax, maximum peak height R, and
mean spacing of the profile irregularities S, for the parts subjected to
variable loads,

— Raand t, for the parts that form tight joints.

In this case, it is also stated that the parameter R, is preferred. Thus, using this
parameter, in [2] the classification of methods of abrasive processing (roughness) —
grinding (when R, is from 100.000 4 to 1.000 4 or from 10 um to 0.1 pm), lapping
(when Ry is from 1.000 4 to 100 A4 or from 0.1 pm to 0.01 um), polishing (when R,
is from 100 4 to 1 A4 or from 0.01 um to 0.0001 um).

2. THE PURPOSE OF RESEARCH

Note that there are such persistent misconceptions that the above parameters
seem to exist independently and it is possible to obtain any desired value of one
parameter and any desired value of another, or, for example, you can act on one
parameter, and others will not change. The consequence of such misleading
judgments is that researchers separately study the influence of processing regimes
and conditions on specific roughness parameters, which introduces a system error,
because in fact for the same processing conditions all roughness parameters are
interconnected and affect only one parameter is impossible, because others will
change. Therefore, the purpose of this article was to identify the features of the
relationship between the roughness parameters and to establish how this may affect
the achievement of a special microprofile of the treated surface.

3. RESEARCH DATA

We will illustrate this with a number of existing relationships between the
parameters cited in the literature. Note that roughness is a statistical process, so
such relationships are largely correlated. In [1], it was shown that the magnitude of
the relationship or relationship between the parameters R; and Ra can vary. The
magnitude of this ratio depends on the profile of the roughness combs. Thus, for
the triangular profile R/Ra = 4. For convex and concave profiles, this ratio is larger
and can reach up to 8 depending on the degree of convexity and concavity. Thus,
the more the profile of the combs differs from the triangular one, the greater the
R./Ra ratio. Therefore, this ratio can be called as the coefficient of profile shape or
the coefficient of completeness of the profile. It is known that the parameter R,
cannot carry information about the shape of the comb. The parameter R, contains
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such information in an implicit form and only the ratio R./R. gives a numerical
characteristic [1]. For specific processing conditions in a number of works the
values of such relation are shown. Thus, to calculate the height characteristics of
the roughness of the workpiece, you can use the following relations: Rmax = KR,
where k=1.25 for irregular and k=1.15 for regular roughness. In this case, R;~4Ra
for the rough surface and R,~5R, for the surface in the range Ra = 1.25-0.02 pm.
For conditions of processing by diamond-abrasive wheels: R, = 5Ra. For turning
with cutters: R; = 5R, [1].

Let us now consider the correlation between Ra and Rmax. Thus, for the
conditions of diamond abrasive tool processing — Rmax=(8-10)Ra [3]. For grinding
conditions of coarse-grained CBN (160/125) steels 40X (HRC 53) and SHX15
(HRC 60) — Rmax=(6.472+0.225)R,. For EDM conditions: Rmax = 5.40625R, [1].

Additionally, we pay attention to the correlation between the parameters:
altitude Ra and Rmax and step Sm. In [3] it was shown that for most methods of
machining at an average height of microroughnesses the step of roughness S does
not exceed 40Rmax (grinding, planing, milling, boring of steel and cast iron parts),
and for inequalities with a smaller height, their step values can reach 300Rmax. For
the conditions of EDM: Sn=14,1R, [1].

As we can see, the analysis of the literature refutes the constant misleading
judgments about the independence of the roughness parameters. But there are other
misleading judgments: about the constancy of the ratio Rmax/Ra Or that the step of
microroughness Sp increases with increasing parameter Ra.. Let's look at these
misleading judgments in more detail below.

The first misleading judgment is that the Rmax/Ra ratio is constant and equal to
5 [4]. The theory of calculation of roughness parameters at grinding is based on
this value of the relation. It would be possible to agree with this judgment, because
the number 5 is quite decent, which we will show later, but why it is a constant, it
is unclear. The identity of the slice thickness and the Rmax parameter is even more
unclear.

The second misleading judgment is that the Rmax/Ra ratio is not constant and
can vary in a wide range: very wide from 1.36 to 109.6 [5], or moderate from 1.42
to 18 [6]. The authors of [5] also indicated that the practice of abrasive treatment
has shown that the ratio Rmax/Ra during grinding mainly takes the value 4...6. This
somehow explains the figure above in the first sentence — 5, as the average
between 4 and 6. But a little further in [5], its authors point out that in the case of
abrasive polishing, the Rmax/Ra ratio can take the value 30. Let's understand - why
such ranges and what it means.

Let's start with work [5]. It performs a theoretical analysis of the nature of the
change in the ratio Rmax/Ra for different conditions of abrasive treatment, and the
grains are modeled in the form of a cone and a sphere. The authors assumed that
the parameter Rmax physically determines the slice thickness a, by a single grain.
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Further, the authors argue that during the transition from the cutting process to the
process of grain friction with the processed material, the ratio of the height
parameters of roughness Rmax/Ra Can vary widely — from 56 to 14. It follows that
the process of abrasive polishing can take place under these conditions at Rmax/Ra =
30, and, accordingly, Rmax/R = 0.07, where R is the radius of the abrasive grain, pm.
When grinding, as we mentioned above, the ratio Rmax/Ra takes smaller values
(4...6), which corresponds to the values of Rmax/R >0,6. It is in these conditions,
according to the authors [5], is a steady cutting process. That is, the lower the
Rmax/Ra ratio, the better the high-performance material removal. And when the
transition from the cutting process to the process of friction of the grain with the
processed material, the ratio Rmax/Ra can take quite large values. Note that the
assumptions of this work are certainly interesting and have a right to life. We will
analyze them in more detail below. However, the results of theoretical studies of
the ratio Rmax/Ra from 1.36 to 109.6 are surprising.

Now let's deal with the work [6]. Here, too, we are faced with a fairly wide
range of Rmax/Ra ratios from 1.42 to 18. But it should be noted that when the
authors of [6] present the results of experimental studies of roughness, they are
quite conscious and logical. Thus, with fine diamond grinding of glass, the ratio
Rmax/Ra is 7.2...8.5. When polishing stone with bound abrasive Rmax/Ra is 4.2...18.
When polishing glass K8 Rmax/Ra = 7.8...15.0. But when we encounter in this work
with modeling in the framework of the physical-statistical model, the results of
calculations of the ratio Rmax/Ra are surprising. Thus, for monocrystalline silicon
carbide, this ratio is 1.5£0.1. For the polishing of single-crystal sapphire the
Rmax/Ra ratio was 1.8...2.0 [6].

What is the conclusion from the above? Let's pay attention to Rmax. This is the
highest altitude parameter. It is usually greater than R;. In turn, R; is greater than Ra.
How big? It is known: R,;[J4R, for a rough surface and R;[15R, for a polished
surface. Can Rmax and R, match? They can. However, Rnax Can never be less than
4R, for polished and polished surfaces, and in fact for all finishing surfaces. That is,
the lower value of the ratio Rmax/Ra = 4. And what is the upper value? In order to
answer this question, we need to return to the conclusions of the work [5]. The
authors of this work accepted that the parameter Rmax physically determines the
slice thickness a; by a single grain. Let's deal with this. If we accept the above
statement, then when grinding, according to the authors [5] the value of Rnax/R
>0.6, where R is the radius of the abrasive grain, um. Let's see if this is so. To do
this, take from work [1] table. 8.2 and slightly refine it (Table 1).

102



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

Table 1 — Influence of the concentration of AC4 diamonds with MA coating in circles on the
BC-E polymer bond on the roughness indices during electrochemical grinding of TH20
alloy with a productivity of 525 mm3min

Roughness indicators

Characteristics of the wheel Ra, um Rmax, um Rmax/Ra R, um Rmax/R
100/80-100 0,36 2,75 7,64 45 0,061
(100/80-100)+(50/40-25) 0,63 2,99 4,75 40 0,075
100/80-150 0,40 3,29 8,23 45 0,073

As you can see, the ratio Rmax/R when grinding from table. 1 are significantly
lower than 0.6, and the ratio Rmax/Ra correspond to those characteristic of grinding.
So what determines the value of the ratio Rmax/Ra When polishing up to 30 [5], or
up to 18 [6]? Determines not a; [5], but scratches that occur during polishing on the
treated surface. And these scratches occur due to the fact that, as we pointed out
above, abrasive grains are not homogeneous. Any grain size has only 75... 80% of
the main fraction, and up to 10% are grains of higher grain size. Similarly, the
strength of SHM grains is not the same, because this indicator is subject to the
logarithmically normal distribution law [1], and therefore the grain sample
necessarily contains grains of higher grain size and greater strength, and therefore
they cause scratches when polishing. In order to get rid of this, it is necessary to
either further classify the powders of SHM grains, or to carry out the polishing
process in several stages with a decrease in the grain size of the polishing paste.

Let us return to our Rmax/Ra ratio. And what do the authors themselves
suggest? Let's deal with this.

According to our data, this connection is generally reduced to simple
relationships. For example, for the sintered and untreated surface of hard alloys,
this dependence is close to the form Rmax[14Ra. At blade processing of steels (40X,
SHX15, X12M) with cutters from Hexanite-P the ratio corresponds more to the
form of Rmax/Ral16.

For abrasive treatment the most characteristic in this case will be the ratio
close to the form of Rna/RalJ8. This is typical both for the processing of tool
materials: high-speed steels, tool ceramics, hard alloys (tungsten and tungsten), and
for the processing of stainless steels, titanium alloys and joint processing of
hardened and not Hardened steel (steel 10 + 9HF). And can there be other variants
of this relation for abrasive processing? We found that they can. The ratio Rma</Ra
(16 is characteristic for abrasive processing of high-speed steels by circles of
electrocorundum and diamond processing of magnetohard alloys, when a rougher
surface is formed or its contribution to the height parameters are introduced by
porosity. In general, it would probably be more correct to assume that for abrasive
treatment (in a sufficiently wide range) the ratio Rmax/Ra is closer to the form
Rmax/Ral[16-8, and larger values are also characteristic of pure abrasive treatment
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methods. But when proving ceramics and coatings, the ratio is close to the form
Rmax/Ral110. In the latter case, the porosity of these materials contributes to the
relative increase in the value of Rnax, because it already matters when proving it.
The above allowed us to formulate the following position: the rougher the surface,
the smaller the ratio between Rmax/Ra, and the more perfect the surface obtained by
proving, polishing or other finishing methods, the greater the ratio. That is, for
example, the sintered surface and the surface after abrasive treatment with
conventional abrasives have the ratio Rmax/Ra in the range (4-6). Processing with
grinding wheels with SHM, when the surface has a lower roughness than after the
above methods, and in fine grinding is mainly characterized by the ratio Rmax/Ra
[J8. In the case of finishing operations on porous materials, when the values of Ra
are small, this ratio Rmax/Ra is already close to 10. Just in this case, the defects of
the treated surface in the form of pores or scratches and is the reason for the
increase in the value of this ratio.

Meanwhile, a number of further studies have shown that this conclusion is
incomplete, as it reflects only the first part of this trend. It turns out that if we need
to get an even more perfect surface after grinding, for example, polishing to obtain
values of roughness values up to 5-10 nm, ie the cost of the process of obtaining
the surface increases, the value of the ratio Rmax/Ra begins to decrease and reaches
the situation when the above ratio becomes close to the form Rma/Ra[J4. That is,
we have a kind of return to the original data in relation.

We will demonstrate the above on the example of forming a polished and
polished surface of lithium tetraborate single crystal, a new promising material for
functional electronics, the processing of which is very expensive, as it requires a
final roughness for parameter R, within 1 nm [1]. After cutting the single crystal,
its grinding was performed with a free abrasive with a decrease in the grain size of
the abrasive and it would be logical to assume that the ratio Rmax/Ra, based on the
above, will be within 6 (actually obtained: from 5.25 up to 6.25). Further polishing
of lithium tetraborate single crystals was performed on resin polishers using two
AFM diamond micropowders with a grain size of 2/1 to 1/0 and chromium oxide.
This increases the cost of the process, but can significantly reduce the roughness of
the treated surface of single crystals. For example, the roughness of the polished
surfaces of single crystals after treatment with AFM 1/0 micropowder corresponds
to Ra in the range from 3.5 nm to 6.5 nm. Subsequent use of chromium oxide
during polishing can further reduce the roughness. Analysis of the polished surface
by atomic force microscopy showed that in the lithium tetraborate single crystal in
the plane (100) the microrelief has Rmax, Rz and Ra, which are 5.26 nm, 4.82 nm and
1.24 nm, respectively, and the ratio Rmax/Ra is 4.25. The above, just indicates that
the more expensive the process of obtaining a high quality surface, the ratio
Rmax/Ra decreases to — 4.
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In general, in relation to Rnax/Ra We have a kind of "roughness arc”, when first
for a normal untreated rough source surface it is close to 4, then abrasive-diamond
treatment of this surface raises this ratio to 6 and then to 8, but further methods of
abrasive finishing and polishing reduce the ratio to 6 and then chemical-
mechanical polishing to a high-quality surface returns this ratio to values close to 4.
This means that if the initial cost of grinding the original surface affects the
increase in the ratio, then the subsequent cost of finishing and polishing work
reduces the value of the ratio to the original — Rmax/Ra =4.

