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COMPARISON ANALYSIS OF MATERIAL HANDLING
SOLUTIONS OF PRODUCTION WORKPLACES

Abstract: Production and assembling workplaces can be different in manufacturing and physical
environment characterisations, or internal structure, involving the applied material handling solutions,
which must be suited to the workplace specifications. The general objective of my research is to develop
a model which can help to select the most suitable material handling equipment for production
workplaces. The topic presented in this paper deals with the comparison of the different handling
solutions. After the overview of the material handling model and the handling equipment selection
procedure of production workplaces, a comparison analysis of the applicable handling solutions will be
introduced. The last chapter of the paper contains an example for the comparison analysis of a given
workplace.

Keywords: workplace handling; modeling; material handling equipment; comparison.

1. INTRODUCTION

The role of the industrial processes is more and more important in the
everyday life of people living in everywhere in the World. We use many items for
different purposes, most of them are manufactured in special workplaces, so their
structure and operation parameters are very important to reach the suitable
consumption parameters (quality, price, etc.). Production and assembling
workplaces can be different in manufacturing and physical environment
characterisations, or internal structure, involving the applied material handling
solutions, which must be suited to the workplace specifications. The general
objective of my research is to develop a model which can help to select the most
suitable material handling equipment for production workplaces. The topic
presented in this paper deals with the comparison of the different handling
solutions.

This paper presents the material handling model of production workplaces, an
overview about the handling equipment selection process for workplaces and the
comparison analysis of the applicable handling solutions. To show the applicability
of the conception an example will also be presented.

2. MATERIAL HANDLING IN WORKPLACES
2.1. Production workplaces

Production workplace means an object where a given production operation
can be realized. There are many types of workplaces which can be different in
physical, production, handling, or other aspects [1].
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In the international literature, we can find different categories for workplaces
based on manufacturing activities, product types, workplace elements, workplace
structure, working environment, job characteristics, manufacturing characteristics,
operation types, etc.

A manufacturing activity means an operation group realized on one element
of a production workplace, which can be very different in complexity [2]. There
are lot of activities using in a production process depend on the manufacturing
characteristics (assembling, cutting, filling, pushing, etc.). A production procedure
of a given product type requires many different manufacturing activities and
working environment [3], and the linking of the activities also determines the
workplace parameters (e. g. parallel or linear processes). All manufacturing
activity must be realized on suitable workplace elements, which also can be
different, depend on the applied activity types (manufacturing machines, assembly
tables, etc.) [4]. The workplace structure defines the relations among the different
workplace elements [5], involving the manufacturing and handling activities (U-
shape, linear, parallel, etc.). The working environment affects the human
operators and the machines which realize the activities [6], the most important
influencing factors are the temperature, noise, lighting and other parameters (e. g.
social and comfort environment). Another important category is the job
characteristics, which depends on the job type of the human or machine
workforce (e. g. baker, painter, woodworker) [7]. The widest category is the
manufacturing characteristics [8], which involves all production and service
sector of the economy and define only some main characteristics (e. g. textile
industry, transportation). The operation type is also an important parameter
because different workplaces must be used for manual, mechanized, full automated
or assisted systems [1].

If we build a workplace, all categories must be taken into consideration,
however; this research deals only the material handling aspects of the workplaces,
so only the types which significantly influence the material handling parameters
are important from this aspect.

2.2. Material handling model

Material handling means a simple task to move units from a source object to a
destination point. Naturally, the characterizations of the given task can be very
different, and the realization process can also be very complicated. If we link some
material handling tasks suited to certain logic and take them together into account,
we get material handling process as a result [9]. The realization of a given task
involved in a handling process always influences all other tasks in the process.
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The workplace handling is the smallest part of the material handling system
of a manufacturing process. It involves only the handling of input materials and
elements, the internal handling of elements and processed units, and the handling
of output products of a given workplace [10]. Realization of the workplace
handling depends on the physical environment, which contains different functional
areas: production, operator, storage, loading, transport, inspection, etc. areas [6],
but in this research the model defined in paper [11] was use taking 3 different areas
into account: production, operator and storage areas.

The number, size and location of the individual areas can be different
depending on the characterisation of the given workplace. In the aspect of the
handling process, different workplace variations (head-type, through-flow,
complex handling, etc.) can be described based on the external and the internal
handling processes [11].

For the analysis of the handling processes of the workplaces a material
handling model must be used. If we add vertical sizes to the workplace areas, a
prismatic volume is formed [11], which involves the related handling activities as
individual points (Fig. 1).
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Figure 1 — Simple handling model of workplaces [11]

As Fig. 1 shows, the internal handling process is a chain of different handling
operations (blue arrows), which starts at the entrance point, involves different
production points (operation, picking and storing points) and is stopped at the exit
point. The different steps can be realized individually or combined with others.
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Based on the workplace and unit parameters, the general model can be simplified
or more complex depending on the given tasks (one-point, two-point, three-point
model, etc., see [10]).

3. MATERIAL HANDLING EQUIPMENT SELECTION FOR
WORKPLACES
3.1. Planning of material handling

During the planning of material handling, we are looking for suitable
equipment and procedure to satisfy the supplying requirements of production
processes. The planning process can be realized by system-based or task-based
approaching.

The system-based approaching analyses the whole production and handling
system and based on the system relations [12]. The most important element of the
planning process is the comparison of different handling systems in objects, in
devices, in handling tasks or in technology processes. Result of the planning is the
adapting of a similar handling system (e. g. similar production firms of
multinational companies) [13]. The application of this approach is limited because
of the complexity of the material handling systems and the lack of reference
handling systems (general databases).

The task-based approaching [14] follows a given or iterative order of different
planning subtasks. The optimal solution for the task-based approach, if we realize
all required subtasks together, in a predefined order. This integrated planning
concept cannot be used in generally, because of the volume, complexity and
iterative manner of the different tasks. In the practice, it can be solved only at
simple planning cases [15]. Other possibility is the simplification of the integrated
planning process to single-task-planning, augmented-planning or complex-
planning [9].

There are many solution techniques and methods to solve single planning
tasks [16], but their results are limited. During augmented planning the focus is on
a single task, but some parameters of other subtasks are also taken into
consideration. Complex-planning combines 2-3 subtasks, which are linked by a
certain aspect (e. g. technology), its complexity depends on the involved subtasks
[17].

According to the increasing of the computational performance and to the
development of optimization methods, the integrated planning can be applied more
and more complex handling systems, but because of the complexity of the required
methods and software applications, users can hardly understand the procedures so
they cannot easily accept its using [18]. To avoid this black-box effect, new
research concepts started during the last years, e. g. the process-based planning,
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which does not target to find the global optimum, but search a suitable and
understandable solution using an easier logic [9].

We can see that the planning of material handling is a complex and hard
process, but the equipment selection is a very important element of the traditional,
the integrated and the process-based planning. In our research the focus is on the
application of the equipment selection for the production workplaces.

3.2. Material handling equipment selection

Main objective of the equipment selection is to find the best material handling
solution for all handling relations. During the selection process the optimal solution
is searched along a given objective function with the comparison of the parameters
of the material handling devices and the handling relations.

Materials handling relation means a special connection between two objects
which contains any kind of handling activity. Handling relations can be defined by
the two linked objects and one handling parameter existing among them [19]. The
most important parameters used in handling relations are the types and quantities
of the goods, the distances and routes among the objects, the handling costs, the
handling time requirements, the handling circumstances and conditions, the
disturbing objects and problems, etc. [14].

At the other side the handling machines also have different parameters (e. g.
capacities, velocities, loading and transport capabilities) which must take into
consideration during the selection process [20].

The equipment selection procedure can be segmented into different steps
depends on the compared parameter types, which can be exclusion-type, limitation-
type, or numerical parameters [20]. Exclusion-type parameters can exclude the
application of certain equipment types (for example: roller conveyor cannot be
used for bulk solids). They can be unambiguous exclusions (function, goods type,
etc.) and definable exclusions (operation characteristic, handling method, track-line,
etc.). Limitation-type parameters do not exclude equipment types, but they can
narrow their practical application field (e. g. forklifts cannot be used for individual
handling of small boxes). They can be numerical limitations (goods parameters,
task parameters, etc.) and not numerical limitations (object parameters, track
parameters, etc.). Numerical parameters are the bases of the analytic design process,
their values can be different for the individual materials handling machines (route
length, energy consumption, etc.).

Based on the different parameter types, the equipment selection procedure has
three phases:

1. Exclusion of the non-suitable solutions

2. Taking the limitations into account

3. Comparison of the applicable machine types

7
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In this paper only the third phase is analysed comparing the applicable
material handling machine types.
3.3. Equipment selection for workplace handling

The workplace handling is separated into two different parts in the aspect of
the equipment: internal and external handling. The task of the external handling
machine is to transport goods into the entrance point and take off goods from the
exit point. The internal handling machine takes the goods at the entrance point,
moves them among the production points and leaves them on the exit point (Fig. 1).
There are three different possibilities for the realization of the handling process in
the aspect of the workplace handling machine types:

1. Using separate machines for the internal and external handling

2. Using only an external handling machine which also realizes the internal
tasks (e. g. forklift)

3. Using only an internal handling machine which can handle the goods on
the entrance and exit points, the external machine is only a transporter without
loading possibility (e. g. pallet car)

There are different equipment selection steps for the above-mentioned cases,
in the first case two independent or parallel procedures must be applied, in the
other two situations one complex selection process is required, but in the third case
in two parts (the internal handling is the dominant).

In this paper we describe a general equipment selection procedure which can
be applied in all three cases using suitable parameter set.

The equipment selection procedure defined in the previous chapter has the
next phases for production workplaces:

1. Exclusion of the solutions which are not suitable for workplace handling

of the given goods [11]
2. Taking the physical parameters and manufacturing environments of the
workplace into account (e. g. safe mounting of crane structure, see [10])

3. Comparison of the applicable handling solutions

This paper deals only with phase 3, where the theoretical principles and
methods, or rather the practical application will be presented.

4. COMPARISON ANALYSIS OF HANDLING MACHINES FOR
WORKPLACES

After the first two phases of the selection procedure, we can get three
different results: only one machine type is usable, there are more than one
machines which is applicable or there is no suitable machine type for the tasks. We
can use the third phase in all three cases, but the aims are different. If we have only
one usable machine, the methods applied for the comparison will be the bases of
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the dimensioning process, or the possible subtypes can also be compared. In case
of more than one suitable machine types, the comparison procedure is obvious. If
we could not find any suitable machine, we must modify the handling parameters
and make new handling environment for repeating the first two phases. For the
modifications, we can also use the mathematical methods of the comparison phase.

The comparison procedure is based on one or more numerical parameters in
every case, the most important ones are the transport distances (vertical, horizontal,
etc.), the operation times (transport, loading, waiting, etc.), the predefined limits (e.
g. production start time), the machine parameters (capacities, utilizations, etc.), etc.

Some of the above-mentioned parameters cannot be previously defined (e. g.
waiting times), so such comparison methods are required which can take the
complex and stochastic effects into consideration.

4.1. Comparison methods

The production workplaces and the material handling solutions can be very
different, so lot of methods can be used for the comparison analysis [21]: Analytic
methods, Mathematic software, Optimisation methods, Simulation methods or
Virtual reality software.

For simple comparison we can use analytic methods to find the best
handling solution, but they can be used only for well determined, special cases (e.
g. optimization of transport capacities).

Much more exact comparison can be realized by the using of mathematic
software, which are also limited in task types, but they can analyse much more
versions. Important conditions of their application are the mathematical
descripability (suitable models and formulas) and the knowledge of the suitable
software (MathCAD [22], MatLab [23], etc.).

Optimisation is a new and effective technique to find the best solution for a
given task or process. During the optimisation process we create different
variations and analyse their efficiency to find an optimal solution. The increasing
of the computing capacities and calculation speed of the computers resulted many
new methods and algorithms in the practice [24], but this device mainly suit for
increasing the operation efficiency.

Simulation methods are the most often used devices for the comparison of
different solutions. As this paper will use one of them in the next chapter so their
description can be found there.

Another possibility for the comparison of handling machines is the using of
virtual reality software (VR). There are different definitions for virtual reality
[25], but in the aspect of the planning of material handling we can define virtual
reality solutions as devices for presentation of simulated 3D objects and their
environment. In practice, VR solutions can be used for planning or teaching of

9
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handling processes. In the aspect of the equipment selection, we can use them for
virtual comparison of different machines and their behaviours.
4.2. Simulation methods

Simulation is a device to model real processes and evaluate their states,
changings and other process elements [14]. Simulation methods usually applicable
for modelling of given processes, however they can be adapted for different similar
process variations setting their parameters in.

Types and characterisations of the applied simulation process depend on the
model, the calculation schemes, the environment and the parameters are taken into
account. Based on the large variation of the methods, a huge number of simulation
software has been developed during the last decades.

There are also several simulation methods used for the material handling and
logistic processes, modelling different elements of the handling procedure [26].
The main application field of simulation software in material handling is the
examination of the operation and taking the effects of stochastic changing
parameters into consideration. Another important application of the simulation is
the preliminary analysis of the designed machines and systems, involving the
comparison of alternative solutions.

The most often used simulation methods in material handling are PlantSimulation
[27], FlexSim [28], ExtendSim [29], Enterprise Dynamics [30], etc.

Demonstrating the comparison process of the handling variations, a
simulation analysis was made using Technomatix Plant Simulation software [27],
presented in the next chapter.

5. SCENARIO FOR THE COMPARISON ANALYSIS
5.1. The example workplace

To demonstrate the comparison phase of the material handling equipment
selection process, an example production workplace was created. In the example,
the model described in [10] was applied with six handling points presented in Fig.
2 and 3, their physical and functional data are involved into Table 1.

Table 1 — Data of the predefined handling points of the example workplace

;';?]?S“ng = Coorimates Function Location
Point 1 1 1 1 Entrance Left side
Point 2 3 2 1,5 Production Front side
Point 3 4 3 1 Production Inside

Point 4 6 3 1,5 Production Right side

10




ISSN 2078-7405. Cutting & Tools in Technological System, 2022, Edition 97

[
Output
store
Input
store

F
I
U\
a
¢ mmmmmms) g
P, 3 P,
2
[ ]

11

Point 5 4 15 Production Back side
Point 6 0,5 Exit Left side
o 1 |
Point 5 : 1
Point 2 4 : :
e | e ;
Point 3 E
Production area
Figure 2 — Structure and handling points of the example workplace
8m )
5
L @
6 4 %
[ ] [ ) [ =
3 S
E 2 % €
° § N 2 4
1 é: 1
% b : z ®
I g [ o,
L > x X

eale 90e|d)}JOM 33 JO Japiog



ISSN 2078-7405. Cutting & Tools in Technological System, 2022, Edition 97

Figure 4 — Manufacturing operations and material flow of the process
(E1, E2 —elements transport, P1, P2, Ps —processed units handling, F —finished units transport)

In the production procedure two different elements (single pieces) enter into
point 1 in unit loads and are transported individually among the other handling
points. Element 1 starts the process in Point 2 as the main part, then moves into
Point 3 and 4. Element 2 starts in Point 4 where it is built into the main part. After
the union the main part moves to Point 5 and leaves the workplace at Point 6, in
another unit load (see Fig. 4).

5.2. The suitable handling machines

Based on the analysis in [10] there are 5 applicable material handling
equipment types which suitable for internal handling of small, individual
production workplaces (conveyors, running hoists, linear manipulators, jib cranes
and articulated robots).

After the previous selection based on the exclusion and limitation type
parameters, articulated robots are not suitable for the example because it is hard to
reach 3 different sides of an area from outside direction. Linear manipulators are
also not so efficient, because they have complex and expansive structure and
operation which is not required in this simple case. Running hoists are suitable,
however the alternate moving along a long line (near 12 m) is not effective
(individual transport of the two elements and the main part). The real solutions are
the using of conveyors and jib cranes.

Different conveyor types can be considered for the workplace handling, but
the chain driven variations (e. g. trolley-, tow-conveyors) are too complex for small
areas. At single piece handling the most usable types are the roller and belt
conveyors, however, the frequent changing of the directions can be better realized
by rollers (Fig. 5.a).

| Rotation centre
T--a of the crane

___________________

a) Roller conveyor line b) Wall-mounted jib crane

Figure 5 — Handling machine variations
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The other possibility is the using of jib cranes, where the workplace
determines the application of a wall-mounted crane with a 4-meter-long jib. The
location and handling area of the crane are presented in Fig. 5.b.

In the simulation analysis the parameters of these two machines and the
manual handling as a reference will be compared (Version A: conveyor, Version
B: jib crane and Version C: manual handling).

5.3. The simulation model

To realise the handling process, a simulation model was made in
Technomatix Plant Simulation environment, which contains different simulation
elements for the handling variations suited to the applied software: production
stations, transfer objects, transport line sections, sources and drains (input and
output), handling solutions (conveyors, cranes, human resources), buffers and
stores, etc.

4 production stations were applied at points 2, 3, 4, 5 (point 4 is an
assembling station) for all cases, the handling variations differs mainly in the
transfer specifications (represented in the loading time), the number and length of
the transport lines and some specification of the handling solutions. Table 2.
presents the details of the basic simulation model.

Table 2 — Base data of the simulation model

MODEL

PARAMETERS Version C

Version A Version B

Handling solution Roller conveyor 1 jib crane (4m jib) 1 human person

Process times for all

. 120s 120s 120s
stations
Loading operations Automatic transfer Lifting _and Manual handling

clutching
Loadlr!g times for all 10s 10s 10s
operations
Continuous . . .
Transport operations moving on Jib rotation + hoist Manual transport
. movement
conveyor sections

Transport speed 0,5 m/s 1m/s 1 m/s
Transport sections 5 11 6+6

Sources

1 input store

1 input store

1 input store

Drains

1 output store

1 output store

1 output store

Internal stores

Only buffers

Only buffers

Only buffers

13
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The number and length of the transport sections of the handling solutions
depend on the applied machines and strategies. In case of the roller conveyor, only
5 line-sections (1—2, 2—3, 3—4, 4—5, 5—6) were used which link the stations
directly and the 1—2, 2—3 and 3—4 sections were used together for the transport
of the elements from the source store to station 4 (see Fig. 5.a).

For the jib crane, passive moving sections also must be defined beside the
active transport phases, because the crane must change its position among the
loaded activities. The number of the active sections is 6 (1—2, 2—3, 3—4, 45,
5—6, 1—4), the theoretical number of the empty movement sections is 13,
however it depends on the working strategy, in this case a simple strategy is
applied with 5 empty movements (2—1, 3—1,4—1, 5—1, 6—1). Fig. 6.a presents
the applied movement sections for the crane.