Thus, the research showed that there is a possibility under certain conditions to
fundamentally change the distribution of micro-irregularities on the treated surface,
which will increase the fullness of its profile and form a surface with a kind of "oil
pockets".

At one time in [7] it was shown that one of the ways to increase the technical
and operational performance of the internal combustion engine is the formation on
the surfaces of the cylinders of such an engine special microprofile, which is a flat
alternating protrusions with recesses (peculiar "pockets™) to accommodate the oil
(Fig. 1). This increases the oil capacity and the bearing area of the treated surface.
As a result, running-in time is reduced, lubrication costs are reduced, cylinder wear
is increased and engine life is increased. It is established that the planar apex of
such a surface is 50-66 % at the level of the profile cross section p=1-2 um from
the line of the maximum protrusion, the depth of the lines for oil placement is 2.5—
10 um. Surfaces of this type can be obtained by blunting the protrusions of the
microprofile after pre-honing, as well as rolling the final treated surface.
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The question arises, is it possible to obtain approximately the same surface
immediately in the grinding process without any additional refinement ? That is, is
it possible to make a wheel at once to obtain a treated surface with "pockets" ?
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Our research has shown that this is possible, but for this we need to use a
mixture of abrasives in the working layer. Thus, in [8] we once paid attention to
the features of the tool with SHM, when the working layer of the wheel combines
two or three grinding powders of different abrasives (diamonds and CBN), namely,
additionally introduced into the working layer grinding powder compacts based on
cubonite micropowders.

Figure 2 — General view of metallized grinding powders of compacts
with grain size KM 400/315 from cubonite micropowders

These compacts have certain abrasive properties [8]. However, it should be
noted that, probably due to the somewhat unusual (layered) wear of the grains of
compacts, it is possible to form the original heterogeneous, unusual for the
tradition. These wheels with SHM, the profile of micro-irregularities of the treated
surface with the presence of peculiar "pockets" on the treated surface. However,
attention was drawn to the fact that the above pure compacts are to some extent
relatively "soft" and it was suggested that such compacts should be made more
rigid due to their metallization (Fig. 2).

As the use of a mixture of grinding powders gives a certain effect, at the last
stage for comparison the operational indicators of wheels were studied, when they
use a mixture of KM compacts of different grain size and standard diamond grains
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of corresponding grain sizes. The surface roughness was investigated when using
wheels with a mixture in the ratio of 50 to 50 grains from compacts with a grain
size of KM 400/315 and the corresponding diamond grains of the AC32 brand.
Thus, there is a situation that now only 50% of compacts are in the working layer,
and the other 50% are diamonds, which on high-speed steel have a wear
mechanism close to compacts, because on them Wear planes are also formed, and
this is observed by the nature of micro-irregularities of the treated surface (Fig. 3).
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Figure 3 — The profile of microroughnesses of the processed surface in a wheel
with a mix of grinding powders of the KM 400/315 compact
and AC32 400/315 diamond

4. SUMMARY

Our research has shown that the ratio of roughness Rma/Ra is important to
assess the distribution of the processing material in the rough layer, and thus to
assess the possibility of forming a specific rough layer.

It is established that the simultaneous use of compacts and diamond grains in
grain wheels may not improve the situation both in terms of wear resistance of the
wheels and the quality of the treated surface, as it is impossible to achieve
productive conditions for processing of high-speed steel. At the same time, it was
found that with such a mixture in wheels it is possible to achieve a reduction in the
roughness of the treated surface and the specific profile of micro-irregularities,
when the so-called "oil pockets" are formed. That is, from the above it is clear that
there is a real opportunity to implement in one wheels the conditions for obtaining
a specific profile of micro-irregularities during grinding, when the so-called "oil
pockets" are formed without any additional technological means.
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CINIBBIJHOMEHHSA MI'’K TAPAMETPAMHU HIOPCTKOCTI
I OCOBJIMBOCTI ®OPMYBAHHS ITOBEPXHI
I3 CIIEOTAJIBHUM MIKPOITPO®UJIEM

AHoTanis. Buxiadeni ocoOIU80Cmi 36 A3KY Midc OCHOBHUMU BUCOMHUMU NAPAMEMPAMU WOPCHKOCMI
Rmax ma Ra, a makooic midxc kpoxkosum Sm ma eucomuum napamempamu Ra npu mopyesomy
winighysanni kpyeamu 3 HTM. Tlo6ymye makuii docume cmilikuil Migh, wo 6Ka3ami euuje napamempu K
06U He3anedcHo iCHyloms cami no cobi i Modcaueo ompumamu 0yob-sike He0OXiOHe 3HAYEHHS 0OHO2O0
napamempa i 6yOv-sike Oadicame 3HAYEHHS [HWI020, a0O, HANPUKIAOD, MOJICHA ROOJIAMU HA OOUH
napamemp, a inwi He 3Minamocs. Hacniokom maxozo migyy € me, wjo 0OCTIOHUKU OKPEMO 8UBHAIONTb
BNIUG PedHCUMIB | YMOB 0OPOOKU HA KOHKPEmHI napamempuy wopCmKOChi, YUM 6HOCUMbCA CUCTEMHA
noxubKa, oCKinbKu Hacnpagoi O 0OHAKOBUX YMO8 0OpoOKU 6Ci napamempu wopCmKoOCmi noe a3ami
Midic co6010 i GnaUBamu MintbKu Ha 0OUH NAPAMEMP € HEMONCTUBUM, 00 3minamvcs i inwi. Tomy memoio
Odanoi pobomu 6y10 nokazamu K 3MIHIOEMbCA  CRIGBIOHOUICHHS MIJIC OCHOGHUMU  BUCOMHUMU
NOKA3HUKAMU WOPCmKocmi Ruax ma R, i sk ye modice do3eomumu docsemu ymos popmyeaHHs noepxti
i3 cneyiambhum Mikponpoginem npu aimasnuiti 0b6pobyi. Iloxkazano, wo 6xkazanuil 36 SI30K MidiC
BKA3AHUMU NAPAMEMPAMU WOPCMKOCMI 8 YIIOMY 3600UmbCsi 00 npocmux sioHouers. Hanpuxnao, ons
cneuenoi | HeoOpobeHOT NOBEPXHT MEEPOUX CNIAGIE MaKe GIOHOWwEeHH S Ou3bKe 00 6u2is0Y RuadRa [ 4.
Ipu neszosiit 06pobyi cmaneil pisysmu 3 Iexcanimy-P gionowenns RmalR, 6dice € ~ 6. B yinomy,
1IMOGIpHO OinbulL GIpHUM OYI0 6u 68adcamu, wo O abpasuenoi 0bpobKu (6 00CMamHbO WUPOKIl
o6nacmi) éioHouten st Rmad R, € 6inbiu 61usbkum 00 6ueiidy RmadRa = (6-8), npuvomy binvwui 3navenns
€ xapaxmepuumu i 0N YUCMOGUX Memooie abpazugnoi obpobku. A ocv npu 0osedenHi Kepamixu i
nokpummie ye eioHowenns 3pocmae 0o ~ 10. B ocmannbomy 6unaoky ceili 6HecoK y GiOHOCHE
niosuwjenns snavenns Rmax enocums nopucmicmes Oanux mMamepianis, OCKiIbKU npu 008e0eHHl 60HA
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soice mae 3navenns. Hagedene guiwye 003601Un0 HAM COPMYTIOBAMU MAKe NOIONCEHHS: UM Oinbiu
2pyboI0 € NOBEPXHs, MUM BOHA MAE MeHwe GIOHOWEHHS MIdC RmalRa a uum 6inowr dosepuienoio €
NOBEPXHs, OMPUMAHA O008COCHHIM, NOMIPYBAHHAM A00 THWUMY QIHIWHUMU Memooamu, mum ye
8iOHOWeHHs € Oinbwum. Tobmo, HANPUKIAd, cneyeHa NOGepxXHs i NOBEPXHsL Nicist abpasueHoi 0opooKu
seuuaHuMU abpazusamu mae Gionouwients 6 0ianasoni RmxlRa =~ (4-6). O6pobka wnigpysanrvrumu
kpyeamu 3 HTM, Konu nogepxus Mac MeHuLy WopCmKiCmb, aHIdIC NICs HABEOCHUX Gulje Memoois, I npu
MOHKOMY WITIQYY6AHHI NEPEeBAdCHO XAPAKMEPU3YEMbCA 3POCMAHHAM GiOHOWeHHs 0o ~ 8. V eunaoky
008000YHUX Onepayill Ha NOPUCMUX Mamepianax, Koau 3uavenns Ra ¢ nesenuxumu, ye 6iOHOWEHHS €
6oice Onuzbkum 00 RmadRa = 10. Sk pas 6 yvomy eunaoky oeghexmu camoi o6pobaenoi nosepxui y
8u2enA0i nop abo NOOPANUH I € NPUHUHOIO NIOBUUEHHS 8eNUYUHU OaAHO20 BIOHOWeHHA. Mixc mum, HU3Ka
nOOANBLUUX QOCTIONCEHb 3ACBIOUUNA, WO MAKUL BUCHOBOK € HENOBHUM, OCKIIbKU 6I00UBAE MINbKU
neputy yacmuny 6xkazaHoi meHoeHyii. Buseiicmvcs, wo AKwWo Ham HeoOXIOHO ompumamu we Oinviu
Q08epuIeny NOGEePXHIO NICs WIQYBAHHS, HANPUKIAO, NONIPYEAHHIM 3 OMPUMAHHAM 3HAYCHHS 6CTUYUH
wopcmrocmi 00 5—10 um, mobmo eumpamu Ha npoyec OMPUMAHHA NOBEPXHI 3POCMAIOMb, MO 6e-
auuuna 6ionoweHHs RyadR, nouunae smuscamucs i docsieae miei cumyayii, Koiu ekazame euwye
GiOHOWenHs. cmae Oauzbkum K 6uenidy RmaxlRa =~ 4. Toomo y nac 6iobyseaemvcs céoepiona «oyea
BIOHOWIEHHS UCOMHUX napamempisy. Hagedeni 0ocniodcents 003601UnU GUABUNU YMOBU (HOPMYBAHHS
cneyianbHo20 MIKponpogins 0bpobmosanoi nosepxti npu aimasznomy wiigyyeanni. Tak, ooHouache
3aCMOCy8ants @ Kpy2ax 3epen KOMNAKMI6 | aiMA3HUX 3epeH CUmyayilo mMoodice He NONinulyeamu K 3
MOUKU 30py 3HOCOCMILIKOCMI KpY2ie mak i sAKocmi 0Opo6nenoi nogepxii, OCKilbKU € HeMONCTUGUM
docsiemu  yMO8 NPOOYKMUBHOI 0e3npunaivHoi 06poOKu weuokopizaiwhoi cmani. Pazom 3 mum,
BUABIIEHO, WO Ccame NpU MAKIl CYMIWI 8 Kpyeax i € MOJNCIUBUM OOCA2MU 3HUNCEHHS WOPCMKOCMI
00pobaenoi nosepxHi i Mmoo cneyudiunozo npogino MiKpoHepieHoCmel, KOau YMEopIoiombCsi mak
368aHi ,, macasaui KuuweHi”. ToOmMo 8cMaHOB1EHO, WO € PeabHa MOXNCIUBICIb peanizysamu 6 0OHOMY
KpY3i yMOBU OMPUMAHHA NPU WNiy8aHHi cneyuiuno2o cneyudiuno2o npodino MikpouepigHocmell,
KOJIU YMEOPIOIOMbCsL MAK 36aHI ,, MACTAHI Kueni” 6e3 0y0b-51KUx 000amKogUX MexXHON0IYHUX 3aCO0I6.
Kuo4oBi ciioBa: napamempu wopcmxocmi; cnig8ioHouen s Mide sucomuumu napamempamit RpadRa;
cneyianbHuil MiKponpogino.
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DECISION SUPPORT METHOD
FOR THE APPLICABILITY OF HARD TURNING

Abstract. In this study the applicability of hard turning is analyzed in the case of disc-shaped parts
(gear wheels). The relevance of such parts has been increasing in the automotive industry; therefore,
the efficiency of large series or mass production has high priority. The novelty of this paper is the
collection of factors that has to be considered in preparation for applicability decisions of hard turning
in order to ensure efficient machining. This can be the basis of the IT support, i.e. an automation
solution for technologists. The introduced process is elaborated on the basis of theoretical
considerations and production shop-floor experience.