6-5 554
s 56 4->5
6 @ ®
6 7 3 334 4
® « | (’,bzx ® % e 4 c® 3 P e
) XZA
PN 7 32| |43
T 2 / Ahx 251 2 T
o /1 \,1 e ‘e 293‘ ‘394
72 >
> ( 24
1® , @ 4->2
a) Crane handling b) Manual handling

Figure 6 — Transport lines for the workplace
(blue lines —transport sections, red lines — empty movement sections)

There are also exist passive movement sections at human handling solutions,
however the number and lengths of them depend on the handling specifications of
the workplace. In this case the input and output points are separated, so the human
worker must move along an open line and use the active sections for the empty
returns (see Fig. 6.b). Because of it, the 5 active sections are obviously (1—2, 2—3,
3—4, 4—5, 5—06), but one relation (1—4) is special, because in the sections 2—3
and 3—4 the worker must step into the production area, which is not needed for the
1—4 relation. To solve this problem, a section 2—4 was created and used sections
1—2 and 2—4 together for transport the elements in relation 1—4. In case of the
passive movements the worker must use the active sections in invert directions.

5.4. Simulation results of the versions at the basic model

14
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After running the simulation for all versions with the basic data, the results of
the different handling solutions can be compared. During the research the
production performance, the transport capacities and the waiting times were used
as comparison parameters (Table 3).

Table 3 — Simulation results of the different versions

COMPARISON PARAMETERS Version A | VersionB | Version C
Simulation time [min] 120 120 120
Produced quantity [pcs] 55 44 39
Total waiting times of the handling [%6] 72 0 0
Average waiting times of the stations [%6] 3,3 20,4 27,9
Total transport distance [m] 952 1412 1945
Average buffer levels [pcs] 1,1 25 25
Maximum buffer level [pcs] 2 7 7
Loaded handling routes [%] 28 51 50,6
Rise time [s] 603 760 809
Cycle time [s] 120 148 164

The most important cause of the differences among the versions is that at the
continuous handling the loading and transport operations are independent from
each other because the transport can be parallel. At discontinuous handling the
operations directly affect each other in case of one handling machine. If we change
the basic handling parameters (loading times and transport velocities) the results
will be different (Fig. 7).

60 60

50

Produced quantity [pcs]

0 8 9 10
05 1 15 . “
oading times [s]
Transport velocity [m/s] €

a) handling velocity b) loading times

Figure 7 — Effects of the parameters to the production performance
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Fig. 7.a presents that the transport speed has no significant influence on the
production process, in all analysed cases the production quantity is almost the same
for all versions. However, the loading times are much more important for the
production process in case of discontinuous handling machines. The cause of this
situation that the model contains 12 loading operations, and the total time of the
loading is much more than the total time of the transport operations (at limited
workplace area).

As we can see on Fig. 7.b, the reduction of the loading times do not cause
noticeable changes for the conveyor, but significantly increases the production
performance in the other two cases. The changing is 20% in the production
quantity between 10s and 8s loading times, during 2 hours production.

The changing of the loading time also affects the other simulation parameters,
Table 4 presents some data in case of 8 s loading times.

Table 4 — Simulation results of the different versions (8 s loading times)

COMPARISON PARAMETERS Version A | VersionB | Version C
Produced quantity [pcs] 56 53 47
Average waiting times of the stations [%6] 3,2 6,2 15,5
Rise time [s] 583 644 693
Cycle time [s] 120 124 140

Based on Table 4 we can say that the reduction of the loading time also

reduces the cycle time, and a limit value can be calculated where the cycle time
reaches the minimum value and the transportation fits to the production time (limit
values: 6,3s for manual handling and 7,7s for crane handling). Below the limit
value the handling machine must wait at the loading points, above the limit the

parts must wait on the buffers which increase the cycle time (Fig 8).
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Figure 8 — Effects of the loading times to the cycle time
and the waiting time of the handling machine
5.5. Analysis of the modified production process

Another important parameter for material handling solutions, how it can fulfil
the requirements of the changeable production process. Fig. 9.a presents the
production quantities of the versions if the process time is changing. It can be seen,
that discontinuous machines can not adapt the changing only the conveyor can
react and result suitable quantities.
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a) Effects to the production b) Effects to the waiting times
Figure 9 — Effects of the changing of the process times to the versions

The handling solutions in Version B and C are not enough flexible to adapt
the changing, their scheduling is determined and cannot be easily modified. In this
case, the changing of the process appearing at the stations as waiting times (see Fig.
9.h).

Of course, we can increase the number of the discontinuous machines and it
will result better handling process, however this solution is not so easy for cranes
in this limited area. Much more usable possibility is the increasing of the number
of the human workers, but it requires more complex routing to avoid the
disturbances.

5.6. Conclusions of the simulation analysis

Summarising the results of the above detailed analysis of the workplace
handling solutions, we can say that
e using of continuous handling machines for workplace handling is
effective and flexible solution, but expensive and has continuous energy
consumption and maintenance requirement,
o application of discontinuous handling equipment is simple, cheap and
effective, but requires exact parameter setting for the optimal operation,
which limits its flexibility,
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e using of manual workforces is also simple and effective, the handling
system can be flexible if the number of the workers is optimized, however
in complex cases the route-planning can be hard task.

Another important observation is the importance of the loading times in small,
limited areas, which determines the cycle times of the discontinuous handling
solutions.

Of course, these consequences are general statements, the actual parameters of
the workplace environment can modify the application characteristics of the
individual handling solutions.

6. SUMMARY

People use many items for different purposes, most of them are manufactured
in different workplaces, so their structure and operation parameters are very
important to reach the suitable consumption parameters. There are many material
handling solutions can be used in the production workplaces depending on the
workplace specifications. The main objective of the research presented in this
paper was to compare the different handling solutions of production workplaces.
After the overview of the material handling model and the handling equipment
selection procedure of production workplaces, a comparison analysis of the
applicable handling solutions was introduced. The last chapter of the paper
presented an example for the comparison analysis of a given workplace.

As a result of the analysis some statements were described, which can be
considered during the planning process of production workplaces.

Of course, the results presented in this paper are only some small parts of the
research related to the material handling equipment selection process, and the
consequences are general statements, the actual parameters of the workplace
environment can modify the application characteristics of the individual handling
solutions.
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Ietep Tenek, MimkounbI, YTopiuHa

MOPIBHAJIbHUM AHAJII3 PIHIEHD 11O MEPEMIIIEHHIO
MATEPIAJIIB HA BUPOBHNYHUX POBOYUX MICHAX

AHoTanist. 3acanvha mema Oocniodcenns — po3pobKka Mooenl, sIKa 00nomodice eubpamu HaubiTbu
nioxooawje 6aHMANCHO-PO3BANMAIICYBATLHE YCMAMKYSAHHS Ol 8UpoOHuyux pobouux micys. Tema
cmammi  CmocyemvCsi NOPIGHAHHS Pi3HUX piwens no o06pobyi. [LJo6 nokazamu 3acmocoeHicmo
KoHnyenyii, 0ye HagedeHutl npuxaad. OCHOBHOIW0 Memoio 6ubOpy YCMAMKY8AHHA € NOUWLYK HAUKPAUJ020
PliwenHs 05t 6CIX 6UOI8 BAHMAICHO-PO3BAHMANICYBANLHUX pobim. YV npoyeci 8ub0py 30iliCHIOEMbCS
HOWYK ONMUMATLHO20 DPIWeHHs NO 3A0aHill  Yitbosill (YHKYIl 3 NOPIGHSHHAM napamempie
6aHMAIICONIOUOMHUX RPUCIPOIE | BAHMAICHO-POIBAHMANCYBATLHUX GIOHOCUH. 3anedcho 6i0 munie
napamempie npoyedypa ubopy YCMAMKy8aHHs CKIA0AEMbCA i3 MPboX emanie: GUKIIOYEHHS
HeBIONOGIOHUX pillenb, 6DAXY8AHHA O00OMedceb | NOPIGHAHHA 3ACMOCOGHUX Munie Mmawun. Y yiil
cmammi  aHANI3YEMbCA  MINbKU  mMpemill  eman, NOPIGHAHHS  3ACMOCOGHUX MUNIE  8AHMANCHO-
PO3BAHMACYBANLHUX MawiuH. [Ipoyedypa nopieHAHHA 8 KOXHCHOMY GUNAOKY 3ACHO8AHA HA OOHOMY A60
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O0EKIIbKOX YUCNIOBUX NApPAMEmpax, Haubilbll BaAXCIUSUMU 3 AKUX € MPAHCNOPMHI  8i0CMAHI
(6epmuKanbHi, 20pU3OHMALHI i M.N.), Yac pobomu (MPAHCHOPMYBAHHS, HABAHMAIICEHHS, OYIKYBAHHA |
m.n.), GusHaueHmi Medci (HANPUKIAO, YAC ~NOYAMKY ~6UPOOHUYMEaA), NaApamempu  MawuHu
(npodykmuenicms, sukopucmarnis i m.n.). /[na peanizayii npoyecy o6pobxu 6yna cmeopena imimayiina
Mmodenv y cepedosuwi Technomatix Plant Simulation, sxa micmumb pisHi eleMeHmu MOOeNO8AHHS
sapianmie 06poOKuU, wWo NiOX00ams OJisk NPUKIAOHO20 NPOSPAMHO0 3aDe3NeyeHHs. UPOOHUYT cCmaHyii,
00'ekmu  nepesaHmadicenHs, OLNAHKU MPAHCNOPMHUX JIHIl, Odcepena U CMOKU (8xi0 i 6uxio),
BAHMAICHO-PO3BAHMAIICYBAIbHI PileHHsl (KOHBEEPU, KPAHU, NepcoHan), oygepu i ckradu i m.o. V xo00i
docnidoicenta  AK  napamempy  NOPIGHANHA  GUKOPUCTOBYBATUCA NPOOYKMUBHICIb  8UpOOHUYmMEA,
mpauncnopmui  nomysxcHocmi i uwac ouikyeamHa. I1i0600suu  NiOCYMOK MOJMCHA CKA3amu, o
BUKOPUCIAHHA Mawul 6e3nepepenoi Oii O 6aHMAICHO-PO36AHMAICYBATLHUX PODIM HA pPOOOYOMY
Micyi € ehekmuGHUM [ SHYUKUM DIUUEHHSM, dlle 00POUM [ 8UMALAE NOCMIUHO20 eHeP2OCNONCUBAHHSL Ul
MEXHIYHO20 00CIY208Y68aHHS, 3ACMOCYBAHHS NEPEPUSHACINO0  BAHMAICHO-PO36AHMAICY BATLHO2O
VCMAmKy8anHs npocmo, 0euleso Ui egheKmueHo, ane eUuMazac MmoYHO20 HACMPOIOBAHHS NAPAMempis Ois
onmuManbHoi pobomu, wo 006MeAUCYE U020 SHYUKICMb, BUKOPUCAHHS PYYHOL npayi makodic npocmo i
ehexmusno, cucmema 6aHMANCHO-PO3BANMAICYBATILHUX PODIM Modice 6YmuU 2HYUKOI0, SIKUJO KiIbKiCHb
POOIMHUKI6 ONMUMI308aHd, OOHAK V CKIAOHUX BUNAOKAX WNIAHYBAHHS MApwpymy Modice 6ymu
CKIAOHUM  3A80aHHAM. Y pe3zyiomami aHanizy OyIU ONUCAHI OesKi NONOJNCEHHS, SKI MOJCHA
8PAX08Y6AMU NPU NAAHYEAHHI GUPOOHUYUX POOOUUX MiCYb.

KuaiouoBi c1oBa: poboma na pobouomy micyi; MoOeno8anHs,; 6AHMAICHO-PO3BAHNAICYBATIbHE
VCMAmKY8auHsl; NOPIGHAHHSI.
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STRUCTURE, COMPOSITION AND MECHANICAL PROPERTIES
OF MULTI-LAYER VACUUM-ARC NITRIDE COATINGS

Abstract. The conditions of application of multilayer vacuum-arc nitride coatings on a substrate made
from polycrystalline cubic boron nitride (PCBN) are considered using the samples of (TiAICrY)N/ZrN,
(TiZr/TiSi)N, (TiAISiY)N/CrN compositions. A schematic diagram of a vacuum-arc installation for
applying similar coatings is presented, and the technological conditions of coating formation are
considered. The structure and composition of the coatings were studied during diffractometric studies,
and the performance of coated tools was examined when turning hardened steel. A large amount of the
droplet phase in the (TIAICrY)N/ZrN coating was established. The lattice parameters of two nitrides
with an fcc crystal lattice were determined: ZrN — 4.590 4, TiAICrYN — 4.203 A. CSR (coherent-
scattering region) of the ZrN phase is 5.4 nm at the microstrain level ¢ = 4.79-10°%. High homogeneity
and low defects in the thickness of the (TiZr)N/(TiSi)N coating were established — the amount of droplet
phase is insignificant. The CSR of the coating is 24.2 nm at the level of microstrain ¢ = 5.76-10°, and
the predominant texture orientation is (111). A small amount of the droplet phase was found in the
(TIAICrY)N/CrN coating. Both coating layers are characterized by the formation of phases with a cubic
(fcc) crystal lattice, and a strong (111) texture occurs. The crystallographic planes (111) of the phase
grains are mainly oriented parallel to the coating interface. The size of the CSR is 14.6 nm. It is shown
that multilayer vacuum-arc coatings lead to an increase in the tool life of PCBN cutting tools by
reducing the effect of adhesive sticking of the processed material and reducing the intensity of chemical
interaction in the cutting zone.

Keywords: vacuum-arc technology; multilayer nitride coatings; composition and mechanical
properties of coatings; PVD coatings; PCBN cutting tool.

Introduction. In the engineering industry one of the most important priority
directions is surface strengthening and the application of strengthening protective
coatings on machine parts, cutting and forming tools, and technological equipment
[1]. Increasing the volume of surface strengthening treatment is one of the trends in
world practice.

Analyzing modern materials for PVD coatings can be identified two trends in
the development of materials for coatings [2-4]. The first consists of creating
multi-layer coatings. Each layer performs its own function and ensures a smooth
transition of the physical and mechanical properties of the coating from the surface
to the base. The second trend is to create multi-component layers.

Protective coatings make it possible to repeatedly increase the durability of
machine parts, providing the possibility of intensification of many production
processes [5].
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Vacuum-arc technologies make it possible to apply hard, dense coatings on
the surface of various materials, including non-metallic ones, with high adhesion
[6]. The technology allows the application of multi-layer coatings (with a total
thickness of up to 50 um) with unique properties. At the same time, corrosion and
erosion resistance, wear and heat resistance, and fatigue strength of products
increase [7].

Multi-layer coatings can enhance the stability of tools by 25-200% compared
to single-layer TiC and TiCN coatings [8].

During the intermittent cutting of difficult-to-process materials, tools with
multilayer coatings, in which «soft» and «hard» layers alternate, showed the best
resistance [9].

Multilayer coatings are generally multifunctional [10]. They combine high
hardness, wear resistance, resistance to oxidation and adhesive interaction with the
contacting material, low friction coefficient, and increased resistance to abrasive
wear and oxidation at elevated temperatures.

A new generation of multilayer coatings, consisting of a large number of very
thin (~ 10 pum) layers with a composition that continuously changes in thickness
and properties, allow solving the problem of the difference in coefficients of
thermal expansion and the effect of residual stresses, therefore, avoiding adhesive
peeling from the substrate [11, 12].

Multilayer nitride coatings, along with high hardness, have greater plasticity
compared to single-layer coatings, making them effective when working under
dynamic contact load conditions [13].

The presence of protective coatings on the contact surfaces of products leads
to changes in the mechanics and physico-chemistry of the contact interaction [14].
The first is determined by the redistribution of stresses on the surfaces of the parts,
a change in the friction coefficient and, as a result, acting forces and temperature.
The second is related to the fact that in order to ensure the most optimal conditions
for the operation of parts or tools, in each specific case it is necessary to choose
such a coating that ensures the minimization or absence of effects that negatively
affect their performance. The protective coating should also play the role of a
passive protector, which prevents the mechanical interaction of the product and the
tool in the contact zone or play a certain role, changing the conditions of direct
chemical interaction of their materials [15].

In this regard, the composition and properties of protective coatings can affect
the conditions of interaction in the contact zone and thus increase the efficiency of
the coated products [16].

In this work, on the example of the compositions (TIiAICrY)N/ZrN,
(Tizr)N/(TiSi)N, (TiAISiY)N/CrN, the conditions for the formation of vacuum-arc
multilayer nitride coatings on a substrate of polycrystalline cubic boron nitride
(PCBN) are considered, and they are investigated composition and properties.
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Methods of research. Vacuum-arc nitride coatings were applied in a
modified BULAT-6 installation, the schematic diagram of which is shown in Fig. 1.
RNUN 070300 indexable inserts made of polycrystalline cubic boron nitride
(PCNB) of the «Borsinit» brand as substrates for deposition. The samples were
placed on a metal flat holder located at a distance of 500 mm from the evaporator.

i
|

9 [—]

Figure 1 — Schematic diagram of a vacuum-arc installation of the "BULAT-6"
type for deposition of nitride coatings with preliminary cleaning in a gas discharge:

1 — vacuum chamber; 2 — vacuum-arc evaporator; 3 — a metal screen that does not allow
vaporized metal ions to pass through; 4 — screen-holder of substrates; 5 — nitrogen injector;
6 — samples; 7 — vacuum-arc evaporator housing — anode for gas discharge;

8 — cathode of the same material; 9 — switching relay; 10 — constant voltage source; 11 —
command-controller; 12 — pulse voltage source; 13 — cathode of the second material

The vacuum chamber was previously pumped to a pressure of P = 0.3-10°3
Pa, and ion cleaning and surface activation of the substrates were performed in a
gas vacuum-arc discharge. Electrical indicators during the preparation of the
substrate for deposition: — current on the cathode Iy = -70 A, current on the
anode I, = 100 A, voltage on the rotary mechanism Up = -1100 V, voltage from the
high-voltage pulse source U, = -2000 V, frequency 7— 12 kHz. Nitrogen pressure in
the vacuum-arc chamber during cleaning Py = 0.6 Pa. The temperature on the
samples was 550-590 °C, the cleaning time in all experiments was 10 min.

After cleaning in a vacuum and heating the samples, a layer of clean cathode
material was applied for 1 min.

Deposition of vacuum-arc nitride nanolayer coatings was performed within
60 min. Nitrogen pressure in the vacuum chamber during deposition of coatings Pn
= 0.05-0.60 Pa, and the negative potential on the substrate Up = -100—-200 V was
used. Deposition of nanolayer vacuum-arc coatings was carried out using a
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command-controller. The vaporizers work simultaneously for 7 seconds and will
periodically turn off during the 180° rotation of the substrate by the electric motor.
This mode is intended for applying two-phase coatings on flat substrates. Both
evaporators, operating for a given time, are turned on at the same time, which
determines the thickness of the coating nanolayer, and the rotation system is turned
off. On the surface of the substrate, nitrides of the material of cathode 1 are
deposited on one side, and materials of cathode 2 are deposited on the other side.