Keywords: hard turning; automation; procedure selection.

1. INTRODUCTION

The machinability of hardened surfaces has been an issue of high importance
for decades in the automotive industry [1, 2]. With the appearance of new machine
tools (e.g. hard machining centers) and procedure versions (e.g. hard turning and
grinding in one clamping) applied for the efficient machining of hardened surfaces
[3, 4], technological improvement has opened new research directions [5, 6].
Therefore, beyond the optimization of the applied technological parameters of a
procedure [7, 8], a goal is now the selection of the potentially best procedures and
procedure versions for a part [9, 10]. The type of the necessary machine tool on
which a part can be machined depends, among other factors, on the specified
accuracy and surface quality [11]. In addition to the specified accuracy [12-14] and
roughness [15, 16] (e.g. Rz) parameters, functional requirement determining
factors must also be considered. Decisions need to be made, for example, on
whether periodic or random topography is allowed [17, 18]. The type of clamping
and the hardness of the machined material [19] have to be considered, and whether
the geometry of the tool and the tool holder allows machining [20]. Another
important factor is that the rigidity of the machine tool and the tool have to ensure
the specified accuracy [21]. In the topic of machining efficiency a number of issues
were studied in our previous works: machinability of various types [22, 23] and
geometry [24] of surfaces in the case of disc-shaped parts; ensuring accuracy [25]
and surface quality [26] of hard turned and ground parts; optimization of
technological data of hard machining [27, 28]; analysis of material removal
efficiency [29, 30]; and the necessity of applying coolant and lubricant [31].
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Based on the details above, it can be stated that some of thefactors influencing
the applicability of hard turning differ from those for soft materials. A possible
grouping of the factors influencing the machining (cutting) is the following.

Shape and dimensions of the part,

Size and continuity of the machinable surfaces,
Clamping possibilities on the machine tool,

The specified accuracy and roughness parameters,
The allowed position and form errors,

The hardness of the material and the allowances.

RN AN S

In this study applicability possibilities of hard turning are analyzed by the
consideration of the listed factors. The study also aims to analyze how to reach a
higher level of productivity and methods for deciding whether a single-point tool
or abrasive tool can be used to fulfill the requirements specified in the part’s
drawing are. Based on the analysis of the listed influencing factors of
machinability, a simple but comprehensive series of activities is suggested that can
aid decisions on the applicability of the procedure. The novelty of the method is
that it considers a number of factors in a complex manner and formally describes
the steps of the decision process. The overview analysis is based on theoretical and
empirical information and data (e.g. shape accuracy) specified for the part (plant
specifications for a given transmission type) to guide the decision process. The
method was elaborated for gear wheels often used in transmission systems.

2. FACTORS INFLUENCING THE APPLICABILITY OF HARD
TURNING

2.1. Shape and dimensions of the part

The gear wheels built into transmission systems are disc-type parts. The
machining technology of their bores is significantly influenced by the rate of the
bore’s length and diameter (I/d). When standard tools are applied, hard turning is
only possible if the bore is short (short bore: 1/d<0.5; normal bore: 1/d=0.5-3).
When longer bores are machined, vibration is experienced in the system due to the
hard material, the high cutting speed, the chip formation characteristics and the
lack of sufficient rigidity. Based on our experience, 1/d<2 can be recommended as
boundary condition. In Table 1, based on the conclusions drawn from the
machining of the analyzed gears, examples are demonstrated for the I/d rates of
two gears (Ls/d; in the table). These falls on one hand to the short and on the other
to the lower range of normal bores. This means, they can be turned in hardened
state without any risks.
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Table 1 — Accuracy, position- and form errors, diameter rates

Allowed
Bore diameter Surface La/d1 | dr/d1
Position error Form error
bore /I |0006| z1 | O | 0.012
D35G6 0.37 1.45
033GS face A 0.03 | Z1 g | 0.035 105 | 313
cone A (010} Z1 | O | 0.006

In Fig. 1 the hard machined surfaces of gear wheels for transmission systems
are demonstrated (bore: H, faces: | and Il, cone: C). The machining of face and
cone surfaces is not always carried out. In order to reach higher productivity and
accuracy, machining takes place in one clamping; therefore, two tools are used,
one of which is needed for turning the back face through the bore.

d, L

gt -~

}
1

IN

Figure 1 — Machined surfaces of transmission system gears

In the case of bores not only the I/d rate but the impact of the bore diameter
has to be analyzed. The tool holder has to fit into the bore (Fig. 2) in such a way
that its diameter allows the turning of the back face through the bore (Fig. 3).

For the first criterion the minimum bore diameter that allows the safe fit of
the tool holder can be determined by Eqg. (1) (the length c is the distance between
the tool’s center line and the tool tip; these data are provided by the tool
manufacturer).

dlzdi+c+l 1)
2
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The second criterion can be defined based on Fig 2. The tool holder has to be
fulfill the first criterion and the bore diameter has to allow the radial move of the
tool for machining the Lt length. This criterion is determined by Eq. (2).

Lf < dl - dsz (2)

Figure 2 — Dimensions of the bore Figure 3 — Necessary bore diameter
and the tool holder in face turning

For workpiece dimensions, the ratio of the external and internal diameter
(D/d) must be analyzed. In Table 1 the notation of this rate is di/ds. If the ratio is
low, i.e. the component is a thin-walled ring-feature part, then the clamping force
can be limited, otherwise the deformation, i.e. the roundness caused by the chuck,
could be too large.

It is recommended to check the calculated clamping force, although in the
case of complex gears applying experiment-based force is suggested instead of
calculations. Special chuck jaws are recommended if the diameter rate of the gear
is lower than 1.4.

2.2. Size and continuity of machinable surfaces

The applicability of hard turning to disc-shaped gears is not influenced by the
length of the machinable surface. Since the machinable surfaces are not very
extensive, they do not cause large-scale tool wear on the feed path that would
threaten the accuracy or surface roughness.

However, the continuity (interruptions) of the surfaces (e.g. for a lubricating
groove) has to be considered. In the case of interrupted surfaces the correction of
the cutting data (mainly the cutting speed) may be necessary. It is worth relying on
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the recommendations of tool manufacturers, because they recommend different
tool materials for the same cutting speed. Based on the interruption, four types of
surfaces can be defined: strongly, moderately, slightly interrupted and continuous
surfaces. Based on the features and dimensions of the interruptions, the faces of the
gears analyzed here are slightly interrupted. The recommendation for the cutting
speed in this case is two-thirds of the cutting speed recommended for continuous
surfaces, i.e. 200 m/min instead of 300 m/min.

2.3. Clamping possibilities on the machine tool

This is a trivial criterion, but it must not be neglected. A decision about the
clamping one is easily made based on the manual of the hard turning center. The
existence of proper jigs or clamping jaws (sometimes of special design) is an issue.
Jigs and clamping jaws corresponding to the geometrical dimensions, clamping
force and the specified accuracy are required.

2.4. Specified accuracy and roughness parameters

The dimension accuracy realizable by hard turning depends mainly on the
machine tool. Special precision or high precision lathes built for hard- turning
operations are now available. Their static, dynamic and thermic rigidity and their
spindle and sled structures can help achieve the accuracy of grinding and a level
identical to the accuracy requirements of grinding machines.

10
1
pm- l
ot : Rough hard turning
1
~ - 1 et — -
4 I
2 6f |
@
c | 1
—
2 4r High precision| L.
| hard turning }t.‘--:: JPrecisicn hard turning
ol ?// PR
____— Realisable under
_Dev;elopm;I % _____ specific conditions
trends
O 1 1 1 1 1 1
0 2 4 6 8 10 12 14

IT (ISO tolerance)

Figure 4 — Hard turning based on accuracy and surface roughness [32]

114



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

The machining accuracy of precision turning centers is between IT5 and I1T7
(Fig. 4). If the accuracy specification is higher than 1T5, an high precision machine
tool is necessary. The surfaces that require higher accuracy (between IT 3 and 1T5)
and Rz<2 roughness, can be machined by precision grinding or honing.

In Table 2 surface roughness values of bores machined on a precision lathe are
given as an example, compared to the measured values of the same part machined by
grinding. The type of the applied lathe was PVSL Pittler. The lower limit of
machining accuracy of this machine tool is IT5 and the Rz surface roughness can be
realized between 2 and 6 pm. With this machine tool the required precision values
were realizable.

Table 2 — Measured roughness data

Procedure Rz [um] Rmax [pum] Ra [um]
Grinding 2.27-2.31 2.64-2.84 0.27-0.28
Hard turning 1.61-2.67 1.76-2.91 0.27-0.43

Although not shown in the technical drawings, the relative bearing length can
be important because of the functionality requirements of the parts. Some measured
values are given in Table 3. Selecting the proper parameter values allows a
significantly higher relative bearing length in hard turning compared to grinding. The
100% bearing length was obtained at a lower segment depth when the surface was
hard turned than with grinding.

Table 3 — Measured relative bearing length

4 Bore diameter Segment depth Relative bearing length, tp [%]
[um] Ground Hard turned

0.2 0.34 1.65

1 D35G7 0.4 1.50 1.23
0.6 6.12 24.28
0.2 0.42 1.39

2 083G5 0.4 2.20 6.49
0.6 8.52 1341
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2.5. Specified position and shape errors

Based on the state-of-the-art and our measurement database, values can be
designated below which the specified position and form error limit the use of hard
turning. For position errors, the parallelism of bore slants and the axial run-out to
the bore are specified; for form errors the allowed roundness and the face’s flatness
are specified. Data in the literature for the position and form errors:

e parallelism: 1-3 um
e axial run-out: no data available
e roundness: 2-3 um
o flatness: no data available
Our measurement results for the position and shape errors:
o parallelism: 2-3 um
e axial run-out: 7-9 pm
e roundness: 2-8 um
e flatness: 5-9 ym
Based on the literature and measurements, concerning position and form errors,
hard turning can be applied if:
e parallelism > 0.003 pm
e axial run-out>0.010 um
e roundness > 0.003 pm
e flatness > 0.010 um

Concerning the roundness it is noted that it can be realized if the clamping
method and the clamping force correspond to the wall thickness of the gear. The
position and form errors were compared for grinding and hard turning (Table 4). It
was found that the values of hard turning can match those of grinding.

Table 4 — Measured position and form errors after machining

o diaBnireier Surface i -,-Afterhardturning ”Aftergrinding
osition error | Form error | Position error | Form error
bore /1 10.003| z5 | O |0.008| // |0.003| z5 | O |0.007
1 035G6 ) [0.013 0 [0.019
face A 10.007| 25 | 7 [0.005| # |0.023| Z5 | [7 [0.008
bore /1 10.002[1zR| O [0.003| // [0.003|1zR| O [0.003
2 | 083G5 ) [0.008 ) [0.003
face /' |0.007|1ZR| [7 |0.006| # |0.282|1ZR| [7 |0.017
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2.6. Hardness of the material and the allowances

The PCBN insert manufacturers define the operation range of the inserts in
terms of hardness of the machined material between 50 and 65 HRC. This interval
has to be considered as the application condition.

Concerning the allowance, the maximum and minimum values have to be
determined. In the maximum value the recommendations of the tool manufacturers
have to be considered. The gears of transmission systems are case hardened parts.
Considering their dimensions and the fact that the finishing is carried out in one
pass, an allowance 0.3 mm is recommended.

3. STEPS OF DECISION PROCESS FOR THE APPLICABILITY
OF HARD TURNING

As a result of summarizing considerations discussed above, a method was
elaborated for deciding whether hard turning or grinding is the more suitable
technology to be applied. Based on the criteria system even a third technology can
be used if there are too strict accuracy specifications.