Diffractometric studies were carried out on a DRON-4-07 X-ray
diffractometer in copper Cu-Koa radiation using a nickel selectively absorbing filter.
The diffracted rays were recorded by a scintillation detector. The characteristics of
the diffraction maxima — angular position 26, the intensity |, and integral half-
width B, were determined.

The analysis of the substructural characteristics (the size of the regions of
coherent scattering L and the level of microdeformations €) was carried out by the
integral width of the diffraction lines.

A scanning electron microscope LYRA 3 XMU FEG/SEMXxFIB (Tescan,
Czech Republic) equipped with an EDS analyser Ultimmax with software Aztec
(Oxford Instruments, UK) was used for microstructure observation and elemental
analysis of coatings. The surface roughness was calculated from 3D reconstructed
surfaces measured by a laser confocal microscope Lext OLS3100 (Olympus,
Japan).

Mechanical properties of the coatings (determined by indentation of the
interface of the coatings in the polished state) — microhardness and Young's
modulus were determined using a universal nanomechanical testing machine
Zwick ZHN (Zwick/Roell, Germany) at a load on the indenter of 490.3 mN.

Polishing of the coating interface was performed using a suspension based on
ASM 1/0 synthetic diamond powder to obtain a roughness of R, 0.05.

Testing of cutting tools with polished coatings was carried out during
finishing turning with an impact of a sample made of ShKh15 steel (60-62 HRC).
Cutting modes: cutting speed v = 140 m/min, feed and cutting depth S = 0.06
mm/rev, t = 0.15 mm. The rake angle of the cutting tool y =-10°. The width of the
flank wear chamfer on the rear surface was measured with a microscope installed
on the machine bed with an error of =4 um.

Results and discussion

(TIAICrY)N/ZrN coating. The surface morphology of the vacuum-arc
nanolayer (TIiAICrY)N/ZrN coating shows a rather large amount of the droplet
phase of the cathode material (Fig. 2, a, b). Such a large number of droplets is due
to the relatively poor thermal conductivity of the TIAICrY cathode/target.

A large amount of the droplet phase leads to an increase in the percentage
content of elements Ti, Al, Cr, and Y in the coating. At the same time, a bcc
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structure was formed that did not form a nitride, which is unfavourable for the
coating working on the tool. Likewise, the droplet phase creates difficulties when
conducting mechanical tests, in particular, microhardness.

QD
o

o
o ——

Figure 2 — Surface morphology SEM
BSE mode

(a, ¢, e) and cross section (b, d) of the
coating (Up =-200 V, Pn = 0,6 Pa):

a, b — (TIAICrY)N/ZrN;

c, d — (TiZr)N/(TiSi)N;

e — (TIAISiY)N/CrN

e

In Fig. 3, the characteristic energy dispersive spectr a of the coating is given.
As can be seen, the entire elemental composition of the two cathodes is revealed in
the coating.

Considering that the concentration of yttrium in the target was about 1%, this
element is not observed in the spectrum of the coatings, since its concentration is
most likely below 0.1%.

The microgeometry of the coating interface after its formation (from R.0.59
to R, 3.48) (Fig. 4, a), due to the droplet phase, leads to limitations and accuracy of
microhardness measurement and research by scratch testing.
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Such a developed surface, due to the droplet phase, can negatively affect the
wear resistance of a cutting tool with such a coating due to brittle destruction by
softer drops.

cps/eV =
150

100

Figure 3 — EDS diffraction spectra
(Up =-200 V, Pn = 0,6 Pa):

a— (TIAICrY)N/ZrN;

b — (TiZr)N/(TiSi)N;

¢ — (TIAISIY)N/CrN

The results of X-ray structural studies and the phase composition of
(TIAICrY)N/ZrN coatings showed the presence of two nitrides with an fcc crystal
lattice, ZrN and TIiAICrYN (Fig. 5, a). The lattice parameter of ZrN nitride a =
4.590 A, the size of the coherent-scattering regions of this phase is D = 5.4 nm, and
the level of microstrain & = 4.79-10. The lattice parameter of vacuum-arc coating
TIAICrYN a=4.203 A.

(TiZr)N/(TiSi)N coating. Vacuum-arc deposition of multilayer nitride
(Tizr)N/(TiSi)N coatings was carried out from two different TiZr and TiSi
cathodes. The period of the (TiZr)N/(TiSi)N layers is 20-30 nm with a total
coating thickness of ~ 4 pm. Cathode materials have good thermal conductivity, so
the amount of droplet phase on the surface of the tested sample is insignificant.
However, the use of silicon in the cathode leads to possible inhomogeneities on the
surface of the coating, which is shown in Fig. 2.
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Figure 4 — Microrelief of the coating
surface (Up =-200 V, Pn = 0,6 Pa):
a— (TIAICrY)N/ZrN;

b — (TiZr)N/(TiSi)N;

c— (TIAISIY)N/CrN
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Figure 5 — X-ray diffraction spectrum of
the coating (Up =-200 V, Pn = 0,6 Pa):

a — (TIAICrY)N/ZrN, period thickness
30 nm; b — (TiZr)N/(TiSi)N;

c— (TiAISIY)N/CrN

40 60 80 20 deg

As can be seen from fig. 3, b, the composition of the coating includes all
components of cathodes.

The image of the polished cross-section of the vacuum-arc (TiZr)N/(TiSi)N
coating shows high uniformity and low defects throughout the thickness of the
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coating (Fig. 2, d). This is visible from the analysis of the microrelief of the coating
interface after its formation (from R, 0.1091 to R, 0.8365) (Fig. 4, b).

A decrease in the concentration of lighter elements, especially silicon, was
determined in the coating material (Fig. 5, b). The CSR size for such a coating is
24.2 nm at the level of microstresses € = 5,76-1073. The intensity analysis and the
results of structural studies indicate the predominant orientation of the texture
[111], the silicon nitride phase was not detected.

(TIAISIY)N/CrN coating. On the surface of the (TiAISiY)N/CrN coating, an
insignificant content of the droplet phase was determined, which was deleted after
polishing (Fig. 2, e).

In Fig. 3, the characteristic energy dispersive spectrum of the coating is
shown. It was determined that the formed coating has an almost stoichiometric
structure. The chemical composition of the coating corresponds to the elements
included in the cathode material, except for yttrium, which was not detected (the
reason is described above).

The roughness of the (TiAISiY)N/CrN coating interface after its formation is
low (from R, 0.0628 to R, 0.5638) (Fig. 4, c), due to the use of cathode materials
with good thermal conductivity.

Analysis of the diffraction spectrum (Fig. 5, c¢) shows that the resulting
coating is characterized by the formation of phases with a cubic (fcc) crystal lattice
in both layers of the multilayer coating.

A disordered solid solution (TiAISiY)N with crystal lattices of structural type
NaCl and CrN is formed in the nitride coating layers. The intensity of the lines in
the X-ray spectrum indicates the presence of a strong (111) texture in multi-
element nitride and chromium nitride. The grains of these phases are mainly
oriented so that their crystallographic planes (111) are parallel to the surface of the
sample. The size of the CSR is 14.6 nm.

Mechanical properties of coatings. The microhardness and Young's
modulus of coatings are given in the Table. 1.

Table 1 — Mechanical properties of coatings

Coating Microhardness, GPa Young's modulus, GPa
(TIAICrY)N/ZrN 32,3-38,0 395-415
(TiZr)N/(TiSi)N 26,5-28,2 380-430
(TiAISIY)N/CrN 30,4-36,0 300

Depending on the deposition conditions, the microhardness of the
investigated coatings varies in a wide range. It should be noted that the
microhardness of coatings can be significantly greater than the microhardness of
nitrides (single-layer coatings) included in them. For example, TiAISiYN coating
has a microhardness of 34 GPa, CrN coating — 26 GPa.
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When examining the surface of the coatings, no chips or cracks were detected,
which reduces the likelihood of defects and cracks forming during thermobaric
loading of the coatings when they are used in a cutting tool.

Testing of coatings in a cutting tool. To determine the most promising
composition for further research, testing of tools with vacuum-arc coatings of
compositions (TIAICrY)N/ZrN, (TiZr)N/(TiSi)N, (TiAISiY)N/CrN was carried out.
The test results are shown in Fig. 6, where the results obtained for the uncoated
tool are also presented for comparison.
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Figure 6 — Dependence of the tool wear on cutting time and contact areas of coated tools
(cutting time 6.5 min): 1 — (TIAICrY)N/ZrN; 2 — (TiZr)N/(TiSi)N;
3 — (TiAISiY)N/CrN; 4 — without coating

As can be seen, all multi-layer vacuum-arc coatings deposited on the PCBN
leads to an increase in the tool life compared to a cutting tool without coating.
Coatings perform the role of protection against abrasion, they reduce the effect of
adhesive sticking of the processed material, decline chemical interaction intensity
in the cutting zone at high temperature conditions, most often protective coating
efficency is associated also with a decrease in the coefficient of friction due to
formation of thin oxide films on its surfaces. Moreover, they reduce the probability
of tool breakage under dynamic load conditions, especially at the stage of the
cutting tool penetration into the processed part. Fig. 6 shows the worn areas of the
tools, where the width of the flank wear zones of the tools without coating and with
nano-layer vacuum-arc coatings is visually different.

Conclusions. On the example of the compositions (TIAICrY)N/ZrN,
(TiZr)N/(TiSi)N, (TIAISIY)N/CrN, the formation of vacuum-arc multilayer nitride
coatings on a polycrystalline cubic boron nitride substrate was considered, their
structural features, composition and mechanical properties, the possibility of use in
cutting tools when processing hardened steel.
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The selection of components for multi-layer coatings allows the development
of protective wear-resistant layers on the surface of the cutting tool, the system of
which has a hardness of up to 38 GPa.
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AHoTauist. Pos2isanymo ymosu HaHeceHHs 6a2amouaposux 8axKyyMHO-0y208Ux HiMpUOHUX NOKpUMmis
Ha niOKAAOKy 3 NOAIKpUCcmaniunozo Kyobiunoco wimpudy 6opy (IIKHB) na npuxnadi xomnosuyiil
(TIAICrY)N/ZrN, (TiZr/TiSi)N, (TIAISIY)N/CrN. Hasedeno npunyunoea cxema axyymMHo-0y2080i
YCMAHOBKU OJ5l HAHECEeHHs NOOIOHUX NOKPUMMIG, PO32NSHYMO MEXHONO2IUHI YMOSU (HOpMY6anHs
NOKpUMMI6, 3anpPoOnoHOBaHo diazpama pedicumy pobomu GUNApHuKie ma o0bepmants NiOKIAOKU.
Cmpykmypa i CKIa0 NOKpUmMmie 6UBYEHO Npu OUPPAKMOMEMPUYHUX OOCTIOINCEHHSX, MEXAHIYHI
81aCcMuUBocmi oyineHi 3 BUKOPUCIMAHHAM HaHOmeepoomipy «Micron-gammay 3 indenmopom bepkosuua,
npaye30amHicmes  IHCMPYMeHmi6 3 NOKPUMMSAM PO3ISHYMA NpU MOYIHHI  3A2apmO6aHOl Cmaii.
Bcmanosneno  genuxa  kinvkicmo  kpaniunnoi gasu y nokpummi (TiAICrY)N/ZrN. Busnaueno
napamempu spamku 06ox mimpudie 3 T'IIK kpucmaniunoio pewimioio: ZrN — 4,590 4, TiAICrYN —
4,203 A. IKP ¢pasu ZrN 5,4 um npu pieui mikponanpyoicenv & = 4,79-10%. Bemanosaena eucoxa
o00nopionicme [ mana oegpexmuicmo no moswuni nokpumms (TiZr)NI(TiSI)N — xinexicme kpanaunnol
pasu nesnauna. JKP noxpummsa cmanosumv 24,2 um npu pieni mikponanpysicens & = 5,76-107,
nepeeaxcra opieumayis mexcmypu (111). Bemanosenena HesHauHa KinbKicmb Kpanauxuoi gaszu y
nokpumms (TiAICrY)N/CrN. ¥V obox wapax nokpumms xapaxmepuum € ymeopeuHs ¢az ¢ KyoiuHow
(I'JK) kpucmaniunoio pewimkoio, mae micye cumvha mexcmypa (111). Kpucmanoepagiuni nnowunu
(111) 3epuna ¢paz nepesadicno opienmosani napaneivro inmepgeticy nokpumms. Poswip KPP
cmanogumv 14,6 um. Iloxkazano, wo 6azamowiapogi 8axyymMHO-0y206i NOKPUMM NPU3600ms 00
30inbuennss pecypcy pobomu pisanvHux iHcmpymenmie 3 IIKHB 3a paxyHOK 3HUMICEHHA 6NIU8Y
a02e3ilH020 HANUNAHHS 0OPOOIIEAHOZ0 MAMEPIALY MA 3HUNCEHHS THMEHCUBHOCMI XIMIUHOT 83A€MOOTT
6 30HI PI3aHHA MA 6NJUGI KUCHIO NOGIMPSL.

KuroueBi cioBa: eakyymHo-0yeoea mexHonozis, Oazamowaposi HimpuoHi ROKpumms, CcKIao i
MEXAHIYHI 8AACTNUBOCI NOKPUININIG.
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CAUSES OF DIFFERENT WAVES OF MACHINED
SURFACES AFTER UP AND DOWN END-MILLING

Abstract. In modern industry, among the methods of surface treatment is widely used end-milling.
Under certain conditions of its use there are self-oscillations, which significantly affect the quality of
the treated surface. Various techniques are used to study this influence, in particular, the comparison
of the basic fragments of the oscillogram obtained by cutting with the treated surface. It is established
that it is formed by the first and last wave of self-oscillations during up and down milling, respectively.
But depending on the direction of feed step and the height of the waviness on it have different meanings.
Therefore, it is important to determine the reasons that lead to this result. This paper considers the
features of each direction of supply that affect the formation of the treated surface. When
superimposing fragments of the oscillogram obtained by up milling, it is seen that the deviation of the
first wave of self-oscillations from the position of elastic equilibrium starts from the point of incision of
the cutter in the part. Therefore, the pitch of the wave on the treated surface depends on the feed and
the number of cuts required to cut the first protrusion on the cutting surface. The paper presents a
formula for determining the length of the base of this speech. When using it, the discrepancy between
the calculated wave step on the treated surface and the measured one does not exceed 4%. In the case
of down milling, the last section with waviness on the cutting surface, which is cut and affects the
shape of the treated surface, has a shorter base length than the opposite. This is the first reason why
the pitch of the wave in the down milling is smaller than in the up. Also at formation of wave on the
processed surface at down milling the feature in the form of shift on a phase of waves of self-
oscillations on each following cut is observed. This increases the cutting time and the length of the
cutting surface. Each subsequent forming depression is shifted towards the treated surface with a
decrease in its deviation from the position of elastic equilibrium. However, the phase shift direction is
opposite to the feed direction. This is the second reason why the pitch of the wave on the machined
surface after the down milling is less than after the up. The calculation of the step of the wave of the
treated surface after the down milling according to the results of the study of fragments of oscillograms
shows that the error does not exceed 12% compared to the measured one.

Keywords: milling; self-oscillation; waviness; pitch; height; cutting surface.

1. INTRODUCTION

To control the accuracy of machining on metal-cutting machines, it is
necessary to know the mechanism for the formation of a machined surface. The
results of research in this direction are reflected in publications [1-6, etc.]. For
cylindrical end-milling, it is known that the machined surface is formed by sections
of the cutting surface that are not sheared after the feed motion.

© S. Dyadya, O. Kozlova, D. Karamushka, E. Kushnir, 2022
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2. EXPERIMENTS AND DISCUSSION OF RESULTS

Depending on the speed zone of oscillations [7] and the feed direction, the
machined surfaces have distinctive features. The presence of waviness on it is
typical for milling in the third high-speed zone. However, in it, with the same
milling modes, the step Sw and the height Wz of the waviness with counter feed
are greater than with the associated one (Fig. 1).

\ ] :
Sw,_| - i Sw
a b

Figure 1 — Profile of machined surfaces after up (a) and down (b) milling

This is confirmed by their values given in table 1. They were obtained after
milling samples of Steel 3 on a special stand [8] at a spindle speed n = 280 rpm, a
radial depth a. = 0.5 mm, an axial cutting depth a, = 3 mm, feed per tooth S, =
0.1 mm with a single-tooth carbide cutter @50 mm.

Table 1 — Step and height of waviness after up and down milling

Feed direction Waviness step, Waviness height,
Sw, MM Wz, mm
Up milling 2.6 0.103
Down milling 1,08 0075

The height of the waviness after down milling is 1.37 times, and the step of
waviness is 2.4 times less than after the down milling. It was shown in [9-11] that
during down milling, the deviations from the position of elastic equilibrium (PEE)
on the last wave of self-oscillations, which form the height of waviness on the
machined surface, are less than the deviations from PEE on the first wave of self-
oscillations during up milling. This explains the differences in waviness heights for
different feed directions. To explain the differences in the pitch of the waviness, it
is necessary to consider the features of each feed direction during milling.

First of all, it should be noted that up and down milling takes place under
different cutting conditions. With up milling, cutting begins with the smallest
thickness of the cut layer, with associated milling - with the largest. When milling
with self-oscillations, this feature is reflected in the beginning of their occurrence.
In up milling, self-oscillations begin immediately after the cutter cuts in, while in
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down milling, after a certain time, when the thickness of the cut layer decreases
(Fig. 2).

Beginning
- of self-oscillations
Beginning

of self-oscillations

PEE
T

» —inserting a cutter into a workpiece; x— exit of the cutter from the part;
tpes — cutting time, PEE — position of elastic equilibrium

Figure 2 — Fragments of oscillograms obtained during up (a) and down (b) milling

This feature in both feed directions affects the fact that the profiling zone of
the machined surface is always subject to self-oscillations. With up milling, it is
formed on the first wave of self-oscillations, with down milling, on the last wave of
self-oscillations. A wavy profile on the machined surface is obtained in the form of
heredity after cutting off the protrusions on the cutting surface [9-11]. In up milling
during the feed movement, the sheared protrusion increases the thickness of the
sheared layer and reduces the deviation from the PEE on the first wave of self-
oscillations. On Figure 3 shows the overlay of successive fragments of
oscillograms that form one wave on the machined surface (for better clarity,
fragments of 1, 5, 10, 15, 20, 25 and 27 cuts are shown out of 27 fragments of
oscillograms).

Waves of self-oscillations;
of forming deprcss&ms

PEEI‘é

|

Figure 3 — Overlay of fragments of oscillograms after up and down milling
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From Figure 3 shows that all deviations from the PEE of the first wave of
self-oscillations start from the point of entry. This means that the step of waviness
on the machined surface is formed during the feed movement and cutting off the
first protrusion on the cutting surface. The length of the base of the protrusion — L
can be calculated by the formula:

L ndnt

60
where d — the cutter diameter, mm;

n — spindle speed, rpm;

t — the time from the plunge of the tool into the part and to the cavity behind
the first ledge, determined from the oscillogram.

In ongoing research for up milling t = 3.6:10%. Therefore, the sheared
protrusion on the cutting surface will have a base length L = 2.63 mm. When
applied to the tooth S; = 0.1 mm, to cut it, you will need 27 cuts and the step of the
waviness will be equal to Sy = 2.7 mm, which is close to the measured value. The
error between the calculated and measured waviness pitch does not exceed 4%.

In contrast to up-and-down milling, the machined surface is formed at the exit
of the cutter. Here, the cut off wavy section of the cutting surface has a shorter base
length than with the opposite one. Its length can be calculated by formula (1) based
on the time t determined from the last wave of self-oscillations on the down milling
waveform. In ongoing research t = 1.32-103s. In this case, the calculated length of
the cut section will be equal to L = 0.96 mm. Removing it will require fewer cuts.
This is one of the reasons why the undulation pitch is smaller in up milling than in
down milling. It should also be noted that the period of self-oscillations during up
milling is longer than during down milling (in the ongoing studies, 1.75-103s (571
Hz) and 1.52.10% s (657 Hz), respectively). When waviness is formed on the
machined surface after down milling, a feature appears in the form of a phase shift
— A1 self-oscillation waves on each subsequent cut (Fig. 4).

, (1)

APz

o AN
LAY

feuz

Figure 4 — Phase shift of self-oscillation waves during down milling
Agi-2 on the subsequent cut
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This leads to an increase in cutting time and the length of the cutting surface.
Each subsequent shaping cavity is displaced towards the machined surface with a
decrease in its deviation from the PEE. Seventh cut with longest cutting time tcu
(Fig. 5 a), cuts the valley closest to the PEE. It will be one of the peaks of the
waviness on the treated surface. The phase shift between cuts had the following
values: Ao = 0.175 mm, Ag¢zz = 0.117 mm, Aezs = 0.087 mm,
Apas = 0.204 mm, Agse = 0.2 mm, Agsr = 0.2 mm. Total shift
A@1.7=0.983 mm (Fig. 5 a). In down milling, the direction of feed is opposite to
the direction of the phase shift. Therefore, the actual distance between the first and
seventh depressions remaining on the machined surface when feeding S, =
0.1 mm/tooth will be equal to 0.383 mm. The presence of a phase shift in the
direction opposite to the feed is the second reason why the step of waviness in
down milling is smaller than in up milling. It should also be noted that the
depressions from the first to the seventh cut form only half of the waviness pitch.
After cutting off the last protrusion from the cutting surface, subsequent cutting
begins the formation of the second half of the waviness step.

APy,
AP

ey = LA
7}\\7@@ — Y

<

a b
Figure 5 — Overlay of fragments of oscillograms after down milling

During the previous cuts during the feed movement, the workpiece moved by
0.7 mm. The new largest cavity in the machined surface left from the cutting
surface formed over time te,u-= 8.3-10%s, will be at a distance of 0.95 mm from
the previous largest cavity left from the cutting surface formed during cutting
townn = 8.64-10% s (Fig. 5 b). After that, cutting with a phase shift begins and the
formation of a new waviness height. With three cuts and a total shift of 0.6 mm,
the calculated waviness pitch will be 0.96 mm. The error between the calculated
value of the waviness step on the machined surface after down milling and the
measured one does not exceed 12%.
3. CONCLUSIONS
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1. The common thing in the formation of waviness on the machined surface
after up and down milling is cutting off the protrusions on the cutting surface. But
with up milling, they are at the beginning of the cutting surface, and with down
milling, at its end.

2. In up milling, the length of the base of the protrusion cut off from the
cutting surface, which affects the step of waviness on the machined surface, is
greater than the length of the base of a similar protrusion during down milling.
This is the first reason why the step of the waviness after down milling is smaller
than after the up milling.

3. The wavy pitch in up milling depends on the amount of feed and the number of
cuts made by the tool when cutting off the first protrusion on the cutting surface.

4. The undulation step in down milling depends on the amount of feed, the
number of cuts of the cutter when cutting off the last protrusion on the cutting
surface, and the phase shift between subsequent cuts, directed in the direction
opposite to the feed direction. This is the second reason why the step of waviness
after down milling is smaller than after up milling.

References: 1. Sokolovskij A.P. Tochnost' obrabotki na metallorezhushhih stankah. Moscow : Mashgiz,
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Cepriit Jsans, Onena Koznosa, lap’s Kapamymika,
€preniif Kymrnip, 3anopixoks, Yipaina

MPUYWHM PI3HOI XBUJISAICTOCTI OBPOBJIEHUX ITIOBEPXHOHB
MICJIA 3YCTPIYHOTI'O I TIOITYTHOT' O KIHIIEBOI'O ®PE3YBAHHS

AHoTanis. YV cyuacniti npomuciosocmi ceped memooie 06poOKu NOGEPXOHb WUPOKO 3ACMOCOBYENbCS
KiHyese ¢hpesepysanis. 3a nedHUX YMO8 1020 BUKOPUCTHAHHSA SUHUKAIOTNb ABMOKONUBAHHS, AKI ICHOMHO
BNIUBAIOMb HA AKICMb 00poOAeHol nosepxui. Jlns 00CHIONHCEeHHS Yb020 6NIUBY BUKOPUCTOBYIOMbCS
PI3HI MemoOuKu, 30Kpema, 3iCmagieHHs OMmpUManux npu pisanni 6a306ux gpazmenmis ocyunozpami 3
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06pobaenoio nosepxueio. Bemanoeneno, wo 6ona (opmyemucs nepuioilo ma OCMAHHbOI0 XGUNEI0
ABMOKOIUBAHL NPU 3YCMPINHOMY Ma NONYMHOMY (hpe3epyéanni 8i0nogiono. Ane 6 3anedcnocmi 6i0
HanpsiMKy nooayi KpoK ma 6Ucoma XeUIsACIOCmi Ha Hill maromy pisui 3nauenus. Tomy axmyanvuum €
BUBHAYEHHS NPUYUH, WO NPU3600AMb 00 mMaxkozo pesyavmamy. Y yitli pobomi po3enadaromvcs
0CO6IUBOCINI KOJICHO20 HANPAMY NOOAYI, WO BNIUEAIOMb HA Popmysants 0bpobaenoi nogepxui. Ilpu
HAKNAOauHi pazmenmie OCYUNOZpamu, OMPUMAHUX NPU 3YCMPIYHOMY pesepysanni, 6UOHO, WO
BIOXUNIEHHS NePULOT X6UI ABMOKONUBAHb BI0 NOJONMCEHHS NPYHCHOT PIBHOBALU NOYUHAEMbCA 8i0 MOYKU
epizanns pesu 6 demanwv. Tomy KpOK X6UISCMOCHI HA 0OPOOeHili NOBEPXHI 3aledcums 6i0 nodavi ma
KibKOCMI pi3ie, HeOOXIOHUX OJis 3PI3AHHI NEPULO20 BUCMYNY HA NOBEPXHI pi3anHs. Y pobomi nasedeHo
Gopmyny 0nsa eusHauenHs 008ACUHU OCHOBU Ybo2o eucmyny. Tlpu it euxopucmanni po3oixcnicms Mixc
PO3PAX0BAHUM KPOKOM X6ULACMOCHIL Ha 06pobaeniii nogepxui ma sumipanum ne nepesuwye 4%. Ipu
NONYMHOMY (ppe3epysarHi ocmanHs OLISIHKA 3 XGUISCIMICIIO HA NOBEPXHI PI3AHHS, WO 3pi3aemvcs ma
enaueac Ha opmy 06pobIeHOl nOGEPXHI, MAE MEHULY OOBXUCUHY OCHOBU, HIdC npu 3ycmpiunomy. Lle
nepwia NPUYUHA, HOMY KPOK XGUACMOCMI Npu HONYWMHOMY (pe3epysanHi Menwiull, Hidc npu
sycmpiunomy. Taxooic npu popmyeanni xeunicmocmi Ha 00poONeHili NOSEPXHI NPU NONYMHOMY
@pesepysanni cnocmepicacmvcsi ocobnugicmy Yy 6uensdi 3¢y8y no Qasi Xeuib aeMOKOIUSAHb HA
KOdCHOMY HacmynHoMy pisi. Lle npuzeooumv 00 30inbuleHHs Yacy pi3zanHs ma OO0ICUHU NOGEPXHI
pizanns. Koocna nacmynua ¢popmoymeopioroua 3anaduna smiwyemocs y 6ik 06podaenoi nogepxui iz
3MeHUWeHHAM iT GIOXUNEHHS 8I0 NONOJNCEHHST NPYJIcHOi pienosazu. OOHAK HANPAMOK 3CY8y no pasi
npomuaedncHull Hanpamxy nooadi. Lle opyea npuuuna, yepes sKy Kpox Xeuascmocmi na oOpoOaeniil
NnoGepXHi Nicis NONymHozo @peszepysanns Menwiull, Hidc nicaa 3ycmpiunoeo. Pospaxymox kpoky
xeunsicmocmi 06pooIeHol NOBEPXHI NICISL NONYMHO20 (pe3epysantss 3a pe3yibmamami. 00CIONHCEeHHS
pazmenmis ocyunozpam nokazye, wo noxubka He nepesuwgye 12% nopieHsaHo 3 GUMIPSHUM.

Kuaio4oBi c1oBa: ¢pesepysantia; asmoxoiusants; XeUIACmicmy; KpoK; 6UCOMA; NOBEPXHS PI3ANHSL.
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SURFACE MODIFICATION OF SYNTHETIC GRINDING POWDERS
DIAMOND WITH HEAT-RESISTANT OXIDES AND CHLORIDES
LIQUID PHASE APPLICATION METHOD

Abstract. The restrictions to the selection of oxides, which may be interesting in the modification of
forging heat-resistant oxides of the surface of diamond grinding powders, are defined. It is shown that
the first group of the most efficient applied for modifying the surface of the diamond grinding powders
includes the following oxides — B,Os;, TiO,, SiO, and Al,O;. The second group, less effective — ZnO,
BaO and CaO. To achieve an additional positive effect from the modification it is possible to consider a
double modification of surface of diamond grains with a mixture of oxides of the first group and
chloride (CaCl,, NaCl). The process of grain surface modification of synthetic diamond grinding
powders by heat-resistant oxides and chlorides of metals and non-metals by liquid phase application
has been studied. The structural characteristics of the external structure have been studied and the
quantitative elemental composition of the surface of modified powders has been determined. It is
established that to achieve a guaranteed increase in wear resistance of diamond wheels when grinding
hard alloys at least 2 times it is recommended to modify the surface of diamond grains with a
combination of oxides: B,O; grain surface modification (50 % grain) and Al,O; grain surface
modification (50 %).

Keywords: modification; method of liquid-phase deposition, thermal stability; oxides; physical
properties; modification of oxides; diamond grinding powders.

Introduction

Oxygen in cutting processes is an important factor in changing the
tribotechnical characteristics of contact surfaces [1]. Oxide layers formed under the
action of oxygen or its compounds on contact surfaces significantly reduce friction.
And the higher the chemical activity of the metal to oxygen, the more friction is
reduced. It is known that in all cases of friction, the presence of oxide film
translates the tribosystem into the area of least dangerous oxidative wear.

The protective properties of the oxide film depend on its composition,
thickness, hardness of the substrate, etc. [2].

The presence of such an effect is also important for the grinding processes of
wheels made of superhard materials (SHM). In [1] the authors determined that to
increase the efficiency of grinding processes with wheels with SHM it is possible
to apply the following conditions for the delivery of oxygen to the treatment area:
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— the bond of the working layer of the wheel must contain materials that are
quite actively oxidized (Al, Si, Sn, Cu, Ti, etc.), and it is necessary to
create conditions for their oxidation during processing;

— additional, for example, plasma, impact on the working surface of the
wheel should be such that oxide films are formed on the bond and on the
grains of SHM;

— as supporting elements in the working layer of the circle can be effectively
used oxide granular mineral concentrates, especially oxide rutile (TiO2)
concentrates;

— abrasive materials in the form of counterfeit oxide (Al-Os3) tool ceramics
can be effectively used in wheels when processing polymeric materials
and cast irons.

Other options for introducing oxygen into the treatment area, as an example,
are the use of 0.5% solution of hydrogen peroxide in water [3], i.e. the use of
special lubricating and cooling process medium (LCPM). The participation of
oxygen as a component of the external environment is the most significant in the
lubricating effect of LCPM. The lubricating effect of moist air increases when it is
sprayed. Mineral oil enhances the effect of oxygen, as it delivers oxygen to the
treatment area, as some hydrocarbon compounds are able to dissolve oxygen in an
amount of up to 50 %. When spraying oils, the processes of formation of their
oxidation products are activated, which easily give atomic oxygen to the metal
surface. The role of oxygen-containing compounds increases with increasing
cutting speed. In the case of using oils as lubricants, three factors are important: the
oxidative activity of the gaseous medium and its humidity, the oxidation of carbon
compounds, the conditions of transfer of molecular oxygen to the friction zones.

Consider what we know from recent scientific publications in this area.
Oxygen on the surface of diamonds can be caused by normal oxidation. In [4] it
was shown that microcrystalline and nanocrystalline diamond layers behave
differently during oxidation. In general, microcrystalline samples were more easily
oxidized, and this may be due to the fact that in such a sample with larger diamond
grains there is a certain ordering of the amorphous carbon phase, indicating the
graphitization of sp?/sp®.

In [5] the morphological and structural evolution that occurs during the
graphitization of microcrystals of synthetic diamond of cubic octahedral shape at a
temperature of 1600 °C in the process of vacuum annealing is studied. It is
established that graphitization begins with the vertices and edges of crystals.
Octahedral faces {111} are more prone to graphitization than cubic ones {100}.
The graphite structures formed during the complete graphitization of diamond
microcrystals retained the shape of the original crystals.

The authors [6] investigated the graphitization of diamond under the
additional presence of metal, namely titanium during its scribing with diamond.
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The diamond graphitization wear is ascribed to the catalytic effect of titanium
atoms on crystal structure transformation. When the temperature reached up to
1100 K, Raman shifts peak of graphite corresponding to 1544 cm™! was detected to
illustrate the graphite transformation of diamond crystal structure, and the
existence of TiO, and C—O bond were confirmed to explain the oxidation wear of
diamond grain at the atmosphere of air medium.

Let's pay attention to this C-O bond. The possibility of its use was proved by
works [7, 8] through graphene oxide. In paper [7], a novel method with addition of
graphene in diamond slurry is proposed to conduct CMP lapping of sapphire wafer.
Two kinds of graphenes are added including graphene oxide (GO), reduced
graphene oxide (RGO). Results indicate that addition of graphene in diamond
slurry can significantly increase material removal rate (MRR) of sapphire wafer.
MRR of sapphire wafer is proportional to graphene weight fraction. At higher
weight fraction, GO/diamond slurry leads to higher MRR than RGO/diamond
slurry does.

The tribological properties of oxidized wood-derived nanocarbons (0WNCs),
which have the same surface chemical composition as graphene oxide (GO), were
investigated as additives in water-based lubricants [8]. WNCs were synthesized
from four kinds of Japanese wood powder by metal-catalyzed carbonization, and
were strongly oxidized by a modified Hummer's method. The four oWNCs have
aggregated chain-like nanostructures and maintain graphitic layers. In particular,
the aqueous dispersion of the oWNC derived from Japanese cedar (J. Cedar) wood
powder showed a very low friction coefficient and formed a thick tribofilm on the
plate surface.

Now let's look at how a diamond reacts to the presence of metals in contact
with it. Electroless composite plating is a valuable way to prepare diamond
magnetic abrasives [9]. Diamond magnetic abrasives were prepared by the
electroless composite plating method using iron particles and micro diamond
particles. The experimental results show the adsorption rate of microdiamond
particles on iron powder substrate can be forecasted by the established formula.

The above, as well as data on titanium [6], indicate the importance of taking
into account the reaction of diamonds with metals, as discussed in [10]. To explore
the difficulty of diamond reacting with different kinds of metals and metal oxides,
the activation energies of the reaction between diamond and metals, as well as
between diamond and metal oxides, were obtained by first-principle calculation.
For the transition metals in the fourth period of the Periodic Table of the Elements,
when they react with diamond and form corresponding metal carbides, the order of
activation energy from low to high is Mn, Fe, V, Ti, Cr, Co, Ni, Zn, and Cu. The
calculated results are in accord with unpaired “d” electrons theory and previous
studies. And when diamond reacts with MnO, FeO, CoO, NiO, and CuO to form
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metals and CO, the calculated activation energy in descending order is MnO, FeO,
CoO, NiO, and CuO.

As we see, some attention is paid to oxides by researchers, so let's consider it
more specifically. Let's start with CuO [11]. Surface morphologies showed that
diamond coating can deposit on the substrate with CuO particles. However, CuO
particles can lead to the formation of the amorphous carbons with high Raman
bands.

In the work [12] W-containing coatings were deposited on the surface of
diamond microcrystals by hot pressing using WOs; as a metal source. After
treatment of the mixture at 850 °C for 15 min, WO, and W1gO49 were found on the
diamond surface. During the coating formation, the deposition selectivity with
regard to the diamond facet was observed. The {100} facets of diamond were
preferentially coated. The coating developed through the formation and
coalescence of islands, which were of square shape on the {100} facets and of
triangular shape on the {111} facets of diamond. In [13] filed the behavior of
another refractory compound — V. During sintering, vanadium ions in the bond was
enriched on the diamond surface and combined with the unsaturated carbon atom
existed on the surface of diamond to form abrasive. Pazom 3 Tum, results showed
that the refractoriness of the vitrified bond with 4 wt. % V,0Os reached 555 °C,
17 °C lower than that of the vitrified bond without V20s.

In the work [14] diamond was modified by coating SiO- layer through
isothermal hydrolysis method. Diamond abrasives with three different micro-
nanoscale particle sizes were chosen to be modified. The results show that
SiO; thin film is uniformly grafted onto the diamond surface. The results of
polishing tests show that the SiO,-modified diamond abrasives exhibit
higher material removal rate and better polishing quality than that of unmodified
diamond abrasives.

Given a certain positive from the modification of SiO; in a number of works
[15-17] another heat-resistant oxide - Al,O3 was considered.

In the work [15] diamond powders have been coated with thin layers of
Al,O3 by atomic layer deposition with the aim of prevent its thermal oxidation. it
was found that the weight loss onset temperatures (Tonset), that denotes the
temperature at which decomposition diamond to CO; begins, shifted towards
higher temperatures (an increment of = 50 K) as result of protective effect of the
Al>Os layer.