Based on the particular situation of production the values of the criteria can
be modified without influencing the steps of the process. The method facilitates IT
support, meaning that the decision process can be automatized. The steps of the
process:

1. Enter the data necessary for the decision.

2. Make a decision about the applicability of hard turning based on the
hardness of the workpiece (a too soft or too hard surface is a reason for exclusion).

3. Decide about the applicability of hard turning based on the bore length and
diameter rate.

4. Decide about the application of special clamping jaw or exclusion of hard
turning based on the rate of root circle diameter and bore diameter.

5. Analyze whether the size of the hard turning center and the chuck jaw
allows the workpiece to be clamped.

6. Decide about the applicability of hard turning of the bore (H) based on the
accuracy, position and form error, and roughness specifications.

6.1. Select the tool holder, tools and inserts (the dimensions of the tool holder
have to correspond to the bore diameter).

6.2. Analyze the allowance of the bore.

e Too small allowance is a reason for exclusion.

e Determination of the number of passes if the allowance is suitable (one or
more roughing passes and one smoothing pass).

6.3. Determine the necessary clamping force.

7. Decide about the applicability of hard turning of the right face (1) based on
the accuracy, position and form error, and roughness specifications.
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7.1. Select the tool holder, tools and inserts

7.2. Analyze the allowance for the right face.

e Too small allowance is a reason for exclusion.

e Determination of the number of passes if the allowance is suitable (one or
more passes).

8. Decide about the applicability of hard turning of the left face (11) based on
the accuracy, position and form error, and roughness specifications.

8.1. Select the tool holder, tools and inserts.

8.2. Analyze the allowance of the left face.

e Too small allowance is a reason for exclusion.

e Determination of the number of passes if the allowance is suitable (one or
more passes).

9. Decide about the applicability of hard turning of the cone surface (C) based
on the accuracy, position and form error and roughness specifications.

9.1. Selectof the tool holder, tools and inserts.

9.2. Analyze the allowance of the cone surface

e Too small allowance is a reason for exclusion.

e Determination of the number of passes if the allowance is suitable (one or
more passes).

10. If hard turning is not excluded at any of the previous steps, then determine
the cutting data

SUMMARY AND CONCLUSIONS

The study is about the applicability of hard turning analyzed through
specifications and values for hard turning and grinding and about the selection of
technological data (both the factors that have to be considered and the order in
which the data should be considered). Based on the introduced method (the series
of analysis) and with the help of IT support, the determination of technological
data can be realized for hard turning. The method was elaborated for disc-type
parts.

The elaboration of the method (process) was based on theoretical and
empirical considerations. The main findings are:

e A structured process (algorithm) can be prepared for supporting the
decision of applicability of hard turning; therefore, the decision process can be
automatized.

e The process can be generalized for hard turning and by applying basic
technological calculations, the decision can be made for specific parts.

The method can be extended for other types of typical parts. In the current
method the economic and financial factors of the output are not analyzed; the
method can be extended by these factors in future research.
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Snom Kynnpak, Imtean [lesnor,
Bikrop MosnbHap, Minkosbl, YropiinHa

METO/I NIATPUMKHA NPUUHATTS PILIEHHSA
PO 3ACTOCYBAHHSA KOPCTKOI'O TOYIHHA

AHoTanisl. ¥V yvomy docriodicenni npoananizoeano 3acmocy8ants JiCOPCmKo20 modints 015 OUCKOBUX
demaneii (3youacmux Konic). AxmyanvHicmbs makux Oemanel y aemMOMOOIIbHIU RPOMUCIOBOCHII
3pocmae; mMoMmy egeKmugHICmb BeIUKOCEPIlIHO20 YU MACO8020 SUPOOHUYMEA MAE NePUOpSIOHe
3Hauenns. Hoeusnow yiei cmammi € cykynHicmo ¢hakmopis, ki HeOOXIOHO 6paxogyeamu npu
nid2omosyi piuiensb wWooo 3acMOCYSanHs HCOPCMKO20 MOYIHHA OIS 3a0e3neyents ehpeKmusHoi 06pooKu.
Le, moorcuso, 6yoe ocnogoio IT-niompumku, moomo pivientsm wjooo aemoMamu3ayii 0isi MeXHONO2I6.
Ilpeocmasnenuii npoyec po3podieno Ha OCHOBI MeOPemudHUX MIPKY6aHb ma BUPOOHUHO20 OOCEIOY.
Obpobaosanicnms 3a2apmoBaHUx NOBEPXOHb NPOMSACOM O0eCmulims € NPoOIeMOord, WO MAE GeluKe
SHAYEHHS 8 ABMOMOOINbHIN NPOMUCIOBOCTI. 3 NOABOIO HOBUX 6epPCMAMIE | IHCMPYMeHmi6 (Hanpukiao,
MBEPOOCHIABHUX DI3Yi8, 0OPOONIBATLHUX YEeHmMpI8) ma eapianmie npoyedyp (Hanpukiao, dcopcmke
MOYIHHA ma wWHighyeantss 3 OOHIEI YCMAHOBKU), WO 3ACMOCOBYIOMbCS OISl eheKmueHoi 0opooKu
3a2apmo8anux NOBEpXOHb, GIOKPUNO HOBI HANPAMKU O0CNiONCeHb. J{ane O0CNiONCeHHA MAKONC
CHpAMOBAHe HA AHANI3 MO020, K 00CAeMU OilbUL BUCOKO20 PIGHS NPOOYKMUBHOCMI, Md Memooie
NPUIIHAMMA  DilueHHA Npo me, YU MOJICHA SUKOPUCHOBYBAmMU O0OHOMOYKOSUll abo abpazusHuil
iHCMpyMenm 05l GUKOHAHHS GUMO2, 3A3HAYeHUX Ha Kpecienni Ooemani. Ha ocnosi ananizy gpaxmopis,
wWo énauearomsv Ha 06POOIIOBAHICHb, NPONOHYEMbCA NPOCIUIL, dlle 6Ce0CANICHUN PAO Oill, AKI MOJICYMb
odonomozmu npultHAMU pieHHs wooo 3acmocysatts npoyedypu. Hosusna memody y momy, wo 6in
KOMNIEKCHO pO327A0d€ HU3KY YUHHUKIE | (POPMANbHO 8USHAYAE emanu npoyecy NPUUHAMmMs piueHHs.
O2ns008uil AHANI3 3ACHOBAHULL HA MeOpemudHili ma eMnipuyHii iHgopmayii ma danux (Hanpuxiao,
mounocmi popmu), 3a3Havenux 05 Oemani (MexHiuni XapaKxmepucmuxy yCmano8Ku sl 0aH020 Muny
mpancmicii), wo6 cnpsmosysamu npoyec npunnsmms piwienns. Memoo 6ye pospobnenuil Ons
3y0uacmux Kojic, Wo 4acmo SUKOPUCMOBYIOMbCS 8 MPAHCMICIUHUX cucmemax. Memoo moxce 6ymu
nowupenuti iHwi muny munosux oemanei. Y uunmiii memoouyi me ananizyiomvcs eKOHOMIuHi ma
inancosi paxmopu supobnuymea; Memoo modice 6ymu posuwuperutl yumu Gakxmopamu y Matoymmix
00CIOMNCEHHAX.

Ku04oBi clioBa: moxkapna o6pooxa; asmomamusayis; subip npoyedypu.
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IMPROVING THE PROCESSING QUALITY
OF CYLINDER LINERS USING COMBINED TECHNOLOGY

Abstract. Due to the use of surface engineering methods, a combined technology for processing the
working surface of internal combustion engines cylinder liners has been developed. The advantages and
disadvantages of traditional liners processing technologies are analyzed, which allowed identifying
ways to improve them. A new technological process of cylinder liners processing is proposed, which
includes operations of deforming broaching and finishing antifriction non-abrasive treatment. The
technological equipment and tools for the chosen technological process realization are chosen.
Experimental studies of the proposed technical solutions feasibility are carried out. The microrelief of
the treated surface, roughness parameters, hardness distribution according to the wall thickness were
determined for the studied liners, and the amount of wear was determined for the liners after running-in.
Parameters analysis of geometric, mechanical and tribological characteristics of the liners working
surface, processed by the existing and proposed technology showed significant advantages of the latter.
There is an increase in the productivity of processing part up to 4 times, reducing the cost of the tool up
to 3 times, and in general — reducing the cost of restoring the liner. It is proved that the use of the
proposed technology allows improving the physical-mechanical characteristics of the working surface:
strengthening the surface layer to a depth of 0.3 mm, as well as obtaining a roughness close to the
operational.

Keywords: deforming broaching; finishing antifriction non-abrasive treatment; cylinder liner;
roughness; hardness; durability.

1. INTRODUCTION

Improving the quality of products in many cases depends on the surface layer
properties of the parts working surfaces that are part of the product. Therefore,
when choosing a material, processing technology should distinguish between the
functions of the core and the surface layer of the part. This design and
technological concept of product creation is not only strategic but also universal, as
it dominates throughout the life cycle of the product, in particular, in its
manufacture, operation and repair, as well as in the restoration of individual
components and parts.

To date, many methods have been developed that affect the surface layer
properties of the machine parts working surfaces [1-2]. Each of these methods
affects the operational properties of working surfaces through a complex of
geometric and physical-mechanical characteristics of the surface layer. First of all
it is accuracy, roughness, bearing surface area, a microrelief, strengthening,
residual stresses, microstructure, texture, adhesive properties of the coating and the
base, a resource of plasticity used.

© Ya. Nemyrovskyi, I. Shepelenko, R. Osin, E. Posviatenko, 2022
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The complex of a surface layer physical-mechanical and geometrical
characteristics of friction surfaces received in the course of processing allows
increasing wear resistance, fatigue strength, antifriction properties, durability of
landings with tension and other properties.

The above determines that the priority of modern mechanical engineering is
the engineering of machine parts surfaces, which is to develop new combined
technologies that can effectively affect the working surface layer of the part to
control its composition, structure and properties.

2. LITERATURE REVIEW

The most effective processes of engineering the machine parts surface, both
in the main and in the secondary (repair and restoration) production are combined
(hybrid) technologies.

As an example, consider the existing technological process of the cylinder
liner working surface processing made of modified gray cast iron SCH20.

According to [3], the condition of the liners surface layer is one of the main
factors determining the resource and reliability of the engine. The existing
technological process, which includes boring operations with subsequent honing,
does not provide the optimal combination of mechanical and geometric
characteristics of the working surface. Therefore, engines equipped with such
liners are subjected to many hours of running-in on the stand for running-on
friction surfaces. This provides the transformation of the initial roughness to
equilibrium, the redistribution of residual stresses, etc.

In work [4] the researches of the existing technological process, and also data
on influence of deforming broaching on a working surface condition of the
processed liner are given and the new technological process of liners processing
using cold plastic deformation with the subsequent final honing is offered. The
proposed technological process has advantages over the existing one due to the
treated surface with improved mechanical characteristics and roughness close to
equilibrium that is technological microrelief is almost no different from the
microrelief formed during the liners operation process.

However, this technological process has a significant drawback. After the
clean honing operation, abrasive microparticles inevitably remain on the working
surface of the liner, which leads to accelerated wear of the piston rings. Fig. 1 (a, b)
shows fragments of the car piston rings, which can be seen longitudinal traces due
to the action of abrasive particles placed on the working surface of the liner.

The aim of this study is to develop a new technological process that combines
deforming broaching operation and antifriction coatings application operation by
finishing antifriction non-abrasive treatment (FANT), which will allow to provide
on a working surface of a liner the complex of geometrical and mechanical
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characteristics of the processed surface favorable in relation to wear resistance with
simultaneous improvement of antifriction properties.

Figure 1 — Piston ring fragments with traces of abrasive wear (liner after
treatment according to the existing technological process, including honing)

3. RESEARCH METHODOLOGY

The experiments were performed on a batch of 24 liners of boosted diesels
made of modified cast iron (type SCH20) when restoring them to the first repair
size. In the process of processing it is necessary to remove the allowance of 0.5
mm. 8 liners were processed according to the existing technological process:
boring, honing and polishing. The remaining liners were processed by deforming
broaching on a vertical broaching machine mod. MA7U-750 in conditions of ISM
named after V.M. Bakul NAS Ukraine (Fig. 2).

The tool for broaching is made on the researches basis carried out by authors
[5] and consists of a cutting ring on both sides of which groups from hard-alloy
deforming elements are placed.