Understanding and rationally controlling the interfacial electronic states of the
Al;Os/diamond (Al>03(001)/C(001)) appears to be crucial in the next generation
oxide-semiconductor devices on the basis of diamond. In the work [16] the density
functional theory computations are used to systematically elucidate the effects of
the different terminated planar of Al,O3 and diamond on the electronic properties
of the Al,Os/diamond interfaces.
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e oaun mpukiazn 3acrocyBands Al,Oz nopanwuii B crarti [17]. A Cu-Ni-Sn
matrix reinforced by Al>Os particles (referred as CuNiSn/Al;O3) has been
developed as a potential substitute for cobalt to fabricate diamond-cutting tools.
The new CuNiSn/Al,O3z matrix is promising for fabricating diamond tools with low
cost, high processing efficiency and long service life.

At the end of our review we will also pay attention to some exotic but
interesting options for grain surface modification, such as boron - with the
formation of B203 on the grain surface [18], activation of NaCl [19] and diamond
coating with hydrogen [20].

It was demonstrated that the properties of diamond can be improved by
surface engineering [15]. It is also important to modify the surface of diamond
grains with oxides [21], because it will allow to deliver oxygen to the treatment
area.

In this setting, this problem is little studied, and the possibility of their
implementation is discussed in this article. Synthetic diamond-polished grinding
powders modified with heat-resistant oxides were used as abrasive powders in the
working layer of the abrasive tool. This allowed to efficiently deliver the oxides
directly to the area of treatment with diamond grains, i.e. directed oxides to the
surface of diamond grains. The functions that must be performed by oxides in the
treatment area are as follows: to calm the oxidation processes of diamond; to
influence the facilitation of plastic deformation of the processed material; change
the friction processes in the treatment area; reduce the temperature in the treatment
area.

In the first stage, we determined which oxides can perform these functions.
At one time, [22] investigated the loss of mass of diamond grains in a mixture with
various metals or oxides when heated in air at 900 + 10 °C for 20 min. It was found
that the investigated metals in the experimental conditions are oxidized to form
oxides, and therefore the decisive influence on the heat resistance of diamonds are
no longer the metals themselves, but their oxides.

It has also been shown that the loss of diamond grains is the lowest in the
presence of boric anhydride (B2Os), tungsten or tungsten anhydride (WQs3), and
zinc oxide (Zn0O). Manganese and silicon dioxide (SiO2) almost do not change the
weight loss of diamond grains, and cobalt, copper, nickel and their oxides C030a,
CuO, NiO significantly impair the heat resistance of diamond. From [22] it can
also be concluded that in order to achieve the quenching condition of the diamond
oxidation process, it is desirable to have metals or oxides in contact with it with
low melting points. In addition, since diamonds are compressed in the bond of the
working layer of the wheel, it is desirable that the oxides do not have large values
of coefficient of thermal expansion and specific heat.
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Figure 1 — Correlation between melting point and CLTE of oxides

We analyze the relationship between data on thermal expansion and other
properties of oxides and carbides, given in [23, 24]. It is known [25] that thermal
expansion is closely related to the parameters characterizing the state of a solid,
and there are such dependences for metals, but the authors of this article did not
find similar generalized data for oxides and carbides. It is known [26] that for
metals the coefficient of linear thermal expansion (CLTE) is the lower, the higher
the melting point of the metal. For oxides, as we found in the analysis of the data
set [23, 24], there is an inverse relationship: with increasing melting point (T m) of
oxides, their CLTE increases (Fig. 1). In fig. 1 shows that the oxides of metals of
group VI — iron, cobalt and nickel, as well as germanium occupy a separate area
parallel to the main.

A similar grouping is observed in the analysis of the relationship between
CLTE and standard molar heat capacity of oxides (Fig. 2). Analysis of the
relationship between density and heat capacity shows that with increasing oxide
density, the standard heat capacity increases slightly (see Figure 2). Significant
growth is observed for oxides containing Me;Os. In general, the above-described
grouping by valence of the metal oxide is observed. Therefore, oxides have a
number of characteristic features, the analysis of which can be useful, for example,
in explaining the behavior of ceramics in heating or the choice of oxides for
modification of oxides on the grain surface.
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Figure 2 — Correlation between density and specific molar heat capacity of oxides
and carbides; Roman numerals indicate the valence of oxide metals

Taking into account the experimental data obtained by the authors [1] on the
introduction of oxides in the contact zone of the grinding wheel and the
workpiece and the above correlations, it was determined that for the modification
of grinding grains impractical. Other restrictions, according to the authors, are
restrictions on the melting temperature of such oxides — no more than 2300 K
(see Fig. 1), on the specific molar heat capacity — no more than 80 J/(mol-K)
(see Fig. 2) and by the density of oxides - no more than 5-10% kg/m® (see Fig. 2).
Given the above limitations, the oxides that can be used in the modification of
heat-resistant oxides of the surface of diamond grains include a significant part of
the oxides of the group MeO; (TiO2, SiO,, GeO,, SNO,). Oxides of Me203 (N20s,
B,0s, Al;,03), as well as MeO (TiO, BaO, BeO, CaO) can be used to a lesser
extent. According to the authors, the use of Me,Os oxides for modification is
inexpedient. In addition, beryllium oxide (BeO) should be excluded, as it, like
other beryllium compounds, is a carcinogen.

Now let's look at the following. Aqueous solutions of LCPM based on alkali
metal salts (electrolyte solutions) are often used in the process of diamond-abrasive
grinding of hard alloys and tool steels and ceramics. High grinding temperatures do
not exclude the possibility of simultaneous presence in the treatment area of both
saturated saline solutions and alkali metal oxides. Sufficient oxygen, air, water and
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thermal decomposition products of LCPM elements promote rapid oxidation of the
metal surface. The growth of oxidation products is facilitated not only by high
temperatures in the cutting zone by the grinding wheel, but also by the
accumulation of electric discharges on the treated surface with a positive potential
relative to the mass of the machine arising from abrasive grains on metal
(thermoelectric effect). In this case, there are conditions for electrochemical
reactions of anodic dissolution on the entire surface to be treated [27]. In the case
of LCPM diamond treatment, impurities, often organic, containing chemically
active elements: sulfur, chlorine, phosphorus, iodine, etc., which are released
mainly in the contact zones during thermal decomposition of impurities, are
introduced to increase the lubricating effect. The mechanism of lubricating action
of impurities is based on their ability to form in the contact zones solid lubricating
layers of the corresponding inorganic metal salts, thereby chemically modifying
the surface. Combined impurities containing sulfur, chlorine and phosphorus are
used simultaneously to expand the capabilities of LCPM [27]. Of these impurities
can be considered salts of chlorides — CaCl,, NaCl, BaCl,, MgCl,, FeCls, KC1, of
which the most environmentally friendly are CaCl, and NaCl.

In general, this suggests that by analogy with the described action of LCPM
can also be considered a double modification of the grain surface of diamond
grinding powders with a mixture of oxides and chlorides, which can give an
additional effect when modifying the surface of diamonds.

Therefore, the analysis of the above allowed us to draw the following
conclusion. The first group, of most effectively used to modify the grain surface of
diamond grinding powders, include the following oxides: B»Os, TiO,, SiO, and
AlyOs, the second group, less effective - ZnO, BaO and CaO. To achieve an
additional positive effect from the modification, we can consider double
modification of the surface of diamond grains with a mixture of oxides of the first
group and chlorides (CaCl,, NaCl).

Indirectly, our conclusions are confirmed by the data of [28], where it is
shown that the addition of ZnO promotes the formation of oxygen polyhedra and at
the same time a large amount of lean oxygen in the glass mesh, which leads to
increased wettability of glazed bonds and the formation of -C=0, -O-H and -C-H
bond on the surface of diamond grains.

Now, in the second stage, we will understand the issues of surface
modification of diamond grain grinding powders.

Our previous studies [21] found that it is promising to modify the grain
surface of diamond grinding powders with heat-resistant inorganic non-metallic
coatings (oxides and chlorides of metals and non-metals) by liquid-phase
application. The most economically advantageous method is the liquid-phase
application of the modifier - from aqueous solutions of oxides and chlorides of
metals and non-metals.
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Materials and methods of research

For research, average samples of raw materials were selected: grinding
powders of synthetic diamonds: AC6 125/100 and AC15 250/200, metallized Ni.
The grain surface of the powders was modified by the isothermal method of liquid-
phase application from saturated solutions of both heat-resistant oxides (B.03),
chlorides (CaClz, NaCl, MgCl,, FeCls) and their mixtures (B2Os + CaCl,, B,O3 +
NacCl).

Determination of structural and morphological characteristics of the external
structure and quantitative elemental composition of modified powders was
performed using a scanning electron microscope (SEM) ZEISS EVO 50XVP,
equipped with energy-dispersive X-ray spectrum analyzer INCA ENERGY 450.

Modification of the surface of powder materials by the method of liquid-
phase application is the process of precipitation of the modifier substance released
(crystallized) from the solution in the form of crystals or films on the surface of a
solid (in our case, diamond grinding powder).

The fixation of the modifier on the grains of this powder is due to the process
of physical adsorption, the phenomenon of absorption by some solids of gases,
salts, etc. substances from solutions. The active centers that exist on the surface of
synthetic diamond grains are the primary fixation centers of the modifier [13]. We
point out the following features of physical adsorption: first, it is a weak type of
interaction, because it is not caused by electronic transitions, but only by changing
the nature of electron motion in adsorbent and adsorbate particles, and secondly,
adsorbed particles retain their molecular nature. that is, they are chemically
unchanged. Therefore, this interaction is considered molecular [29]. In our process
of physical adsorption (modification) the adsorbent was synthetic diamond
grinding powder, the adsorbate was a precipitated layer of the modifier substance
(B203/NaCl/CaCly/ ...), the adsorbent was a saturated solution of the modifier
substance.

In the liquid-phase method of forming a precipitated layer from a solution of
heat-resistant compounds (for example, B,Os, CaCl,, MgCl,, FeCls, etc.), when a
substance is deposited on the grain surface of a powder material, its crystallization
occurs. This is the case for a saturated solution and is positive because it helps to
achieve a sufficient thickness of the precipitated layer. According to our research,
even with a short duration of the modification process, the size of the crystals
formed is much smaller (by one or two orders of magnitude) compared to the size
of diamond grains.

Discussion of experimental results

The investigated powder - synthetic diamond grinding powder (25 ct) was
mixed with 10-15 ml of saturated solution of the modifier substance using a
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magnetic stirrer for 10 minutes under normal conditions. Excess solution was
drained and the remaining mixture was filtered. The obtained wet mass of powder
was dried with stirring at a temperature of 120 °C to a dry homogencous state.
After coating by gravimetry, the relative amount of the modifier was determined,
as well as the change in heat resistance of the modified powders. Heat treatment of
both original and modified samples was carried out in air in a tubular furnace at a
temperature of 800—900 °C for 30 minutes. The coefficient of heat resistance K
was determined by the loss of mass of the samples (Table 1).

Table 1 — The results of modification of synthetic diamond grinding powders with saturated
solutions of heat-resistant oxides and chlorides

Ne Samples Modifier Trr]sozrir}?;rl](}/:f Kmi
1 |AC6 125/100 CaClz (*) 8.2 0.95
2 | AC6 125/100 NaCl 9.7 0.98
3 |AC6 125/100 B203 6.3 0.98
4 | AC6 125/100 B20s3 (Tpuui) 7.4 0.98
5 |AC6 125/100 MgCla (*) 6.0 0.92
6 |AC6125/100 (Fgfq!j ;(:ny) 52 0.97
7 | AC6 125/100 B20s+CaClz (*) 8.7 0.94
8 |AC6 125/100 B20s+NaCl 9.2 0.98
9 | AC15250/200 (Ni) B20: 5.9 0.95

10 | AC6 125/100 output 0.91

* Hygroscopic powders

The degree of coverage of diamond grains, for example, with boron oxide
(B20s) is on average 5.64% (B,O3 density — 2.55 g/cm?, diamond density — 3.56
g/cm?).

From the data in Table 1, we pay attention to the fact that virtually all
grinding powders with grains that have undergone surface modification have a
coefficient of heat resistance higher than the original diamond powder. Moreover,
the largest values of the coefficient are characteristic of the conditions of grain
surface modification with boron oxide (B203).

In Figure 3 shows a sample of grinding powder of diamond AC6 125/100,
three times modified with B,O3 oxide — sample Ne 4 (see Table 1), and shows the
areas in which the elemental composition of the grain surfaces of the sample was
determined by local X-ray spectral (LRS) analysis.
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300mKm

Figure 3 — Areas subjected to elemental analysis on the grain
surface of sample Ne 4 and their quantitative elemental composition % wt.:

Researched elements
Spectrum
B C (0]
1 10.05 28.63 61.32
2 12.53 19.69 67.79
3 4.85 41.01 54.14
4 8.87 28.78 62.35
5 0.00 34.53 65.47
6 7.16 37.88 54.96
7 5.17 72.26 22.58
8 9.44 41.60 48.97
9 8.52 26.96 64.52

As you can see, the results of quantitative LRS analysis of sample Ne 4 (three
times modified B,O3) show the content of carbon (diamond) from 72.26 to 19.69 %,
boron from 0.0 to 12.53 %, oxygen from 22.58 to 67.79 %.

Thus, we have described above the features of surface modification of
synthetic diamond grinding powders both separately with heat-resistant oxide
(B203) and in combination with chlorides (NaCl, CaCly).

In the future, we studied the performance characteristics of diamond wheels
with grinding powders of synthetic diamond brand AC6 with the above surface
modifications.

Heavily machined tungsten-titanium-cobalt hard alloy brand T15K6 with
sample sizes 63x15x7 mm was selected for processing. Grinding modes: wheel
rotation speed - 18 m/s, transverse feed — 0.05 mm/double stroke, longitudinal feed
— 0.57 m/min (for processing productivity of 200 mm®min) and 1.14 m/min (for
processing productivity of 400 mm®min). Grinding was carried out without
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cooling, so as not to introduce additional disturbances in the processing process, as
it is unknown at this time the possibility of possible interaction of chlorides with
the components of the process fluid, which may be the subject of further research.
The wear resistance of the grinding tool was evaluated according to the relative
consumption of diamonds (q) and the roughness of the treated surface according to
(Ra). The test results are given in table. 2.

Table 2 — Performance of diamond grinding wheels on a polymer bond B2-08 with a relative
grain concentration of 100% with different options for surface modification of diamond
grains brand AC6 125/100

Modification of a surface of Processing productivity:
diamond grains in a working layer 200 mm3/min 400 mm3/min
of diamond wheels 12A2-45° g, mg/g | Ra, mkm | g, mg/g Ra, mkm
125x5x3x32
Modification of B20s3 grain surface 7 0.37 17 0.43

(50 % of grains) and modification
of Al20s3 grain surface (50 %)

Modification of CaClzgrain 9 0.37 20 0.41
surface (100 %)
Modification of B203z grain surface 12 0.40 24 0.41

(50 % of grains) and modification
of MgCl2 of grain surface (50 %)
Modification of FeCls grain surface 15 0.48 26 0.43
(100 %)
AC6 125/100 B2-08 100 without 17 0.31 37 0.52
modifying the surface of the
grains

Modification of NaCl grain surface 17 0.33 46 0.44
(100 %)
Modification of B20s3 grain surface 25 0.45 32 0.49
(100 %)
Modification of a mixture (B203 + 22 0.45 43 0.40
CaCly) of grain surface (100 %)
Modification of the mixture (B203 343 0.36 - -
+ NaCl) of the grain surface
(100 %)

Let's analyze the results of table. 2. First in terms of wear resistance of the
diamond tool. At once we will pay attention that 100% maodification of a surface of
diamond grains by pure oxide B2O3 and its mix with chlorides of CaCl, or NaCl on
productivity of processing of 200 mm3/min only increases the wear of the wheel.
Note that the modification of the grain surface exclusively NaCl does not actually
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affect the wear of the wheel, but such modification in a mixture with B,Os is
unacceptable, because it immediately translates the wear of the wheel in the area of
catastrophic wear, which does not allow research on such a wheel min. (see Table
2).

And what modification allows to increase wear resistance of a diamond
wheel?

First, it is pure chlorides of CaCl, and FeCls.

Second, combined modification, when 50 % of the grains are modified with
B.0s3 oxide and the other 50 % of the grains are modified with MgCl,, chloride or
Al;O3 oxide. We place the specified modification in a row as wear resistance
increases:

No modification — FeCl; — B,03/MgCl; — CaCl, — B,03/Al;0s.

The difference in wear resistance for the first (without modification) and the
last (for B203/Al,03) link of this series is 2.43, i.e. the wear resistance of the
diamond wheel when modified with a combination of B,O3/Al,O3 increases by
2.43 times. This range for a productivity of 200 mm3/min.

And what will happen with a 2-fold increase in productivity? In fact, the
location of this series has not changed, but it included modifying the surface of the
grains with B,O3 oxide, and here this series looks like this:

No modification — B,Os3 — FEC|3 - BzO3/MgC|2 - C&Clz - BzO3/A|zo3.

For higher processing productivity of 400 mm3/min the difference in wear
resistance for the first (without modification) and the last (for B2O3s/Al;0s) link of
this series is already 2.18, i.e. the wear resistance of the diamond wheel when
modified with a combination of B,0s/Al,O3 increases by 2.18 times. That is,
modification of the surface of diamond grains with a combination of B,O3/Al,03
is guaranteed to double the wear resistance of diamond wheels, both at low and
high processing productivity.

An indirect conclusion from the above is that at low processing productivity
chlorides occur in the above series three times, and B»O3z oxide — twice. With
increasing productivity of processing chlorides and the specified oxide already
occur equally - three times. In both cases of productive processing, it is best to
modify the surface of diamond grains with a combination of B2O3/Al;0:s.

From the table 2 also shows that the modification of the diamond surface with
NaCl chloride, both alone and in a mixture with B,Os, is negative and the use of
these two modifications for diamond powders is unacceptable. Note also that the
modification of the mixture (B2Os;+ CaCl,) of the grain surface also does not give
a positive effect.

Now, before considering the impact of grain surface modification on the
roughness of the treated surface, let's pay attention to the state of the cutting layer
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of diamond wheels in different modifications, because this is what determines the
roughness.

b

Figure 3 — Condition of the cutting surface of a circle with diamond grains with
modification of their surface with a mixture of — (B203 + CaClz): a— in the initial state, b —
after grinding a hard alloy with a capacity of 400 mm3/min

In the case of modification of the surface of diamond grains with the use of
chlorides, certain disturbances occur on the cutting surface. Thus, if we compare
the cutting surface of the circle, for example, when modifying the surface of
diamond grains with a mixture (B,O3 + CaCly) in the initial state (Fig. 3, a) and
after grinding hard alloy T15K6 (Fig. 3, b), we see that many wells appear on the
cutting surface, probably from torn diamond grains, i.e. the diamond content here
is deteriorating. Similar surfaces are formed when modified with the participation
of other chlorides: NaCl, FeCI3 and mixtures — (B2O3 + CaCly) and (B,O3 + NaCl).
The reason for this effect of chlorides on the cutting surface of the wheel is unclear
and requires further research. Perhaps the peculiarities of diamond content of
chloride-modified diamond grains contribute here.

Of course, such changes in the cutting surface can not but affect the
roughness of the treated surface, which we will consider below. Note that the
productivity of grinding has a significant impact. If at low productivity in 200
mm3min grinding wheel with diamond grains without surface modification gives
the lowest value of the roughness of the treated surface according to the parameter
Ra (Table 3), then at a much higher productivity of 400 mm3/min the same wheel
already gives the largest values of roughness on the parameter R, (Table 4). In this
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case, in the first case, close to the original wheel (within 20 % deviation) indicators
for the parameter Ra (see Table 3) have wheels with subsequent surface
modifications of diamond grains (in a row as the parameter R, increases):

No modification — NaCl — B,Os/NaCl — (CaCl; — B03/Al,03).

In turn, for productivity of 400 mm?®min roughness indices differ less (see
table. 4) and those that differ the least, it is possible to arrange in a row as the
parameter Ra:

No modification — (CaCl, — B,O3/MgCl;) — (FeCl; — B203/Al,0O3) — NaCl.

We also pay attention to how the fullness of the rough surface differs
according to such a parameter of the support surface curve as t50. The larger the
value of t50, the better the roughness of the rough surface.

Table 3 — Roughness of the treated surface of the hard alloy T15K6 diamond grinding
wheels on a polymer bond B2-08 with a relative grain concentration of 100 % with different
options for modification of the surface of diamond grains brand AC6 125/100 (with a
productivity of 200 mm?/min)

Modification of a surface of Roughness indicators:
diamond grains in a working layer | Ra, mkm | Rmax, mkm | Sm, mkm t50, %
of diamond wheels 12A2-45°
125x5x3x32
AC6 125/100 B2-08 100 without 0.31 2.27 72 48.92
modifying the surface of the
grains
Modification of NaCl grain surface 0.33 251 56 67.17
(100 %)
Modification of the mixture (B203 0.36 2.78 47 48.56
+ NaCl) of the grain surface
(100 %)
Modification of B20s3 grain surface 0.37 1.94 50 57.08

(50 % of grains) and modification
of Al203 grain surface (50 %)

Modification of CaClzgrain 0.37 2.28 53 43.82
surface (100 %)
Modification of B20s grain surface 0.40 2.16 175 68.13

(50 % of grains) and modification
of MgCl:of grain surface (50 %)

Modification of B20s3 grain surface 0.45 3.26 63 57.26
(100 %)

Modification of a mixture (B203 + 0.45 2.89 64 50.36
CaCly) of grain surface (100 %)

Modification of FeCls grain surface 0.48 4.09 75 56.48
(100 %)
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Table 4 — Roughness of the treated surface of the hard alloy T15K6 diamond grinding
wheels on a polymer bond B2-08 with a relative grain concentration of 100 % with different
options for modification of the surface of diamond grains brand AC6 125/100 (with a
productivity of 400 mm3/min)

Modification of a surface of diamond Roughness indicators:

grains in a working layer of diamond Ra, Mkm | Rmax, mkm | Sm, mkm | t50, %
wheels 12A2-45° 125x5x3x32

Modification of a mixture (B203 + 0.40 3.47 53 69.33
CaCly) of grain surface (100 %)
Modification of B20szgrain surface 0.41 3.03 68 57.38

(50 % of grains) and modification of
MgCl: of grain surface (50 %)

Modification of CaClz grain surface 0.41 3.00 95 50.00
(100 %)
Modification of B20s3 grain surface 0.43 4.73 96 90.14

(50 % of grains) and modification of
Al203 grain surface (50 %)

Modification of FeCls grain surface 0.43 3.65 61 51.14
(100 %)
Modification of NaCl grain surface 0.44 3.37 69 27.79
(100 %)
Modification of B20s grain surface 0.49 3.45 63 45.50
(100 %)
AC6 125/100 B2-08 100 without 0.52 3.67 72 64.23

modifying the surface of the grains

For processing productivity of 200 mm®/min this figure varies within 25 %
(see table. 3), and for 400 mm?®min this difference is already 63 % (see Table 4).

In more detail, the features of the supporting surfaces of the rough surface are
presented in Fig. 4. That is, if necessary, changing the surface modifier of diamond
grains from CaCl, to NaCl can not affect the bearing capacity of the rough surface
obtained by grinding, in this case to increase it by the parameter t50 from 43 % to
70 %.
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Figure 4 — Profilograms (a, ¢) and curves of the relative reference length of the
profile (b, d) of the surface treated with a wheel with modified surface

of NaCl grains (a, b) and a wheel with modified surface of CaCl:
grains (c, d) when grinding hard alloy with a productivity of 200 mm3/min

Conclusions

1. The possibility of directed modification of the surface of diamond grinding
powders with heat-resistant oxides and chlorides of metals and non-metals is
shown.

2. Modification of the surface of diamond grains with oxides and chlorides
increases the heat resistance of synthetic diamond grinding powders. The best
result was obtained by modifying the surface of diamond grains with boric
anhydride (B20s3).

3. It is established that to achieve a guaranteed increase in wear resistance of
diamond wheels when grinding hard alloys at least 2 times it is recommended to
modify the surface of diamond grains with a combination of oxides: B»O3 grain
surface modification (50 % grain) and Al.Os grain surface modification (50 %).
Modification of the surface of diamond grains with CaCl, chloride increases the
wear resistance of diamond wheels by a maximum of 1.8 times. A third acceptable
option is grain surface modification by a combination of oxide and chloride: grain
surface B,O3; modification (50 % grain) and grain surface MgCl, modification
(50 %). This modification makes it possible to increase the wear resistance of the
wheels by 1.4-1.5 times.
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4. It was found that diamond grains modified with sodium chloride or
modified with a mixture (B,Os + NaCl) should be used to achieve the minimum
roughness during finishing grinding operations. As grinding productivity increases,
this relationship disappears and it is recommended to use diamond grains modified
with calcium chloride or modified with a mixture (B,O3 + CaCly).

5. It was found that if we have the condition to achieve a rough surface with
the highest bearing capacity, then the use of diamond grains with chloride
modification is unacceptable, and it is necessary to use diamond grains in wheels
with surface modification combination B2Os/Al,Os.
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Bononumup Comnon, Kam’ssHCbKe, YKpaiHa
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MOJAPIKALISI HOBEPXHI CHHTETUYHHUX AJIMA3HUX
MJII®IIOPOHIKIB Y)KAPOCTIMKUMH OKCUJAMM I XJIOPUJIAMU
PIIKO®A3ZHUM METOJJOM HAHECEHHSA

AwuoTanist. Busuaueno obmedicenns Ha 6uUbip OKcuoig, AKI MOJXMCYMb CMAHOSUMU IHMepec npu
MOOUDIKYBAHHT WIMAMNRYBAGHUMU  JHCAPOCHITKUMU OKCUOAMU NOBEPXHI AIMAZHUX ULTIGHNOPOWIKIE.
Hocniooceno  npoyec moougpixayii nogepxmi 3epeH  CUHMEMUYHUX —AIMA3HUX — UWLIQNOPOUIKIE
MepMOCMItIKUMY  OKCUOAMU MA  XAOPUOAMU Memanie ma Hememanie Memooom piOKopazHoco
Hanecennss.  Jocniodceno cmpyKmypHi  Xapakmepucmuky 306HIUHbOI CMPYKMYpU md GU3HAYEHO
KIIbKICHULL  eleMeHmHutl  CKIao nogepxui  Mmooughikoseanux nopowkis. Ilokazano mooiciugicmo
CIPAMOBAH020 MOOUDIKYBAHHA NOBEPXHI AIMAZHUX WITIPNOPOWIKIE MEPMOCMIUKUMU OKCUdaMu ma
Xnopudamu memanie ma Hememanie. Moougikayis nogepxii armasnux 3epen OKCUOamu ma Xa0puoamu
niOGUWYE  MEPMOCMINKICMb — CUHMEMUYHUX — aIMA3HUX  wiligpnopowkie. Bcmanoeneno, wo 0ns
O0CSICHEHHS 2aPAHMOBAHO20 NIOBUUWEHHS! 3HOCOCMITIKOCII AIMA3HUX KPY2i6 Npu Wlig)y8anHi meepoux
cnnagie He Menwie HiC Y 2 pasu PeKOMEHOYEMbCs MOOUDIKY8ami NOGEPXHIO AIMA3HUX 3E€PeH
rkombinayieio oxcudie: B,Os (50% 3epna) ma Al,O3 (50 %). Moouikayis nosepxui ammasnux sepen
xnopudom CaCly nidsuwgye 3Hococmitikicms aimasHux Kpyeie maxcumym 6 1,8 pasu. Tpemim
NPULIHAMHUM ~ 8APIAHMOM € MOOUDIKAYIst NOBEPXHI 3epHA  KOMOIHAYIE OKCUOYy ma XA0puoy:
moougpixayis nosepxui sepna B;03 (50% sepna) ma moougpixayis nosepxui sepna MgCly (50%). Jana
Moougirayiss 003605€ niosuwumu 3Hococmivkicmo Kpyeie y 1,4-1,5 pazu. Bcmanoeneno, wo 0ns
O0CSICHEHHS MIHIMAILHOL WOPCMKOCMI NPU YUCTOBOMY WIYSAHHKI CI0 BUKOPUCMOBYEAMU ANMA3HI
3epua, Mmooughikoeamni xnopudom Hampilo abo cymiuuuio (B,0s + NaCl). 3i 36invuwennsm
NPOOYKMUBHOCIT WTIQDYBAHHS Y5 3ANENHCHICHb 3HUKAE | PEKOMEHOYEMbCS BUKOPUCTNOBYBAMU AIMA3HI
3epHa, mooughikosani xaopudom xavyiio abo cymiwuio (B,03 + CaCly). Bemanosneno, wo saxwo €
YMOBA OMPUMAHHS WOPCMKOL NOGEPXHI 3 HAUOIILULIOIO HeCYHO0I0 30aMHICII0, GUKOPUCTAHHS AIMAZHUX
3epen 3 X10pUOHOI0 MOOUPDIKAYIEI0 HeNnpUNYCMUMO, i HeOOXIOHO GUKOPUCIOBYSAMU AIMA3HI 3epHA 8
Kpyeax 3 komobinayicto moougirayii nosepxmi B,Osl Al,Os.

KuarouoBi ciioBa: mooughixayis; memoo piokopazno2o ocaddicents;, mepmiuHa CmaoibHICMb, OKCUOU;
hizuuni enacmusocmi; moougikayis okcudie; armazni wWigyearoHi NOPOUIKU.
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CALCULATION OF SHEAR ANGLE WHEN CUTTING
WITH A TOOL OF ANEGATIVE RAKE ANGLE

Abstract. The article considers the results of the study of the cutting process in order to obtain the
calculated dependences of the shear angle oF the physical and mechanical properties of hard-worked
iron-carbon steels and alloys in thermobaric conditions of the cutting process and the value of the
negative rake angle which is a typical tool for processing with polycrystalline superhard materials
(PSHM) cutting tools. When cutting, the formation of chips occurs in the plastic flow of metal in the
area of cutting or fracture with the formation and subsequent development of cracks and the subsequent
separation of elemental or stepped chips. A well-known chip shaping scheme with one plane shift and
the value of the contact area of the front surfaces of the cutting elements with the allowable material to
be removed are used to describe the contact phenomena in the chip forming zone and calculate the
shear angle in this plane. It is established that the inverse relationship between the shear angle and the
negative rake angle of the cutting element indicates that the increase in the negative value of the rake
angle leads to a decrease in the shear angle. The specific elongation and shortening of the processed
material at the cutting temperature are defined by the authors as the characteristics of shear plasticity
and selected for use in the calculation of the values of shear angles during blade processing. As a result
of this work, the calculated dependences of the shear angle values on the physical and mechanical
properties of heavy-duty ferro-carbon steels and alloys in thermobaric conditions of the cutting process
and the value of the negative rake angle, which is characteristic of machining with tools of PSHM
equipped.

Keywords: cutting process; rake angle; chip shrinkage; iron-carbon alloys; relative plastic
characteristics; shear angle.

Introduction. In single point cutting with chip removal: milling, turning or
boring, drilling, drawing, etc., the characteristics of both cutting and machining
materials are important, and most importantly — their ratio. In the case of milling or
interrutting turning, there are also impulse loads on the cutting edge. However, the
basis for understanding the process of chip formation, stress-strain state, the load
on the cutting edge in any method of machining are natural processes occurring in
the cutting zone.

Depending on the ductility of the metal during cutting, the formation of chips
occurs in the plastic flow of metal in the zone of cutting or destruction with the
formation and subsequent development of cracks and subsequent separation of
elemental or stepped chips [1, 2].

Known methods for assessing the nature of deformation in the cutting zone
can effectively solve the problem of deformation-stress state, but this is not always
enough to fully disclose the physical nature of phenomena and quantify processes
[3-5].

© 0. Manovytskyi, S. Klymenko, V. Burykin, 2022
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One of the main provisions of the science of metal cutting is the dependence
of chip shrinkage on the degree of deformation of the layer of allowance material.
Chip shrinkage is one of the main characteristics that allows to recognize the
phenomena in the cutting zone, to make numerical calculations using this indicator
[2].

However, it is well known that measuring the length and width of chips,
weighing them and obtaining the final results of calculations of the actual values of
shrinkage of chips are high complexity, have significant errors and are extremely
inconvenient in practice in research and industrial production.

It is especially difficult to obtain the value of chip shrinkage in the formation
of elemental and articular types of chips, the total length of which is almost
impossible to determine without errors [1].

Using the well-known chip shaping scheme with one plane shift and knowing
the contact area of the front (rake) surfaces of the cutting elements with the
allowable material to be removed, we can describe the contact phenomena in the
chip formation zone and calculate cutting forces [3]. As is known [6], the
separation of the metal occurs in the cutting zone, where it received a final
deformation, which is extreme, and if the tension is equal to the ultimate strength
of the compacted metal.

When in contact with the rake surface of the cutter, the stress in the chips will
also reach its limits. The author [7] believes that chips are formed as a result of the
occur and development of cracks in the immediate vicinity of the cutting edge of
the tool.

The aim of this work was to obtain the calculated dependences of the shear
angle values of the physical and mechanical properties of heavy-duty iron-carbon
steels and alloys in thermobaric conditions of the cutting process and the value of
the negative rake angle, which is a typical tool for processing, equipped with
polycrystalline superhard materials (PSHM).

Research methodology. In fig. 1 shows a textured chip root — a micro section of
the chip-forming element, the texture of which depends on the location in the cutting
zone.

The direction of the texture leads to the end of the plane in which the metal is
extremely hardened and subject to shear, which separates the allowance material and
turns it into chips.

The consequence of the contact interaction of the chips with the rake surface of
the cutter is additional heating of the chips due to its friction on the front surface of the
cutter and internal friction and subsequently the texture of softened chips already
formed by the rake surface of the tool and the internal friction of the chips [9].

There are several modern models of the deformation zone during turning, both
with one and with several shear planes, which reflect the process of chip formation as a
result of plastic deformation shear of the allowance material.
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Conditionally, according to the limit values of fluidity and strength, ferrocarbon
materials can be divided into highly plastic at 6:(c0,2)/0s = 0,45-0,55; plastic at 6./c5 =
0,55-0,70; o./cs = 0,55-0,70; low-plastic, having a ratio of o+/c; =0,70-0,90 and
brittle, which practically do not correlate with each other [10].

Despite the fact that the model with a developed deformation zone looks more
realistic, analytical studies using models with a displacement in one plane have a
fairly complete view and when using high-speed turning and milling finishes are
still more acceptable. This is especially evident when working with brittle and low-
plastic materials [1].

Microgrind of element of chip Intensity of deformation e;

(IR 0410
L2 1,030
g 1050
B2 5064

Steel 45, V=60m/min, $=0,59 mm/rev
t=1.5mm

Dsctribution of Intensity of
deformation on element of chip

a b
Hardness HB

[T} 170-204
7777 14151
[7/77) 151302

W36

Distribution of hardness
on element of chip
C

Figure 1 — Microgrind of a detachable chip element with the formed texture
and hardness of the chip element [8]

Images of the deformation zone, the corners of the texture of the root chips
with their measured values are shown in fig. 2, which shows a cutter with a zero
rake angle that was used during processing.
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Figure 2 — Image of the boundaries of the deformation zone in the formation of chips
and the angle of the texture when free rectangular cutting of steel 20H; velocity
v = 0,7 m/min, slice thickness a = 0,065 mm [2]

Numerous microgrinds that reveal the texture of the shear line that passes to
the chips, as best described in [2]. The sequence of deformation of the allowance
and the formation of the chip element, when processing steel type 20H in the
records, high-speed film camera with a frequency of 1500 frames per second are
shown in fig. 3.

Figure 3 — The sequence of formation of elements of chips and textures
with a frequency of high-speed filming of 1500 frames per second
when processing cold-formed steel type 20G. The thickness of the cut is 0,25 mm

According to these indicators, almost all hardened steels, bleached and high-
alloy cast irons, heat-resistant and similar alloys should be classified as low-plastic
materials.

High-speed turning, shown in fig. 3, orthogonal rectangular free cutting of
steel type 20H with a cutting speed of 40 m/min and a cut thickness of 0,25 mm,
allowed to trace the main sequences of the chip formation process. At the stage of
formation of the chip element in the material to be separated, the texture lines are
visible and more clearly observed in the individual chip elements. In this case, the
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direction of the shift lines is the same. As long as the normal stresses in the
elementary volume of the deformable material are balanced by tangential stresses
on the rake surface of the cutter, movement does not occur, the allowance material
is plastically deformed and applied to the rake surface of the cutter, but not yet
separated in the form of chips. As soon as the compressive stresses reach the
strength of the material, the deformed allowance material is shifted along the shear
lines forming a texture, moved along the rake (front) surface of the cutter and then
separated as a chip element. [10].

As rightly insisted [12], the force of chip formation during cutting initiates
significant compressive stresses and, as a consequence, elastic-plastic deformations
of the metal to be cut, followed by plastic shear.

Consider a modified negative front angle Merchant scheme [1], which
illustrates the relationship between the cutting angle, shear angle and rake angle of
the cutter, as well as the thickness of the cut in orthogonal rectangular cutting, as
shown in fig. 4.