The tool provides the necessary allowance removal for 1 pass that allows
reducing hole processing complexity in 4 times. After broaching, the working
surface of 8 liners was polished with fine-grained diamond bars ASM20/14 M1.
The remaining 8 liners were processed using FANT technology on a vertical
honing machine mod. 3M83 in the following modes: pressure of the brass tool
P = 6 MPa, rotation speed of the tool V = 0.996 m/s, reciprocating motion speed
V1 =0.24 m/s.

Repaired engines, in each of which were installed 4 liners, processed
according to the existing technological process, and two liners, processed
according to the following technological processes: deforming broaching —
polishing; deforming broaching — FANT, was subjected to 2-hour run-in. Then the
engines came into operation. The study of the liners working surfaces
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characteristics, treated using the considered technological processes, was carried
out after running-in the engine.

=
1

Figure 2 — The process of the ICE liner processing
by deforming — cutting — deforming broach

The microrelief of the treated surface, roughness parameters and hardness
distribution according to the wall thickness were determined for the studied liners,
and the amount of wear was determined for the liners after running-in.
Measurement of the liner working surface wear was performed on a profilograph —
profilometer "Talysurf-5". Wear resistance was assessed by linear wear recorded
by profilograms taken at a base length of 120 mm. Also on the profilograms taken
from the liner surface after processing and running-in, determined the roughness
parameters.

The profile of the profilograph was discretized and processed on a PC. In
addition to the roughness parameters, histograms were constructed that reflect the
empirical law of roughness ordinates distribution. The experimental distribution
law was approximated by a number of theoretical distribution laws. The
conformity of the experimental distribution law with the theoretical one was
assessed by criterion y? [6], with 95% probability.

According to the profilograms taken from the working surfaces of the liners
after processing and running-in, the mutual correlation functions of the roughness
profiles were additionally calculated.
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The Vickers hardness of the liners surface layer, treated in accordance with
the considered technological processes, as well as its distribution by wall thickness
were measured on the device HPO — 250 at a load of 50 N.

4. RESULTS

Table 1 shows the parameters of geometric, mechanical and tribological
characteristics of the ICE liner working surface, treated by the existing process,
developed by the authors [4] and according to the proposed process.

Table 1 — Parameters of microrelief roughness and ICE liners working surfaces frictional
indicators (above the line — data after processing, below the line — after running-in)

o
£ < 2 £
Type of £ g £ £ S g - E
processing | = Y = 2 s |8 § o | £2 §
& E |2 ¥ |7 |1 s |2 50"
'Eeform.'”g 108 | 12 | 78 | 235 | 59 | 52 | 146 | 2,92
roaching
Boring + 1,45 13,8 | 10,7 2,45 43 24 ﬂ 2,35
double 0.20 2,4 | 1,66 | 0,46 E % 125 2,35 7,2
honing '
osenngs, | 085 | 78 |l 0 e | e | T 28 | o
honing 0,18 18 ' ' 63 58 2,7
Deforming 0,81 7,21 2| 06 68 6o | 164 | 286
broaching + | = 16 | 102] 028 | = | oo | 162 | 285 42
FANT '

Analysis of the data in Table 1 shows that the operation of deforming
broaching significantly improves the surface layer microrelief, which in this case
(Fig. 3) has support sites alternating with cavities and playing the role of
lubrication tanks during operation.

It should be noted that the operation of deforming broaching significantly
increases the parameter Sy, in comparison with boring, which, according to the data
presented in works [7, 8], increases the fatigue strength of the treated surface.
Moreover, the use of finishing operations after broaching also leads to an increase
in this parameter, especially when using FANT.
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Figure 3 — Microroughnesses profilograms of the ICE liner working cavity
after processing: a) boring; b) boring + honing; c) deforming broaching;
d) deforming broaching + polishing; e) deforming broaching + FANT

After running-in, the height parameters of roughness decreased slightly, and
the supporting lenght of the profile and the step along the midline did not change.
The microrelief of the surface treated by the existing technological process differs
from the microrelief obtained after treatment, in accordance with the technological
processes based on broaching. Particularly noticeable differences in the values of
the profile supporting length.

In the process of running-in, the values of the roughness height parameters
also decrease, but in contrast to the microrelief obtained after broaching, the
average step of the profile microroughnesses along the midline and the profile
supporting length increased markedly. Therefore, the change in the roughness
parameters obtained by the existing technological process during operation is more
significant than when using technological processes based on broaching. This
indicates the difference in the restructuring of the roughness technological
parameters obtained after the compared technological processes during their
operation.

Comparison of two technological processes based on broaching showed that
the technological roughness and microrelief of the treated surface are very close.
Although when using FANT the parameters of technological roughness R, and Sp,
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are slightly better, this is explained by the process of rubbing the antifriction
material on the liner working surface.

Roughness reconstruction was evaluated according to the method described in
work [9], comparing the laws of roughness ordinates distribution after processing
and operation. The distribution of the surface roughness ordinates treated by
technological processes based on broaching corresponds to Weibull law (Fig. 4 a,
b).

% P% F%
[a

T T A
8 Zo H‘( ‘ 8 . t\ 8 ;#\X
-aawsz?é/zz \'U,J A um aﬁ%;éfa \sw A um MX/H/:/ 0 03\ Aum
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Figure 4 — Laws of roughness ordinates distribution:
1 — after processing; 2 — after operation.
Treating by technological process on the basis of broaching:
a) broaching and honing; b) broaching and FANT; c) the existing technological process

It should be noted that after operation the law of roughness ordinates
distribution for the considered technological processes practically does not change
(Fig. 4 a, b, curves 2). This indicates a slight restructuring of the rough layer during
operation, which is confirmed by the analysis of mutual correlation functions of the
roughness profiles recorded before and after operation. The value of the coefficient
of their mutual correlation is greater than zero that is in the process of the engine
running-out on the liner working surface reproduces the roughness, which is close
to technological. The given data testify to insignificant transformations of the liner
surface layer treated by technological process on the basis of broaching.

However, two technological processes are considered, which include the
broaching operation with subsequent finishing operations: honing and FANT are
somewhat different. Thus, after the clean honing operation, abrasive microparticles
remain on the treated surface, which impairs the wear resistance of the surface,
interaction with the piston ring surface and leaving traces on it in the form of
longitudinal lines (Fig. 1). These shortcomings are reflected in the amount of wear.
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The minimum wear of the liner surface is observed when processing using FANT
and after two hours of running-in is 4.2 um. At the same time, the wear of the liner
surface when processing it after broaching by honing is slightly higher and is
5.6 um.

Another picture is observed in the analysis of data obtained on the liners,
processed by the existing process, which includes the operations of boring and
honing. In this case, the roughness ordinates distribution, determined by the
method [9], obeys the law of normal distribution (Fig. 4, c). During operation, the
type of distribution law changed became logarithmically normal and approached
Weibull distribution law. This means that after the restructuring that took place
during operation, the difference in the nature of the profiles ordinates distribution
treated by technological processes based on boring and broaching has decreased
significantly. Some difference in the roughness ordinates distribution of the
running-in surfaces is due to the influence of the treated surface initial state,
namely — technological inheritance. Analysis of profiles mutual correlation
functions confidence intervals before and after operation shows that the value of
the cross-correlation coefficient is 0 that is during engine operation process on the
liner working surface occurs a rough layer restructuring and a new microrelief is
formed, completely different from the technological one.

Thus, the given material testifies that the most effective of the considered
technological processes is the process consisting of operations of broaching and
FANT. It provides minimal transformation of the rough layer during operation
process, improved typological characteristics and the absence of abrasive particles
on the treated surface and minimal wear of the liner working surface during
operation.

Comparison of physical-mechanical characteristics of the surface layer treated
by two different technological processes (boring, honing and broaching, FANT)
showed a large difference between them (Fig. 5). The operation of deforming
broaching significantly (up to 25%) strengthens the surface layer of the liner
material. Depth of hardening thus reaches about 0.3 mm that guarantees existence
of the strengthened material in friction pair even at long operation. Thus, the
combination of cold plastic deformation and FANT allowed developing a
successful version of the technological process for the diesel liner inner surface
treating made from gray modified cast iron.

As shown by the results of technical-economic calculations, the use of the
developed technological process can increase the productivity of the hole
processing up to 4 times, reduce tool costs by 3 times, which reduces the cost of
restoring the liner by about 4 times. Moreover, the use of the proposed
technological process provides a liner working surface with improved physical-
mechanical and tribological characteristics and roughness close to equilibrium.
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Figure 5 — Hardness distribution according to the wall thickness
of the diesel liner during processing: a — according to the new technological
process (e — after broaching; A — after broaching and FANT);
b — according to the existing technological process (boring and honing)

5. CONCLUSIONS

1. The expediency of combining the cold plastic deformation operation and
FANT, which allows offering the technology for processing the cylinder liners of
internal combustion engines.

2. A new technological process of ICE liners processing has been developed,
which includes deformation broaching operations and FANT, which provides
receiving a working surface of the part with improved physical-mechanical and
tribological characteristics and roughness close to equilibrium.

3. The effectiveness of the proposed technology is confirmed by improving
the operational characteristics of the cylinder liners working surface.
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HIABUINMEHHA AKOCTI OBPOBKHU I'lJIb3 HUJIIHAPIB
3ACTOCYBAHHSAM KOMBIHOBAHOI TEXHOJIOTTi

AHoOTaWisA. 3a paxyHoK GUKOPUCMAHHA MemoOi8 IHJiceHepii NoeepxHi po3podIeHO KOMOIHOBAHA
mexHon02iss  00pobKU  po6OYOI  NOGEPXHI  2iMb3  YUNHOPIE OBUSYHIE GHYMPIUHLO2O 320PAHHSL.
Ilpoananizoeani nepesazu ma HedONKU MPAOUYILHUX MEXHON02IH 00pobKu 2inbs. Tlokasano, wo nicis
BUKOPUCMAHHS (IHIWHOT Onepayii XOHIH2Y8AHHS HA POOOYIL NOBEPXHI 2LIb3U 3ATUUAIOMbCS AOPA3UGHT
MIKpOUacmxu, wo npu3eooums 00 NPUCKOPEHO20 3HOCY NOPUIHeUX Kileyb. 3anponoHosano HO8Uil
MexHON02IYHULl npoyec 0OPOOKU 2inb3 Yuninopis, wo emiuye onepayii KOMOIHO8AHO20 NPOMALYBAHHS
ma HameceHHst NOKpummie QiHiwHoOw aHmu@pukyitinor 6Oe3abpasusHow 06pobrow. Bubpano
MexXHOoN02iYHe OCHAWEeHHA ma IHCmpyMeHm Oas peanizayii mexuonoziynoeo npoyecy. IIposedeni
eKCnepUMeHmanbii  00CHiONCeHHs. OOYINbHOCMI  3aNPONOHOBAHUX MEXHIYHUX piulenb. Buguenns
Xapakmepucmuk — podouux NoGepxoHb  2inb3,  06POONEHUX 3 GUKOPUCMIAHHAM — PO3CTAHYMUX
MEeXHON02IYHUX NPOYeCis, 30IUCHIOBANIOCA NiCA 0OKAMKU 08U2yHA. [[a 00CTIONCYBAHUX 2iNb3 BUSHAYEHO
MIKpopenved 06pobnenol nosepxui, napamempu wlOpCmKOCHI, PO3NoOil meepoocmi 3a MoGUIUHOIO
CMIHKU, a 01 2LIb3 NIC OOKAMKU — 8eIUYUHY 3HOCY. AHANI3 napamempis 2eoMempuyHUX, MeXaHi4HUX
ma mpubonoSiuHUX Xapakmepucmux pobouoi noeepxHi 2inb3, 00pobIeHuUX 3a  ICHYyIOYOl0 ma
NPONOHOBAHOI0  MEXHONIO2ICI0, NOKA3a6 CYMMEei nepesazu  Ocmauuwboi. Bcmanoeneno, wo
BUKOPUCANHSA KOMOIHOBAHO20 NPOMAZY8AHHA 00360JA€ Chopmysamu MIKpopenved No8epxHes020
wapy, AKull A6nA€ cob60l0 ONOPHI NAOWAOKU 13 GNAOUHAMU, AKI 2pAlomMb pPOTb 3MAULYBATLHUX
pesepsyapie npu excnayamayii. Hanecenns nokpumms @iniwnoro anmugpuxyiiinoio 6e3a6pazusnoio
00pOOKOI0, CYMMEBO He 3MIHIOIYU MIKPOpenvbed, niosuwyye aHmMu@puKyiiHi 61acmueoCcmi nOGepXHi.
Jlosedero, wo 3acmocy8ants po3pobienHol mexHonozii 06pooKu 2iib3 YuriHopie 3abe3neuye OmpUMAanHs
wopcmrocmi, 6IU3bKOI0 00 eKCHIYyamayiuHol, 3MiyHeHHs. NOBepXHe8o20 wapy Ha enubuny 0o 0,3 mm,
noainweHi mpuboaoiuHi XapaKxmepucmuxu, 6i0CymHicms YaCmMUHOK abpasugy Ha 00pooieHill No8epxHi
i MIHIMAbHUL 3HOC POOOYOI NOBepXHI 2inb3u npu it ekcniyamayii.