Taking into account the fact that the displaced metal is of constant density
and neglecting lateral deformations across the width of the section, the condition of
continuity can be represented in equal volumes of derived metal before its
deformation and deformed immediately before its shift [13].

Ly

Figure 4 — Scheme for determining the relationship between the shear angle,
the front angle of the cutter, the thickening and shortening of the allowance metal,
which is deformed during chip formation; Aa — thickening of the metal along
the thickness of the cut; Al — shortening of the metal along the length of the cut

Assuming the constancy and invariance of the cut width and taking into

account the constant density of the metal passing into the chips, we can proceed to
the equality of the planes of quadrilaterals OABC and O1ABC;..
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The area of the OABC quadrilateral will be
Sosgc =a-1 +0,5a-Al. (1)
And the area of the quadrilateral O1ABCiis equal to
SolAB(:1 = SolABC + Spge — SDB(:1 : 2
The area of a rectangle and triangles together will be equal to:
L 05-Aa-l -cos(® +y)

S =a-l —0,5a-Al-
QuABCL cosy - COS® ©)
After reduction we have
0,51 - Aa - cos(® +
(@+7) . @
cos® - cosy
After revealing the sum of angles and transformations, we have
sSin d - sin
~ =1 ©)
cosd - cos
or
tgd = ctgy ©6)
As shown in fig. 3 and 4, subject to continuity will be the following
a Aa
—=—=tgd
I Al g ()

From the resulting equation (6) the obvious inverse relationship between the
shear angle and the negative rake angle of the cutting element indicates that an
increase in the negative value of the front angle leads to a decrease in shear angle,
ie, assuming that the machined material is completely plastic and there is no
friction on the surfaces in contact with the cutting tool, if there was a zero front
angle, the deformation of the section thickness would reach infinity and stresses on
the thickness and length of the section would be equal when assigning the rake
angle y = 45°.

However, structural and tool materials are not ideal and have certain
properties that are manifested in their plastic deformation, including milling in high
temperatures.

There are many studies of the characteristics of materials at temperatures
close to the turning temperature results. These data are contained both in the
standard documentation for most steels and alloys (state standards, specifications)
and in numerous references.

But it is extremely difficult to determine the actual local temperature in the
contact zone during turning, drilling or milling. Heat release is the result of
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deformation in the cutting area, as well as the friction of the cutter tooth against the
rear surface and the chips running on the rake surface of the cutting element.

Direct methods of measuring the temperature in the area of the shear zone
estimate the temperature values depending on the temperature of the workpiece,
chips and tool is too inaccurate, because in this case there is a fairly high
temperature gradient. There are modeling methods for determining the temperature
in the deformation zone, based on the similarity theory proposed in [12].

Fig. 5 shows graphical images illustrating the dependence of temperature in
the movement zone and the temperature on the front surface of the cutter
depending on the cutting speed of different tool materials by complex criterion F
taking into account the effect of tool geometry and thermal conductivity ratio of
tool and workpiece material.

6°C 6°C

600 1100 -
1000 -
500

900

400

T

! ! ' 800 T T T
1.0 14 18 v, mis 0,6 1,0 1,4 1,8 v, mis

Figure 5 — Dependence of the temperature in the shear plane (a)
and the temperature on the front surface of the cutter (b) on the cutting speed [10]

The study shows that the temperature on the rake surface of the cutting
element varies from 800 to 1200 °C (depending on the tool used) and the shear
temperature at the optimum cutting speed of the tool — from 500 to 700 °C, and for
the type of polycrystalline cubic Boron Nitride (PcBN) cyborite — narrower range
from 500 to 550 °C [14].

Taking into account the relationship between longitudinal and transverse
deformations in equation (7), based on the conditions of continuity (scheme in fig.
4), and analyzing the relationship between longitudinal and transverse
deformations when testing the strength of machined materials, we can assume that
longitudinal deformation Al when cutting will be proportional to the relative
narrowing &, and the deformation in the thickness of the cut Aa is proportional to
the relative elongation y in static or dynamic test, in addition, in a certain
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temperature range, these characteristics are almost identical [14]. In this case,
equation (7) can be represented as follows
a Aa ¢
I Tal e ®)
Based on the scheme for determining the ratio of the thickness of the cut and
the thickness of the chips depending on the value of the shear angle (fig. 4) we
obtain: the equation (8) can be represented as follows

-cos(® +y)=a, (9)

sin @
a — slice thickness; ac — chip thickness.

The ratio of the thickness of the cut to the thickness of the chips will be the
shrinkage of the chips
a, _cos(®+y)

c

a sin @ =¢ (10)

Taking into account the dependence of the shear angle, friction angle and rake
angle of the cutter according to Merchant's equation

® =" ~05(1-7) (11)
or according to Oxley's equation;
®=50°-08(17-7) (12)

we can find the friction angle for known values of the shear angle and the specified
rake angle of the cutter.

The table shows the reference values of relative strain values at appropriate
shear zone temperatures for some types of alloy and tool steels to be machined by
cutting in the hardened state and calculated by the above formulas to determine
chip shrinkage and friction angle. The obtained values of the shear angle are used
when finding the friction angle by formulas (11) or (12).

The table summarizes the data obtained as a result of calculations according
to the method proposed on the quantitative characteristics of shear angles,
coefficients of friction and shrinkage of chips in the processing of typical
representatives of hardened to high hardness low-alloy, medium-alloy, tool and
high-alloy steels. Indicators of relative elongation and relative narrowing are given
from the reference data of the properties of steels [7].

Fig. 6 shows graphs of the dependence of chip shrinkage from the hardness of
the steel being processed and the cutting speed.

66



ISSN 2078-7405. Cutting & Tools in Technological System, 2022, Edition 97

Table — Shear angles, friction angle, coefficients of friction and shrinkage of chips in steel
processing

Relative Angle
Test friction .
lengt shear Coeffi- .
Steel brand tempe- hen?n narro angle S cient of Shrinkage
rature, wing degree - of chips ¢
oC g v, % D, (y= friction p
3, % degree |_ ~109)
500 26 75 19907' | 41%46' | 0,9105 2,67
20H 600 35 77 24934' | 30°52' | 0,5977 1,99
800 51 90 29002' | 21954' | 0,4090 1,60
600 32 90 19935' | 40%50' | 0,8642 2,60
30H 650 35 90,5 | 21°11' | 39%48' | 0,8282 2,15
) 800 48 79 31027' | 17°06' | 0,3060 1,44
Medium 500 25 78 17%46' | 44°32' | 0,9838 2,90
alloyed | 404 600 | 26 81 | 178 | 44924" | 0,9850 2,90
800 48 94 27048' | 24°44' | 0,4606 1,70
500 25 78 17946' | 44°32' | 0,9838 2,90
40HGN 600 27 85 17937' | 44%46' | 0.9925 2,91
800 57 96 30052' | 18°16' | 0,3496 1,51
12HN3 | 500 26 75 19°08' | 41°42' | 0,8909 2,66
A 600 35 65 28008' | 23%42' | 10,4390 1,67
700 43 67 32042' | 14°36' | 0,2606 1,36
ShH-15 | 614 13 37 19922' | 41%4' | 0,8714 2,33
650 |14,5 48 17048' | 44%4' | 0,9737 2,19
695 21 50 22047' | 34926' | 0,6856 217
500 40 77 27%28' | 25°4' | 0,4677 1,72
_ USA 600 48 85 29924' | 21°06' | 0,3859 1,57
Tooi 800 58 100 | 30°07' | 19%46' | 0,3594 1,52
steels 500 38 77 26017' | 27°26' | 0,5191 1,89
U10A 600 46 85 28024' | 23012' | 0,4286 1,62
800 52 100 | 31°20' | 17920' | 0,3121 1,44
500 32 68 27928' | 25°04' | 0,4677 1,72
UI2A 600 44 82 28923' | 23%14' | 10,4259 1,65
800 52 96 32048' | 14%24' | 0,2567 1,33
12H13 600 41 80 28017' | 23%26' | 0,4338 1,66
High 800 62 98 32019' | 15%2' | 0,2748 1,38
alloyed | 12H18 | 650 17 43 21024" | 37°12' | 0,7590 2,26
NOT 800 24 515 | 24959' | 32002' | 0,6253 1,94

Chip shrinkage is calculated by equation (10).
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Figure 6 — Dependence of chip shrinkage on the initial hardness of the processed HVG steel
and the cutting speed of PCBN ismit [13]: y = -5°, ¢ = 45°, cutting depth t = 0,2 mm, feed
S =0,084 mm/rev; 1 - 61 HRC, 2 - 55 HRC, 3-45 HRC, 4 - 37 HRC, 5- 23 HRC

Research results. If we compare the value of the texture angle shown in fig.
2, obtained by M. M. Zorev when turning steel 20H, with calculated data for this
grade of steel, shown in the table, the arithmetic mean of the shear angle,
calculated for the temperature in the conditional shear plane in the range from 600
to 800 °C, it almost coincides with that shown in fig. 2. As can be seen from fig. 5,
the temperature in the conditional shear plane is in the range from 500 to 750-
800 °C, and shown in fig. 6 dependences of chip shrinkage on the cutting speed
when processing steels of high (curves 1, 2) and medium (curve 3) hardness are
just close to those calculated by formula (10) and are in the range of values from

2.5 to asymptotically close to one.

Thus, we have practically proven conclusions about the legitimacy of the
appllcatlon of the relative plasticity characteristics of the processed iron-carbon
materials at a temperature equal to the cutting temperature to calculate the shear
angle, which is an extremely important characteristic of the cutting process.
Confirmation of this legitimacy are the approximate values obtained

Ferlmentally and calculated using the obtained values of the shear angles of the
ues of shrinkage of chips.
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Omnekcanap Manosuiskuii, Cepriit Kimmvenko, Bitaniit Bypukin, Kuis, Yipaina

PO3PAXYHOK KYTA 3CYBY IIPU PI3AHHI IHCTPYMEHTOM
3 BI/I’EMHUM IIEPEJHIM KYTOM

AHoTaniA. YV cmammi poszensidaiomucsa pesyibmami  OOCRIOJNCEHHA NPoyecy Di3aHHA 3 Memoio
OMPUMAHHA PO3PAXYHKOBUX 3ANEICHOCHEN 3HAYEHb KYMA 3CY8Y 6i0 (Pi3UKO-MeXaHiuHux e1acmusocmert
6a0ICKO0OPOONI0BAHUX 3aNi30-6yeneyedux cmainell i Chlagié 6 mepModapuiHUx yMoeax npoyecy pisanHs
ma 6enuUdUHU He2amusHO20 NepPeOHbOo20 KYymd, WO € XapakmepHum npu obpobyi incmpymeHmoM,
OCHAWEHUM RONIKpUCMANYHUMU Haomeepoumu mamepiaramu  (ITHTM). Ilpu 0b6pobyi pizanHsm,
VMBOPEHHS, CIPYHCKU 8106YBAEMbCSA 6 NIACMUYHOMY NOMOYI MeMAiny 8 30Hi PisaHHs ab0 PYUHY6aAHHs 3
VMBOPEHHAM | NOOANLUIUM PO3GUMKOM MPIWUH [ HACMYNHUM GIiOOLNEHHAM eleMeHmHOl a0
cmyninuacmoi cmpyscku. OOHUM 3 OCHOBHUX NOJOJICEHb HAYKU NPO DI3AHHA MEMAnie € 3anedCHICb
YCaoKku cmpyscku 6i0 cmynensi oegpopmayii wapy mamepiany npunycky. Ycaoxka cmpycku - oona 3
OCHOGHUX XAPAKMEPUCUK, AKA 00360JA€ PO3NIZHAMU AGUWA 6 30HI DI3anHA, 3pOOUMU YUCLOGI
PO3PAXYHKU 3 SUKOPUCTHAHHAM Yb020 NOKA3HUKA, NPOMe GU3HAYEHHS OIICHOI 00BICUHU A WUPUHU
cmpyowcky, iT 36axCy6aHHs mMA OMPUMAHHA OCMAMOYHUX Pe3yNbMmamie pPO3PAXYHKIE DakmuuHux
6eNUYUH YCadKu CMPYICKU NOBS13ani 3 GUCOKOI0 MPYOOMICMKICMIO, MAlomb 3HAYHI NOXUOKU ma
HAO36UYAIIHO  He3PYUHi Npu NpakmuyHoOMy 3ACMOCY6AHHI NpU NPOeOeHHi O0ocniodceHb ma 6
NPOMUCIIOBOMY  6UPOOHUYMGI, O0COONUGO - eleMEeHMHUX ma CY2loOUCUX MUNi@  CMpPYICOK.
Bukopucmana sazanvnosiooma cxema Gopmysanns cmpyscKu 3 OOHUM NIOWUHHUM 3CY6OM Ma
3HAYEHHA NIOWi KOHMAKNY NepeoHix NOBePXOHb PIdICYUUX elleMeHMie 3 Mamepianom RPUnycKy, o
nionsieae udanennio, 0N HAOAHHA ONUCY KOHMAKMHUX ABUW 6 30HI (YOPMYBAHHA CMPYICKU MA
PO3PAxyHKy Kyma 3cyey Y yill niowuni. Bcmanoeneno, uwjo Has6He 360pOMHA 3aNeACHICTb MidIC KYIMOM
3¢y8y i HecamueHUM NepeOHiM KYMOM DIdICy4020 eneMeHma GKA3YE, Wo 3POCMAHHA 6 He2AmUGHOMY
3HaueHHI nepedHbo20 Kyma eede 00 3MEeHUWeHHs Kyma 3cyey, mobmo, mamepiai, ni0OaHUil MexaHiyHill
00pobyi, e ¢ ideanbHUM I MA€ NegHi GAACMUBOCMI, SKI NPOSGIIOMbCA NPU U020 NIACMUYHOMY
Oepopmyeanni, 6 momy uucii npu ¢ppesepysanni 6 ymosax eucokux memnepamyp. Ilumome
N000BHCEHHS MA BKOPOUEHHs 0OpoONI06aH020 mamepiany npu mMeMnepamypi pi3aHHs BUSHAYEeHi
asmopami, K Xapakmepucmuky niacmudHoCmi npu 3cysi i 06pani 015 6UKOPUCIAHHA 8 PO3PAXYHKAX
3HAYeHb Kymig 3cyey npu ae308iil o0pobyi. Bracniook euxowanHs Oawoi pobomu 6y10 OMpUMaHo
PDO3DAXYHKOGL  3ANEACHOCMI  3HAYeHb  Kymd 3Cy8y  6i0  (I3UKO-MeXamiuHux — 61acmueocmet
6a0ICKO0OPOONIOBAHUX 3ai30-6yeneyedux cmainell i Chlagié 6 MmepModapuiHux yMoeax npoyecy pisanHs
ma 6enudUHU He2amusHO20 NepeOHbOo20 Kymd, WO € XapakmepHum npu obpobyi incmpymeHmoM,
ocnawenum TTHTM.

KaiouoBi ciioBa: npoyec pisanns; nepeouiii Kym; ycaoka CImpyicKu; 3a1i30-8yeieyesi Chiagu; 6iOHOCHI
NAACMUYHI XAPAKMEPUCTRUKU; KV 3CY8Y.
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ANALYZING THE EFFECT OF THE TOOL PASS NUMBER AND THE
DIRECTION OF SLIDING BURNISHING ON SURFACE ROUGHNESS

Abstract. Nowadays, the concern of environmental protection is becoming more and more important in
production as well. They often contribute to this by reducing or eliminating the amount of coolants and
lubricants, or by using alternative machining methods. One of them is burnishing, which makes a
positive effect on surface integrity, while reduces the environmental load. In this paper we examined the
change in surface roughness achieved by burnishing after turning on a corrosion-resistant steel
workpiece, where the number of burnishing passes and burnishing direction were changed. The results
showed increased smoothness, bearing capacity and dimensional stability by increasing the number of
passes from 1 to 2, however, the 3 times repetition did not show any additional favorable improvement
on the surfaces. In case of the forward-backward-forward burnishing directions, further chipping
occurred, in other cases the effect of the directions was negligible on the amplitude roughness
parameters, but considerable on the parameters characterizing the roughness peak. The greatest
improvement was achieved with the backward-forward settings.

Keywords: turning; burnishing; surface roughness; environmentally friendly machining.

1 INTRODUCTION

Nowadays, the concern of environmental protection is becoming increasingly
important in construction, energy sources and use, waste management, and industries as
well, in which this issue is particularly significant in the design and manufacture of
products. During machining the workpiece loses a part of its volume which becomes
waste, and it must be treated and recycled. The tools, molds do not last forever, and are
thrown away as they wear out, deform. During production, the use of auxiliary
materials (coolants and/or lubricants) is also a crucial issue in terms of environmental
protection, as it can reduce the possibility to recycle the waste (e.g. contaminated chips,
sludge, which is produced during grinding), and is also harmful to the health and the
environment; some cutting fluids are also responsible for the development of skin
diseases and respiratory problems, and are therefore classified as hazardous waste [1].

Increasingly strict national and international environment protection laws are
passed, which manufacturers must comply with. Due to restrictions imposed by law,
some manufacturing processes involve additional costs; thus, it is necessary to develop
new methods to replace the older ones. This is not only a technological challenge for
researchers and engineers, but also increases the importance of ecological
characteristics in the comparison of different machining processes. One approach to
this is environmentally conscious design and manufacturing, which aims to reduce or
recycle the by-products of a process. For this, such technologies are developed that are

© A. Nagy, G. Varga, 2022
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less harmful to the environment, but at the same time the improvement of product
quality, cost reduction and productivity increase are facilitated [1,2].

One of the most frequently studied and used methods of environmental
protection in production is the reduction of the used amount of cooling-lubricating
fluids or its abandonment. The latter, i.e. dry or "green" machining is considered a
better approach not only from an ecological point of view, but also in economic
respect [1]. Varga et al. investigated the effect of the cutting data and the flow rate of
cutting fluid on 3D roughness on turned surfaces with the aim of how this method of
reducing the environmental load influences the roughness values [2]. With a full
factorial experimental design, empirical formulas for the relationship between
technological data and surface roughness were given, based on which optimal cutting
data could be selected [3]. In another paper [2], they studied the effect of changing
several cutting data on the surface roughness of holes made with environmentally
friendly technology in cast burnishing workpieces. They found that the roughness
values of the surfaces machined with cooling-lubricating fluid were almost the same
or smaller. Furthermore, the consequence of abandonment of cooling-lubrication was
investigated on roughness and cylindricity on turned surfaces [4]. The results showed
that it had the smallest, negligible effect after feed and cutting speed. Kundrak et al.
examined hard turning and combined machining (turning, grinding) as finishing of
the bore of case-hardened steel gears. While the same roughness value was achieved
on the machined surfaces, hard turning was found to result shorter machining time
and lower costs, and the chip did not become contaminated (its composition did not
change) with the cutting fluid, so it could be used in metallurgical processes or
recycling [1,5]. Application of untraditional turning procedures can also lead to
better surface roughness, as showed by Sztankovics et al. [6].