KarouoBi cioBa: degopmyroue npomsieyeanns; iniwina anmugpukyiina 6e3abpasusna obpobra;
211630 YUNiHOPI6;, WOPCMKICHb, MEepOiCb, 3HOCOCIKICHb.
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MAIN TECHNOLOGICAL FACTORS DETERMINING
THE EFFICIENCY AND QUALITY OF THE VIBRATION PROCESS

Abstract. The factors that determine the efficiency and quality of vibration treatment are indicated.
Characteristic cases of interaction of abrasive granules with the processed surface are noted. The
influence of the hardness of the processed part material and the shape of its surface, as well as the
influence of chemically active solutions on the efficiency and quality of vibration processing, is
substantiated. The characteristics of abrasive granules and their volume ratio with the processed parts
are given. It is indicated that the underestimation of the possibilities of vibration processing
technologies is explained by their insufficient studies. It has been established that vibration processing,
depending on the characteristics and composition of the processing medium, is a mechanical or
mechanochemical removal of the smallest particles of metal or its oxides and plastic deformation of
microroughness due to mutual collisions of the medium granules with the processed surface, caused by
vibrations of the reservoir in which the processing medium and, the processed parts are placed. It is
noted that, according to the classification, vibration treatment refers to mechanical processing methods
and, in particular, to the group of mechanical-chemical processing methods or to combined methods
when chemically active solutions are introduced into the working medium, It is also noted that vibration
treatment refers to dynamic, and for technological purposes — to dimensionless processing methods,
according to the type of tool used - to the group of processing methods with a free abrasive. It has been
established that the efficiency of vibration processing depends on the oscillation modes of the vibrating
machine, the mass of the processed parts and abrasive granules, the hardness of the parts material and
the shape of their treated surfaces, the characteristics of the abrasive medium, the volume ratio of the
parts and abrasive granules, as well as on the composition of the chemically active solution. The
characteristic cases of interaction of abrasive granules with the processed surface are given. The
situations of the highest processing productivity for performing the operations of vibration grinding,
vibration polishing, washing and descaling have been established. It is noted how the hardness of the
processed part and the shape of their surface affects the performance and quality of vibration
processing operations. The characteristics of the working medium, which affects the efficiency and
quality of vibration treatment, are given, including the influence of grain size and hardness of the
material of abrasive granules. The volume ratios of abrasive and processed parts are considered. The
types of actions on the vibration treatment processes are given.

Keywords: vibration treatment; processed parts; vibration machine reservoir; abrasive granules; the
hardness of the granule material; abrasive grain size, chemically active solution.

Introduction

Vibration treatment, depending on the characteristics and composition of the
processing medium, is a mechanical or mechanochemical removal of the smallest
particles of metal or its oxides and plastic deformation of microroughness due to
mutual collisions of the granules of the medium with the processed surface, caused
by oscillations of the reservoir in which the working medium and the processed
parts are placed.

© A. Mitsyk, V. Fedorovich, A. Grabchenko, 2022
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In accordance with the existing classification, vibration treatment refers to
mechanical processing methods, and when chemically active solutions are
introduced into the working medium, to combined methods, in particular, to the
group of mechanical processing methods. Vibration treatment refers to dynamic
processing methods, and according to the type of tool used, vibration processing
belongs to the group of processing methods with a free abrasive [1].

Despite the widespread application of vibration treatment, its implementation
until recently was limited to such simple operations as cleaning parts, removing
burrs, and rounding sharp edges. The underestimation of the possibilities of this
technological process is explained by its insufficient knowledge.

Factors affecting the efficiency and quality of vibration treatment

The last studies carried out have included solving particular problems to
identify the influence of one or a small number of factors on the processing
efficiency. Comprehensive studies have shown that the effectiveness of vibration
treatment depends on many factors, the main of which are:

1. Processing mode and mass of processed parts and abrasive granules.

2. The hardness of the material and the shape of the processed surfaces.

3. Characteristics of the abrasive material.

4. Volumetric ratio of processed parts and abrasive granules in the vibrating
machine reservoir.

5. The composition of the chemically active solution that intensifies the
processing.

Microchips are removed from the part processed surface in oscillating
reservoirs, during the relative movement of parts and granules. Therefore, it is
natural that the mode indicators of processing (frequency and amplitude of
oscillations of the reservoir, the trajectory of its movement) have a great influence
on the nature of the interaction of the mass elements loaded into the reservoir [2].

Typical cases of interaction of abrasive granules with the part
processed surface

Let us consider three most characteristic cases of the interaction of abrasive
granules with the processed surface.

1. Abrasive granules and parts move in the same direction with the oscillating
movement of the reservoir parallel to the surface to be processed.

In this case, the relative slip speed of the abrasive granule and the processed
part, that is, the speed of processing Voroc. will be equal to v =V, Vg

where Vi, is the speed of the processed part, Vor is the speed of the abrasive

proc.

granule.
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2. Abrasive granules and parts move, as in the first case, but their relative
movement is perpendicular to the processed surface. In this case, the abrasive

granule collides with the processed surface at a speed of Voroc. * that is,

Voroe. =Vp +Vgr -

3. The abrasive granule and the part move along a curved path, in particular,
along a circle. In this case, the abrasive granule meets the processed surface at an
angle or tangentially.

As can be seen from the above formulas, the relative sliding speed, which is
one of the main factors for increasing the efficiency of processing, depends on the
absolute values of the speeds of movement of abrasive granules and processed
parts [3].

In its turn, these speeds depend on the frequency and amplitude of
oscillations, the trajectory of the reservoir, as well as on the ratio of the masses of
the processed parts and abrasive granules. The greater the difference in these
masses, the greater the speed of mutual slippage will be. With a small difference in
the masses of parts and abrasive granules, and, accordingly, a slight difference
from inertia, the slip speed between them will be low, which, all other conditions
being equal, will lead to a decrease in efficiency of treatment. Therefore, the
efficiency of vibration treatment of parts with low mass and dimensions can be
ensured by increasing the speed of the reservoir motion [4, 5].

From the analysis of the considered schemes of interaction of granules with
the processed surface, the following conclusions can be drawn:

1. In the first case, the minimum amount of metal is removed, since the
pressure of the granule to the part is very small and is created only by the static
pressure of the medium. Obviously, such an interaction, associated with the use of
the energy of the vibrational and centrifugal actions of the working medium, will
be the best for performing vibration grinding and vibration polishing
operations [6].

2. In the second case, the granule collides with the processed surface, as a
result of which imprints of abrasive grains, chips or tearing of metal appear on it.
This nature of the interaction of abrasive granules with the processed surface will
be the most productive for cleaning parts with using the shock wave effect, as a
result, removing scale and a defective metal layer in rough cleaning operations
with a large metal removal [7].

3. In the third case, when the abrasive granule and the processed part move
along a curved path, an intermediate nature of the interaction takes place.

The hardness of the processed part material.
The hardness of the processed part material affects the productivity and
quality of machined surfaces. The higher it is, the shallower the abrasive grains
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will be introduced into the part. This reduces the removal of metal from the
processed surface while reducing its microroughness [8, 9].

The shape of the processed part surface.

The shape of the surface to be processed also affects the efficiency of the
process. Collisions of abrasive granules with complex elements that form grooves
and recesses in parts of various types do not always occur at optimal angles. This
causes a sharp decrease in productivity. Moreover, there are cases when the shape
of the processed surface is such that it is impossible for abrasive granules to collide
with it [10].

Characteristics of abrasive granules that affect the efficiency and quality
of vibration treatment.

The most important characteristics of abrasive granules that affect the
efficiency of vibration treatment include the mass, size, shape and hardness of the
granules [11].

During the interaction of the medium elements in the reservoir, when a direct
blow is applied by a granule to the processed surface, its force is proportional to
the mass of this granule. Therefore, an increase in the latter leads to an increase in
the amount of metal removed. A significant increase in the mass of the abrasive
granule can cause a deterioration of the quality of processing, as well as a decrease
in the slip speed. A detailed study of this issue made it possible to draw a general
conclusion: abrasive granules with an extremely large mass should be used for
rough cleaning operation, and for finishing operations, with a relatively small
mass.

The dimensions of the granules are related to their weight. Therefore, in the
general case, the recommendations for their choice are similar to the previous ones.
However, often the sizes of abrasive granules are chosen so as to ensure their
access to closed or semi-closed surfaces to be processed. In addition, there are
cases when the processing of individual surfaces is undesirable. Then the sizes of
the granules are chosen so that they do not collide with such surfaces.

The forms of abrasive granules do not have a noticeable effect on the
efficiency of vibration treatment. But with difficult access of abrasive granules to
the processed surfaces, it becomes necessary to select a rational form of granules in
order to ensure processing [12].

Grain size of the abrasive material.

The grain size of the abrasive material is largely reflected in both the quality
and productivity of processing. When using a coarse-grained abrasive, the number
of grains in contact with the processed surface is significantly reduced. In this case,
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other things being equal (in particular, at the same pressure), the penetration of
grains into the metal occurs to a greater depth and larger metal chips are removed.
With a small grain size, the number of contacts with the surface increases
sharply, but the penetration of grains occurs at a shallow depth. This contributes to
the removal of small chips and a decrease in the height of micro-roughness [13].

The hardness of the abrasive granules material.

The hardness of abrasive granules is one of the main characteristics that have
a significant impact on the efficiency of the vibration process. During vibration
processing, the volume of the abrasive filler loaded into the reservoir, as a rule,
exceeds the volume of the processed parts. In this regard, the granules in the
process of treatment come into contact with each other more often than with parts.
This causes increased wear of the abrasive due to its abrasion and chipping of the
grains.

The appearance of wear products in the abrasive mass clogs the pores
between the grains of the granules and leads to the “loading” of the abrasive, and
as a result, to a decrease in its cutting properties. The flaking large abrasive grains,
falling between the granule and the processed surface, leave deep imprints on the
latter [14].

Volume ratio of abrasive and processed parts.

The volume ratio of abrasive and processed parts in the reservoir is largely
reflected in the productivity of vibration treatment. If the number of parts in the
vibrating machine reservoir is large, then the abrasive granules will be in contact
with the processed surfaces of only individual parts. In this case the treatment
process is implemented slowly. If the number of processed parts is small compared
to the loaded mass of the abrasive, then the possibilities of the vibrating machine
will not be fully used [2].

Chemically active solutions.

Chemically active solutions have different effects on the vibration treatment
process. In some cases, chemical solutions, reacting with the surface layer of the
metal, change its properties and thereby change the intensity of processing. Under
other conditions, the components of the solution, entering into chemical reactions
with the metal, form films on the processed surfaces, which are easily removed by
abrasive granules. Sometimes the solutions may include additives that help restore
the cutting properties of the abrasive, remove processing waste, etc. [15].

Chemically active solutions should not be complex in composition, safe for
maintenance personnel and medium ally friendly when descending into industrial
effluents without sludge and neutralization. The dosage of the applied solution has
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a great influence on the quality of processing and the productivity of the treatment.
Both its insufficient and excessive amount has a negative effect on the treatment
process. The use of chemically active solutions in the cutting process produces a
cooling, lubricating, dispersing and washing effect.

Chemically active solutions with an acidic medium are designed for cleaning
steel parts, destroying and removing scale, and intensifying grinding. Chemically
active solutions with an alkaline medium are designed for rounding sharp edges
and polishing. Entering into a chemical reaction with the surface of the part, they
facilitate micro-cutting and plastic deformation. Solutions with a neutral medium,
having a cleaning and washing ability, are intended for washing and removing
wear products.

In all cases, the use of chemically active solutions of the required
compositions leads to an increase in productivity and an increase in the quality of
vibration processing.

Conclusions.

The development and perfection of existing technological processes of
vibration treatment requires comprehensive research, taking into account the
variety of factors affecting its efficiency and quality. The lack of such data is the
main reason for the insufficient implementation of the vibration treatment process
in the metalworking branches of mechanical engineering and instrument making.

References: 1. Babichev A.P. Osnovy vibracionnoj tehnologii / A.P. Babichev, I.A. Babichev. Rostov-
n/D: Izdatel’skij centr DGTU, 2008. 694 p. 2. Kartashov |.N. Obrabotka detalej svobodnymi abrazivami
v vibrirujushhih rezervuarah / I.N. Kartashov, M.E. Shainskij, V.A. Vlasov. Kyiv: Vishha shkola, 1975.
188 p. 3. Mamalis, A.G., Grabchenko, A.l., Mitsyk, A.V., Fedorovich, V.4., Kundrdk, J. Mathematical
simulation of motion of working medium at finishing — grinding treatment in the oscillating reservoir.
The International Journal of Advanced Manufacturing Technology 70, pp. 263 — 276 (2014).
https://doi.org/10.1007/s00170-013-5257-6 4. Politov I.V., Kuznecov N.A. Vibracionnaja obrabotka
detalej mashin i priborov. Leningrad: Lenizdat, 1965. 125p. 5.Mitsyk A.V., Fedorovich V.O.
Osoblivosti tehnologij vidalennja zadirok, skruglennja i poliruvannja gostrih kromok pri vibracijnij
ozdobljuval'no-zachishhuval'nij obrobci detalej. Vazhke mashinobuduvannja. Problemi ta perspektivi
rozvitku: tezi dopovidej XIX mizhnar. nauk.-tehn. konf. (m. Kramators'k, 1 — 4 chervnja 2021 r.).
Kramators'k, DDMA, 2021. pp.105 - 106. 6. KundrakJ., Mitsyk AV., Fedorovich V.A,,
Markopoulos A.P., Grabchenko A.l. Simulation of the Circulating Motion of the Working Medium and
Metal Removal during Multi-Energy Processing under the Action of Vibration and Centrifugal Forces.
Machines Vol. 9 (6) 118, pp. 1 — 22, (2021). https://doi.org/10.3390/machines9060118 7. Mitsyk A.V.,
Fedorovich V.A., Grabchenko 4.1. The effect of a shock wave in an oscillating working medium during
vibration finishing-grinding processing. Cutting & Tools in Technological System. Kharkiv, NTU
«KhPI», 2020. Ne 93. pp. 62 — 67. http://doi.org/10.20998/2078-7405.2020.93.06 8. Instrument dlja
obrobki detalej vil'nimi abrazivami: monografija / M.O. Kalmykov, T.O. Shumakova, V.B. Strutins'kij,
L.M. Lubens'’ka; Kyiv — Luhans'k: «Noulidzh», 2010. 214 p. 9. Lubens'’ka L.M., Strutins'kij V.B.,
Jasunik S.M., Kalmykov M.O., Ozdobljuval'no-abrazivni metodi obrobki: pidruchnik. Luhans'’k — Kyiv:
Vid-vo «Noulidzhy», 2011. 268 p. 10. Venckevich Gzhegozh Vlijanie nekotoryh parametrov abrazivnogo
napolnitelja na jeffektivnost' processa shlifovanija v vibrirujushhih rezervuarah: dis. ... kand. tehn.
nauk: 05.02.08 / OPIl. Odessa, 1986. 175p. 11.0Obrobka u vil'nih abrazivah: monografija /

136



https://doi.org/10.1007/s00170-013-5257-6

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

Branspiz O.V., Kalmykov M.O., Jasunik S.M. Luhans'k: «Noulidzh», 2010. 318 p. 12. Primenenie
vibracionnyh tehnologij na operacijah otdelochno-zachistnoj obrabotki detalej (ochistka, mojka,
udalenie obloja i zacsencev, obrabotka kromok): monografija / Babichev A.P., Motrenko P.D.,
Gillespi L.K. i dr.; pod red. A.P.Babicheva. Rostov-na-Donu: lzd-vo DGTU, 2010. 289 p.
13. Otdelochno-uprochnjajushhaja obrabotka detalej mnogokontakinym vibroudarnym instrumentom /
A.P. Babichev, P.D. Motrenko, I.A. Babichev i dr.; pod red. A.P. Babicheva. Rostov n/D: lzdatel'skij
centr DGTU, 2003. 213 p. 14.Primenenie vibracionnyh tehnologij dlja povyshenija kachestva
poverhnosti i jekspluatacionnyh svojstv detalej / A.P. Babichev, P.D. Motrenko, V.A. Lebedev i dr,;
pod red. A.P. Babicheva. Rostov n/D: lzdatel'skij centr DGTU, 2006. 213 p. 15. Bereshhenko A.A.
Vibrohimicheskaja obrabotka uglerodistyh i legirovannyh stalej: dis. ... kand. him. nauk: 05.17.03 /
Institut obshhej i neorganicheskoj himii AN USSR. Kyiv, 1980. 132 p.

Anppiit Minuk, Bonogumup @enoposuy, Anatomiii I'paduenko, XapkiB, Ykpaina

OCHOBHI TEXHOJIOI'TYHI ®AKTOPHU, 1110 BUBHAYAIOTH
E®EKTUBHICTbD I IKICTh ITIPOLIECY BIBPAILIIMHOI OBPOBKH

AwWoTtanisi. Bkazaui ¢axmopu, wo eusnauaromv epexmuenicmv ma sAKicmv iOpayitinoi 06pooKu.
Biosnaueno xapaxmepHi 6unaoxku 63aemooii abpazueHux epaHyn 3 00poON06aHOI0 NOBEPXHEI.
Obrpynmosano eniué meepoocmi mamepiany 06poboeanoi demani ma Gopmu it NOBEPXHI, @ MAKO’C
6NIUG  XIMIUHO-AKMUGHUX PO3UUNIE Ha egexmusnicmb ma sKicms ibpayiunoi o06pobku. [lana
Xapakxmepucmuka abpasueHux epamyi ma ix 06’emHe cniggioHOuleHHs 3 0OPOOIIOBAHUMU OeMmAaAMU.
Braszano, wo HEOOOYIHKA MOXNCIUBOCMEl MEXHON02I  8IOPOOOPOOKU  NOSACHIOEMbCS  IXHBOIO
Hedocmamuvbolo euguenicmio. Becmanosneno, wo 6iOpoobpodka 6 3anedxcHocmi 8i0 Xapakmepucmuxu
ma ckiady o06pobmoBaAIbHO20 Cepeoosuwa AGIAE CoD0I0 MeXaHIMHUll abo MeXAHOXIMIYHULL 3UOM
OpIOHUX YaACMUHOK Memary abo 1020 OKUCHIG | NIACMUYHO20 0e(OpMYBaHHS MIKPOHepisHOoCcmel
6HACNIOOK B3AEMHUX 3IMKHEHb 2PAHYN cepedosuwa 3 06pOOIIOBAHON NOBEPXHEIO, BUKIUKAHUX
KONUBAHHAMU pe3epsyapd, 6 SAKOMY po3MiujeHi 00pobnioeanvhi Odemani. 3asmayeHo, wo 32i0HO 3
Kaacughixayiero 8i6poobpobKa Hanexcamu 00 Memoodie MexaHiuHoi 06poOKuU, a npu 6edeHHi 00 CKIaAdy
p0604020 cepedosuwa XiMiuHO- AKMUBHUX PO3HUHIE 00 KOMOIHOBAHUX Memodis, 30Kpema 00 2pynu
MEXAHOXIMIYHUX Memodie 0bpobru. Taxodic 3a3nayeno, wjo 6i6poodPo6Ka GiOHOCUMbCs 00 OUHAMIUHIUX,
a 30 MEeXHONIOSTUHUM NPUSHAYEHHSIM — 00 De3DO3MIDHUX MemOo0is 00POOKU, 3a UOOM THCMPYMEHMY, WO
3aCmMocogyemvcsi — 00 epynu mMemooie 00pobKu inbHuM abpazueom. Bemanoeneno, wo egpexmusnicmo
8IOPOOGPOOKU 3anedicums 6I0 PENCUMI6 KOIUBAHb IOpOGepCMAama, Macu o6podmIoeanux oemaniell ma
epanyn  abpasugy, meepoocmi mamepiany Oemaneli ma @Gopmu ix 00pOONIOBAHUX NOBEPXOHD,
Xapakmepucmuku abpasusHozo cepedosuiyda, 06’€MHO20 CNiBEIOHOWEHHA Oemanel ma 2epaHyn
abpasusy, a maxodc CKIady XiMIUHO-aKmueHo2o posuuny. Hagedeno xapaxmepni eunaoxu 63aemooii
abpasusnux — epamyn 3 0bpobnosanolo  nogepxmelo. Bcmanoeneno  cumyayii  naiibineuioi
nPoOOyKmMueHocmi 00poOKu OJis 6UKOHAHHS onepayill giopowighysanis, 6iOPONOIPYEAnHs, MUMmMs ma
ouuwenns 6i0 oxanunu. Biosnaueno, sk meepodicmv 0bpobmosanoi demani ma gopma it nosepxmi
BNIUBAE HA NPOOYKMUBHICMb MA AKICMb onepayiil 6i0poodpodKu. JJano xapakmepucmuky po6o4oco
cepedosuiya, wo 6NIUBAE HA eheKMusHicmy ma sKicms 6i6pooOPO6KU, Yy MOMY YUCTi OYiHEHO 6NIU8
3epuucmocmi ma meepoocmi mamepiany abpasuenux epanyi. Posenswymo o6 ’emnui cnigsionowenns
abpasusy ma 06pobnsanux demaneti. Hagederi suou enaugy na npoyecu 8i6pooopooKu.

KuarouoBi cioBa: 6i6poobpobra; o6pobmosani Oemani; pesepeyap; abpasusHi epanyiu; meepoicmo
Mamepiany epanyau; 3epHUCmicms abpasugy; XiMivHo-aKmusHUll pO3HUH.
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THE EFFECT OF ELASTIC RECOIL OF CLOSED-TYPE
LIFTING ROPES AFTER THEIR MANUFACTURE AND DRAWING

Abstract. A study was made of stresses and factors of internal forces in the elements of ropes of a
closed structure during their manufacture. It is established that when twisting a rope of closed
construction, its shaped wires suffer from bending deformation, twisting and stretching. In this case, the
shaped wires are subjected to a complex load with the concomitant rotation of the axes of the stress
tensor. The stresses in the elastic cross-sectional area of the rope wire are considered and its limit is
determined for shaped cross-sections and for asymmetric shaped cross-sections. Formulas for
approximate determination of tangential and normal stresses in the elements of a closed rope of non-
circular profile are obtained: (wedge-shaped, zeta-shaped and x-shaped).

Keywords: ropes of closed construction; stress; internal force factors; cross section; shaped wires;
elastic region; normal stress; elastic-plastic deformation.

Experience in the manufacture and operation of ropes of closed design shows
that immediately after twisting the closed rope, which is an elastic-plastic system,
at the first load acquires significant elongations, and its stress-strain state changes
significantly. As a result, a number of serious structural defects (bundles, "waves",
wire breaks, etc.) often appear during the first cycles of rope operation, which is
the reason for the failure of a new rope [1, 2].

The influence of the presence of gap between the wires in the outer layers and
its value on the compatibility of operation of the layers in the radial direction and
the preservation of the structural integrity of the rope during operation is revealed
[3]. Analysis of the stress-strain state of closed rope elements under axial tension
and torsion [4]. The closed rope consists of an outer layer of Z-profile wires, a
subsurface layer of alternating round and H-profile wires [5, 6, 7]. Evaluation of
extended structural elements using non-contact mobile systems using body waves
and directional waves (piezoelectric, electromagnetic-acoustic transducers) [8].
The axial forces and torques in the cross sections of the layers are found to be
redistributed when a rope turns under an external torque, which leads to a decrease
in the safety factor of the rope, a violation of the compatibility of the axial and
radial displacements of the layers, and a violation of the structural integrity of the
rope in the form of breaks in the outer layer wires [9, 10]. The influence of wire
cracks on the amplitude distribution of the generated field is specified for two steel
rope kinds assuming surface and inner defects [11]. The behavior of short and very
short fatigue cracks emanating from so-called "smooth” specimens with stress
concentration is described [12].
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To assess the reliability of the rope and prevent the occurrence of these
defects, as well as to assess its strength and durability, it is necessary to know the
stress-strain state of its constituent elements of wires, both during its manufacture
and after the first axial load. It is established that when twisting a rope of closed
construction shaped wires suffer together with bending and torsional deformation,
and then during extraction during operation - tensile deformation. In this case, the
shaped wires are subjected to a complex load with the concomitant rotation of the
axes of the stress tensor. It should be noted that the bending of shaped wires of
some profiles is oblique [3, 4]. For example, when twisting z-shaped and 8-shaped
wires, the plane of the bending moment, which contains the normal of the helix,
does not coincide with the main axis of the wire cross section yo or zo (Fig. 1).
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Figure 1 — Sections of shaped wires of closed ropes: wedge-shaped symmetrical (a);
z-shaped asymmetric (b); 8-shaped symmetrical (c)

These wires experience oblique bending, and wires of round, x-shaped and
wedge-shaped profiles undergo flat bending. Thus, the material of the wires is
subjected to a complex load, the analysis of which the existing theories of plasticity
do not solve. There are known developments of some methods for solving this
problem, but these methods can be obtained only local solutions that meet the rigid
arameters [1, 2, 5].

Thus, the study of technological stresses and internal power factors in the
shaped wires of closed ropes in general form is an urgent scientific and applied
task.

Given the complexity of the task of analysis of technological stresses and
internal force factors in the shaped wires of closed ropes, the study is proposed to
approximate its solution under the general assumption that the wire material is
ideal — elastic-plastic, and the entire cross section of wires covered by elastic-
plastic deformation.

Consider the stress in the elastic cross-sectional area of the rope wire and
determine its limit. Normal bending stress is determined by:
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— for shaped cross-sections symmetrical with respect to the bending plane xy
(wedge-shaped, 8-shaped) wire ropes (see Fig. 1, a and c) by expression
b
Gx,ey =Exy, 1)

where cs?fy— normal bending stress; x =sina/R - curvature of the centerline of
the wire; R — wire twisting radius; £ — Jung's module.
— (z-shaped) wire ropes (see Fig. 1, b) by expression for asymmetric shaped cross-
sections

ox,y = Ex{ZgSIny + ygCosy), )
where zo and yo — the main central axes of the wire.

In Figure 1, b @o is the polar angle, which is calculated from the main central
axis zo.

Analyzing the plots of tangential stresses during torsion of non-round rods,
for which exact solutions are obtained, it can be noted that they have slight
nonlinearity (Fig. 1, a). This nonlinearity is smaller the greater the sloping
delineation of the wire profile, and for elliptical and round cross-sections of wires
the nature of the change in tangential stresses across the section is linear.

This fact gives the right to make a few additional assumptions. First, for
smoothly delineated profiles of sections of shaped wires of a closed rope, the
displacements vy, and yx, with a sufficiently probable approximation can be
calculated from the linear functions of the z and y coordinates (Fig. 2).

Figure 2 — Smoothly outlined cross-sectional profile of the shaped wire

Coordinate functions for this case
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y_A:b

T (4)
YB a
where a and b — segments on the main axes of the cross section of the wire.
Secondly, the torque in the cross section of the wire with a smoothly
delineated profile is determined by the expression
My = I(TxyZ_szy>'dF :GI(nyZ_szy)'dF ) (5)

F F
where 7y and 7y, — projections of full stress on the corresponding planes; G — shear
strength modulus.

Substitute formula (3) into expression (5) and, given equality (4), we obtain

Txy = zbZsz z
a‘l, +b%ly ©)
_ a’M,

TR, bR

Total tangential stress:
[2 2 M 4,2 42
Ttors =4 Txy T Txz :ﬁ b*z® +a”y”, (7
a‘ly+b%ly
The twisting angle of the shaped wires is determined by the formula

M,
S Gl ®

where lors — the moment of inertia at pure torsion with a sufficient degree of

accuracy can be determined by the formula of Saint-Venan [6].
F4

an?l,

where F and I, — plane and polar moment of inertia of the wire cross section,

respectively.
From formula (8) we obtain:

(©)

lors =

Mx:G'Itors'Igl (10)

Thirdly, the moment of elastic recoil of each layer of wires of the closed rope,
taking into account expression (1) is determined [1]:

MECN — . [(1+ cos? a)sinaM, +cos® aM, ],
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where n — the number of wires in each layer; a — the twist angle of the wires;
M; — the moment of bending relative to the z-axis of the cross section of each wire;
My — torque in the cross section of each wire.

Based on the accepted assumptions and mathematical studies of stresses
arising in the process of making ropes, simplified formulas for determining the
bending and torques in the cross sections of closed rope wires, taking into account
the coefficients A1, B1, N1, N2, N3. Formulas for their determination in the polar
coordinate system starting at the center of gravity of the wire cross section were
obtained in [3].

With an approximate solution of the problem obtained:

— for shaped cross-sections of wires symmetrical about the plane of bending xy
(x-shaped):
M;=cq-E-x- 4;

GItOFS .

G = :
a’l, +b?l,

(11)

M, =04 -®C1(a2A1 + bZB_L),

where o — conditional estimated yield strength; C; — coefficient that determines
the dependence of the modulus of elasticity of the second kind on the axial
moments of inertia for symmetrical shaped cross sections of wires; ® — twisting of
the axial line of the wire;

— for asymmetrical shaped cross-sections of wires (z-shaped):

M, =6 ¢ Ex(N -siny+ Nz cos y)
Myo =GﬂEX(N2 -COS Y + lein\y)'

C, = Gliors
azlzo +b2| y0

My =04 .®C2(b2N1+a2N3),

where y — the angle that determines the position of the main central axes of inertia
of the section relative to the axis perpendicular to the plane of bending of the wire;
C; — the coefficient that determines the dependence of the modulus of elasticity of
the second kind on the axial moments of inertia for asymmetric shaped cross-
sections of wires; lo, lyo, Iz, Iy — the main central moments of inertia of the cross
section of the wire.
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Pi 2 3
2 cos” ppi(9) |,
A= do;
3y/by ‘le \/1—Izsin2<p
- ; (12)
g __ 2 (} sin op(o) |,
N J1-12sin? "
Pia @
i 2
1 cos“ o 3
Ny =— pi (@) |- do;
1 3¢J‘ [ A((p) I( )]
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Pj -2
1 sin“op 3
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2=5 | [A(ao) 4 ((P)J o (19
@iy
Pj .2
1 sin“eo 3
Na == 202 53(0) |- do,
3 3 I [A((P) Pl((P)j \
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d
|2=_2_1.
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d, =3C2b*e?;

The obtained results can be compared with the coefficients A, Bo and Co,
which characterize the degree of plastic deformation under uniaxial loading
(stretching) and have the same intensity as under complex loading.

Alp)= \/AO cos®
Ao = (Exsiny)? +3C2b*0@?; By = E2y2sin2y;

¢+0,5Bpsin2¢p +Cy sin? 0;
(15)

Co = (Excosy f* +3C2a%@?;

where ¢ and p; () — current polar angle and radius-vector of points of the contour
line of section; A(¢) — increase in the current polar angle; Ao, Co — characterize the
degree of plastic deformation under uniaxial loading (stretching).
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Conclusions.

1. Further study of the elastic recoil after pulling the closed rope using
expressions (3) and (4) shows that the stress-strain state of the components of the
closed ropes changes, while the redistribution of stresses in the cross sections of
wires, and the moment of elastic recoil of the rope as a whole decreases. This
significantly improves its operating conditions and increases service life.

2. The main criterion that determines the change in the moment of elastic
recoil is the symmetry or asymmetry of the shaped cross section of the wire. In
order to evaluate the effect of stretching on the magnitude of the moment of elastic
recoil of the rope, a comparative analysis of the obtained experimental results was
carried out, as a result of which a significant difference was observed in the
distribution of forces over the layers of an unstretched and pre-stretched rope with
a subsequent nominal load.

3. Calculations of technological internal force factors in the cross sections of
wires and moments of elastic recoil on the layers of the rope make it possible not
only to assess the degree of technological imbalance of the rope, but also rationally
choose the direction of twisting in the layers. As a result, reduce the moment of
elastic recoil and ensure the reliability and durability of the rope structure during
its operation.
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Bikrop Kypran, Irop Cunopenko, Biangucnas Baiicman,
Amngpiii [Tanuimko, Bonoaumup JIiTBiHOB,
Bikropis BoBk, Ozeca, Ykpaina

E®EKT IPYKHOI BIIAYI BAHTAXKONIATAMAJBHUX KAHATIB
3AKPATOI'O THUITY IICJISA iX BATOTOBJEHHSA TA BUTSKKH

AHoTalis. BiOMiHHICMb 3aKpUmux ma HAnie3aKpumux Kauamié ei0 IHwux ix eudig nosede y
3aCMOCY6aHH npu ix 36U6AHHI OPOMY He MINbKU KPYeno2o, d I He Kpyeno2o (KIuHonoldibHozo, I-
n00ibHo20, 8-n0dibHO20 Ma X-nodibHo2o) nepepizy, wo 00360J5€ GIOMEOPUMU MAK 36AHULL epexm
“samra’” y euensdi WiNbHO20 NPUISCAHHS 36UMUX OPOMUH He Kpy2lo2o nepepizy oOHiei 00 00Hoi. L[
BIOMIHHICIMb 00YMOBNIOE (POPMYBAHH MidC 080MA QOO MPLOMA 306HIWHIMU WAPAMU KAHAMA
SAMKHYMUX NOPOHCHUH NO YCill 11020 008HCUHI, HAABHICMb AKUX 3a0e3neuye HAOIHULL 3aXUCm KaHama
810 NPOHUKHENHS 8 1020 CepeOUuHy 8ON02U, AZPECUBHUX POZUUHIE | BUXOOY MACMUNA 3 KAHAMA HA30GHI.
3as0sku makiil  3axuwjeHocmi KaHamu OAHOI KOHCMPYKYI 3HAXOO0SMb WUPOKE 3ACOCYBAHHS Y
NIOUOMHOMPAHCROPMHOMY 0ONAOHAHHI, WO GUKOPUCMOGYEMbCSL 6 OYOV6AHHI MEXHIUHUX CHOPYO,
CYOHOOYOYBAHHI, NUBAPHOMY | XIMIYHOMY BUPOOHUYMBAX, 6 2IPHUYOOOOYEHOMY OONAOHAHHI, 6
KOHCMPYKYIAX BUCOMHUX CHOPYO, padio [ menesedc, a makoxc mocmie. B pobomi nposedero
00CNIONCEHHST HANPYICEHb MA  GHYMPIWHIX CUNOBUX HUHHUKIE 6 eleMEeHMax Kanamie 3axpumoi
KoHCmpyKyii npu ix eueomoenenui. Bcmanogneno, wo npu 36u6anHi Kanama 3aKpumoi KOHCMpYyKyii,
1020 paconni Opomu nomepnarome 6i0 deopmayii sueuny, KpyuenHs i posmseyeauus. Ilpu yvomy
¢haconni opomunu 3a3HaOMb CKIAOHO20 HABAHMADIICYBAHHS 3 CYNYMHIM NOGOPOMOM OCeil MeH30pa
Hanpyoicenv. Posenanymo nanpysicenns 6 npysicHiil 06aacmi nonepeynozo nepepizy Opomy Kawama i
BUBHAYEHO 1020 MediCy 051 (PACOHHUX NONEPEUHUX Nepepi3i6 i 015l HeCUMEMPUYHUX PACOHHUX nepepi3is.
Ompumano gopmynu Ons npubIUHO20 GUSHAUEHHS. OOMUYHUX MA HOPMANBHUX HANPYICEHL 6
eleMeHmAax 3aKpumo2o Kanamy He Kpyenioeo npoimo. (KIuHOnoOioHux, Z-nodibnux ma X-nooiOHux).
Ompumani pesyrbmamu 0aiomb MOACIUGICIG OYIHUMU CMYNIHL MEXHON0IUHOT He8PIGHOBAICEHOCHIT
Kanama, payioHanbHo SUOPAMU HANPAGNEHHS 36UBAHHSL NO WAPAX, 3MEHUUMU MOMEHM NPYICHOT
8i00aui i 3a6e3neyumu HAOIUHICMb MA 006208IYHICIb CIPYKMYPU KAHAMA 8 NPoyeci 1020 pobomu.
KuawuoBi cinoBa: xanamu 3akpumoi  KOHCMPYKYIl;, HANPYICEHHS; GHYMPIWHI CUNOBI YUHHUKU,
nonepeunull nepepiz; GAacouni Opomu; NpPyjCcHa 0ONACMb; HOPMATbHE HANPYICEHHS; RPYICHO-
niacmuyxa oeghopmayisi.
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