In the production of components, some finishing processes can be replaced by
burnishing, which reduces the environmental load by not producing chip, and at the
same time improves the integrity of the surface. The turned surface layer has tensile
stress. During burnishing, the surface material layer is compressed, resulting in a
functionally favorable surface. On the one hand, it creates microstructural
compression which generates compressive stress in the surface layer, as well as
increases its microhardness, and thereby also improves surface strength, wear
resistance and fatigue life [7,8]. Furthermore, the bearing surface characteristics are
improved by the indentation of the surface topography, including wear resistance and
dimensional stability, without significant changes in the ability to retain the lubricant.
Due to the multiple positive effects, it attracts the attention of engineers and
researchers both in industry [9] and in research, which is investigated worldwide. We
provide a brief overview of them.

Grzesik et al. investigated to what extent the superfinishing and burnishing after
hard turning on a hardened Cr-steel workpiece changes the values of 2D and 3D
roughness parameters and improves the functional properties of the machined
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surfaces [10]. Based on their results, smoother surfaces can be achieved with both
types of procedures, with lower roughness values and better bearing characteristics.
During burnishing, the burnishing speed, feed, force, and number of passes can
be adjusted on the machine tool. By changing these parameters, Ferencsik and Varga
analyzed their effect on the surface microhardness and the residual stress of the
surface layer [7], as well as on the surface roughness [11,12]. With the application of
the full factorial experimental design, formulas were given for the correlations of the
adjusted and measured parameters, which can be used to select optimal machining
values in the studied ranges. Analyzing the differences in the roughness of the turned
and then burnished surfaces for Ra, Rq, R; and Ry parameters, they found that the
increase of the force acting on the low-hardness aluminum alloy from 10N to 20N
has a negative effect and increasing the feed at a pass number of 3 is beneficial, while
1 pass has a negative impact on roughness. By increasing the number of passes from
1 to 3, further significant changes were measured in roughness, in case of feed rates
above 0.003 mm/rev. Rami et al. stated in their literature review [13] that the
burnishing force and the diamond ball diameter mostly affect the plastic deformation,
i.e. the roughness decreases, the hardness and the compressive stress increase. All of
these increase the resistance of the part to fatigue, corrosion and wear. In addition,
the number of passes also improves the surface quality, but only up to a certain limit.
Then, due to the large-scale plastic deformation of the metal surface, it will be
overhardened, which causes an increasing demand for compressive force during
further deformations and flaking on the surface, without a noticeable change in
hardness [14]. On AISI 4140 alloy steel, the average roughness Ra decreased in case
of setting a maximum of 100N burnishing force, above which material separation
was observed and the roughness value increased. When increasing the ball diameter,
Ra decreased, which is related to the fact that the depth of the indentations decreases
with the same feed. The smallest roughness was achieved with a small feed, low
burnishing force, and a large ball diameter, which R value was similar to that typical
for grinding. However, with the minimum diameter and maximum force, they were
able to achieve the highest residual compressive stress in the surface layer [13].
When burnishing, the Workpiece-Fixture-Machine-Tool system can vibrate
with a large-diameter tool (in the case of a large contact surface). This was studied
for a straight-edged wiper insert tool (which burnished the surface as well) [15]. The
regenerative chatter in case of the studied cutting parameters was investigated.
Alshareef et al. analyzed the integrity of turned and subsequently burnished
surfaces, including residual stress, surface microstructure and roughness on acid-
resistant steel [16]. It was found that the residual stress is mainly determined by
surface pressure (burnishing force and ball diameter) and feed, and burnishing speed
has negligible effect on it. The large amount of tensile stress in the turned surface
layer was significantly reduced during burnishing and compressive stress was
generated. The thickness of the changed microstructural layer was about 15 pm. The
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values of Ra and R, parameters decreased by more than 60%. Surface integrity
characteristics were investigated [17] on austenitic corrosion-resistant steel during
ultrasonic burnishing with a ball and a roller, varying the burnishing speed, force, and
number of passes. The optimal parameter values for roughness, microhardness and
residual stress were determined in the studied ranges. It was observed that with
rolling, the parameters showed better results due to the greater overlapping ratio. The
most favorable roughness results were experienced for 3 times burnishing, after that
the roughness of the surface topography deteriorated with repetition.

Based on the literature review, it can be concluded that burnishing can be
recommended to be used as a finishing, primarily because of its effect on improving
surface integrity characteristics, but also as an environmentally friendly alternative. It
was found that burnishing influences the microhardness, residual stress, and
roughness of the surface. The aim of this supplementary paper is to determine how
and to what extent burnishing affects the roughness of turned surfaces on corrosion-
resistant steel, if the number of passes and the burnishing direction are changed.

2 EXPERIMENTAL CONDITIONS

For the investigation, experiments were performed on an E400 universal lathe.
During these, the cylindrical X5CrNil18-10 (1.4301) grade corrosion-resistant steel
workpiece was clamped in a three-jaw chuck, on which the surface was segmented to 5
smaller parts. On each segment two different burnishing settings were applied, marked
with A and B letters (Table 1 and Fig. 1). The turned diameter was $49.5 mm, and the
length of the five sections was 26 mm each (Fig. 1). We first carried out turning with
the same cutting parameters (n = 375 1/min, f = 0.0812 mm/rev, a, = 0.5 mm) with a
new CNMG 120408-MP cutting insert. During this a 4% emulsion of Rhenus FU71 T
(oil viscosity: 160 mm?/s) cutting fluid was used, which was dripped onto the
workpiece in a small amount (flow rate: V, = 150 ml/min). After that, we performed the
burnishing on the prepared surfaces with f = 0.05 mm/rev feed, n = 375 1/min spindle
speed and F, = 10 N burnishing force. The diameter of the diamond ball was @3 mm.
Burnishing was carried out in different ways on the surfaces by changing the number
and direction of the burnishing passes, where “forward” direction is identical to the
feed direction in turning, and “backward” is the opposite of that (Table 1). The choice
of the variations are based on our preliminary practical experience.

Table 1 - Tool pass number and direction of burnishing on the sections

No. | 1%t pass 2™ pass | 3pass | No. | 1% pass 2" pass 3" pass
1A | forward - - 3B | forward forward backward
1B | forward forward - 4A | forward backward | forward
2A | forward backward - 4B | forward backward | backward
2B | backward | forward - 5A | backward | forward forward
3A | forward forward forward | 5B | backward | forward backward
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After the experiments, the roughness of the surfaces was measured on the
AltiSurf 520 three-dimensional topography measuring device with a CL2 confocal
chromatic sensor, which has a vertical resolution of 0.012 um. The 2D profile (red line)
and 3D areal (red square) roughness measurements on the surfaces were performed at 3
rotated locations on the surfaces, the reported results are their arithmetic mean (Fig. 1).
During the evaluation, at first the nominal (cylindrical) surface shape was extracted,
then the evaluation (1.25 mm) and cut-off (0.25 mm) lengths specified in ISO
21920:2021 and 1SO 25178-3:2012 standards were set according to the turned
topographies. In case of the 3D measurements, the topographies had an area of 1.25 x
1.25 mm? (Fig. 1). For Rmr and Syr material ratio parameters, a cut-off depth of ¢ = 1
um from the highest peak point was set.
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Figure 1 — Measurement locations for surface roughness analysis

3 RESULTS AND DISCUSSION

The roughness measurement results for the following parameters are given
for the turned surfaces in Table 2 and for the burnished surfaces in Table 3:

Table 2 — Roughness values measured on the turned surfaces

No. Ra R; Rpk Rmr Rsk Rku Sa S: Spk Smr Ssk Sku

[um] | [um] | [um] | [%] | [[] | [[] | [wm] | [um] |[um] | [%] | [[] | []

1A [1.81 [8.36 |1.15 |2.92 |0.04 |2.04 |1.85 |11.20|1.15 |0.11 |0.05 |2.07

1B |1.81 |833 |1.14 |291 |0.02 {203 [1.85 |11.16|1.14 |0.11 |0.05 |2.06

2A |1.83 |8.46 |1.16 |2.95 [0.03 [2.06 |1.88 |11.33|1.16 |0.11 |0.05 |2.09

2B [1.80 [8.29 |1.14 |2.89 |-0.01|2.02 |1.84 |11.11)|1.14 |0.11 |0.05 |2.05

3A |181 [834 |1.15 |291 |-0.03|2.03 |1.85 |11.17|1.14 |0.11 | 0.05 |2.06

3B [1.84 |8.47 |1.16 |2.95 [0.02 [2.06 |1.88 |11.34|1.16 |0.11 |0.05 |2.09

4A 1184 1850 |1.17 |2.97 |-0.01]2.07 {189 |11.39|1.17 |0.11 |0.05 |2.10

4B |1.81 |8.33 |1.14 |291 |0.04 [2.03 [1.85 |11.17|1.14 |0.11 |0.05 |2.06

5A |1.80 |8.28 |1.14 |2.89 [0.00 [2.02 |1.84 |11.09|1.13 |0.11 |0.05 |2.05

5B [1.85 |853 |1.17 |298 |0.02 |2.08 |1.89 |1142|1.17 |0.11 |0.05 |2.11
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Arithmetic mean height of profile (Ra) or surface (Sa)
Maximum height of profile (R;) or surface (S;)

Material ratio of profile (Rmr), Surface bearing area ratio (Smr)
Reduced peak height of profile (Ryk) or surface (Spk)
Skewness of profile (Rsk) or surface (Ssk)

Kurtosis of profile (Rky) or surface (Sku)

Table 3 Roughness values measured on the burnished surfaces

No. Ra R; Rpk Rmr Rsk Rku Sa S: Spk Smr Ssk Sku
(um] | [um] | [um] | [%] [[]  [[] |[wm] |[um] |[um]|[[%] [[-] |[]
1A |1.69 |7.36 |0.57 |10.82|-1.01 |2.74]|1.76 |10.18 |0.47 |0.51 |-0.97 |2.60
1B |1.15 |6.09 |0.67 [12.96 |-1.30 |{3.85|1.15 [8.64 |0.54 |1.51 |-1.33 |4.04
2A |0.96 [5.41 (0.78 [3.86 |-1.00 |3.64|0.97 |7.65 [0.72 [2.23 |-1.02 |3.89
2B |0.87 [5.06 [0.43 |20.70|-1.29 |4.12|091 |7.49 (0.42 [3.08 |-1.32 [4.36
3A |0.88 |5.24 |0.67 |12.60 |-1.27 |4.26|0.93 |7.50 |0.54 |1.91 |-1.30 |4.27
3B [0.90 |5.47 [0.50 |14.76 |-1.36 [4.48]0.93 |7.51 |0.56 |2.60 |-1.30 |4.23
4A 11.62 |8.01 [2.00 |1.65 |0.38 |2.78|1.70 [17.90|3.45 |0.27 |0.76 |4.31
4B |0.89 |5.17 |0.68 |5.23 |-1.36 [4.25]|0.91 |7.88 |0.60 |1.05 |-1.44 |4.67
5A |0.86 [4.91 (0.45 [20.14|-1.4 |4.33/0.85 |6.85 [0.35 |29 -1.45 | 4.6
5B |0.78 |5.32 (0.78 |7.54 |-1.22 |(472|0.79 |7.19 |0.69 [3.15 |-1.42 |5.36

In Table 4 the degree of decrease of the roughness values (AR; and AS;) on
the surfaces are summarized based on Equations 1 and 2, where i denotes the index
of the given roughness parameter. Therefore, a negative value in the table
expresses a deterioration of roughness. In the case of Rnr and Syr parameters, the
value increase is displayed as a multiplication factor.

turned _ pburnished
R; R,

&Ri = R!_turned

100 [%] (1)

turned burnished
s — 5|

AS, = raed -100 [%] )

During burnishing with setting 4A, material separation occurred, so the
beneficial effects from a functional point of view — reduction of roughness values,
increase of bearing capability, compressive residual stress — were absent.
Regarding the roughness values in Table 4, the experimental results confirm the
opposite effects; although the decrease in the values of parameters R, and S, is
negligible (approx. 7-10%), we experienced the lowest, mostly negative rates for
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the other examined parameters. Due to the different characters of roughness
changes, we analyze the results and the degree of changes without section 4A.

In Table 4, results show that a favorable effect can be achieved with
burnishing on the surfaces for all studied combinations of number of passes and
direction. In case of the average roughness parameters, this means minimum 6.65%
and maximum 57.9% value decrease for R,, and 5.23-58% improvement for S,.
The decrease in the value of the maximum height parameters is between 11.9% and
42.3% for R;, and between 9.12% and 39.8% for S,. Since the peaks of the
topography is flattened and rounded during burnishing, we expect a decrease in
value for the reduced peak parameters; the thickness decreases of the upper
material layer, which wears off quickly during the initial usage. This is confirmed
by the experimental results with rates between 33.1% and 62% for Ry« and between
38.2% and 70.2% for Sp. On the other hand, an increase is expected in the material
ratio parameters, measured at the same cut level; the 1.31-7.16 times increase for
Rmr and 4.51-27.66 times for Sy also confirm the expectation.

Table 4 — Rate of change in roughness values by burnishing

No. Ra R; Rpk Rmr Sa S; Spk Smr

1A | 6.65% 11.9% 50.2% 3.71x 5.23% 9.12% 59.3% 4.51%
1B | 36.4% 26.9% | 41.7% 4.46% 38.0% 22.6% 52.9% | 13.45x
2A | 47.7% | 36.0% 33.1% 1.31x 48.3% 32.5% 38.2% | 19.60x
2B | 51.4% | 39.0% 62.0% 7.16x 50.5% 32.6% 63.2% | 27.66x
3A | 51.4% | 37.2% | 41.5% 4.33% 49.6% 32.9% 53.0% | 17.02x
3B | 50.9% | 35.4% 57.3% 5.00x 50.7% 33.8% 52.1% | 22.88x
4A | 10.0% | 3.22% | -76.0% | 0.57% 7.50% | -61.3% | -204% 2.42%
4B | 50.8% | 38.0% | 40.7% 1.80% 51.0% 29.4% | 47.1% 9.36x
5A | 53.4% | 42.3% 61.3% 6.79x 54.9% 39.8% 70.2% | 25.39x
5B | 57.9% | 37.6% 33.5% 2.54x% 58.0% 37.1% | 40.5% | 27.50x

In the following, we compare the roughness of the cylindrical surfaces
machined with the same number of passes. The values of the parameters in Tables 2-
3 are illustrated in bar diagrams in Fig. 2, where the burnishing directions are shown
below the columns in chronological order. The arrows on the diagrams show the
direction, where “—” means forward, “«<—” means backward.

Fig. 2a shows the average roughness Ra values, while Fig. 2b illustrates the
maximum height R, values. The two diagrams show a very similar nature, so both are
characterized simultaneously, together with their 3D counterparts, S, and S;. It can be
seen that similar turning and burnishing values were measured for each pass numbers,
regardless of the burnishing directions. After turning, with negligible differences,
approx. Ra = 1.8 um, Sa = 1.85 um, R; = 8.4 um and S; = 11.2 um were measured,
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while on the burnished surfaces at i = 1 pass number (on surface 1B) the
improvement ratio is 6.7% for Ra, 5.2% for S,, 11.9% for R,, 9.1% for S, at i = 2; the
rate is between 36.4-51.4% for Ra, 38-50.5% for S,, 26.9-39% for R,, 22.6-32.6%
for S;, in the case of i = 3 humber of passes, we experienced a decrease of between
50.8-57.9% for Ra, 49.6-58% for Sa, 35.4-42.3% for R, and 29.4-39.8% for S,. The
differences between the improvement rates are small, at i = 2; the rate is 15% for R,,
12.5% for S,, 12% for R,, 10% for S;, and every value is smaller at i = 3; 7% for Ry,
8.4% for S,;, 7% for R;, 10.4% for S,. In the case of i = 2 number of passes, the
highest improvement rate was found on section 2B, while in the case of i = 3, the
highest rate was on section 5B based on R, values, and on section 5A based on R,
values, which have a common in the initial backward-forward directions.

Considerable differences were observed between the Ry (Fig. 2c¢) and Sp«
parameters. While on the turned surfaces approx. Rpx = Spk = 1.15 pum values were
obtained, during burnishing the reduction of these values on surface 1B (i = 1) was
50.2% for Ry« and 59.3% for Sy, at i = 2 passes the value of Ry between 33.1%
and 62%, and Sp« between 38.2% and 63.2% during reinforcement with; during
reinforcement with i = 3 passes, the value of Ry decreased between 33.5-61.3%
and Sy between 40.5-70.2%. The differences between the improvement rates are
no longer negligible; for i = 2 number of passes, 29% for Ry, 25% for Sy; Fori=3
number of passes, 27.8% for Rp, 29.7% for Sp. From the functional — load
capability and dimensional stability — point of view, the best result was again
shown by section 2B in the case of i = 2, while section 5A in the case of i = 3,
where the initial directions are in the same; backward-forward.

Similar functional properties (including wear resistance and dimensional
stability) can also be expressed with the material ratio parameters, the values of
which are shown in Fig. 2d. During turning, the values of Ry, are typically 2.95%,
and the values of Sy are equally 0.11%. After burnishing, multiples of these values
can be measured on the surfaces; at number of passes i = 1, it is 3.7 times for Ry
and 4.5 times for Spr, in the case of i = 2, it is 1.3...7.2 times for Ry, 13.5...27.7
times for Sy, at i = 3, there is 1.8-6.8 times increase in Ryr and 9.4-27.5 times
increase in Spr. The significant differences between the rates indicate the sensitivity
of these parameters to a change in the machining conditions, compared to e.g. Ra,
Sa and R, S;. Based on the results, the maximum Rpr and Sme values were also
achieved in the case of i = 2 on section 2B and in the case of i = 3 on section 5A,
where the initial burnishing directions are as mentioned before.

Overall, based on the values of the 8 roughness parameters considered, to
achieve the best functional properties, we recommend burnishing with backward-
forward directions in case of 2 passes, or an additional pass in forward direction in
case of 3 passes.
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Figure 2 — Comparison of roughness values of Ra (a), Rz (b), Rpk (C), Rmr (d)
by number of passes

After that, we compare the effects of the number of passes with roughness
parameters. For this, we consider the most favorable values from a functional point
of view for each number of passes, which are also shown in the diagrams in Figure
3, where MR means “material ratio”. The R, (Fig. 3a) and R; (Fig. 3b) parameter
values show similarly that, compared to the values of the turned surface, a slight
improvement can be achieved with 1 pass, there is a significant additional
improvement in case of 2 passes, and with 3 passes a further minimal improvement
can be achieved. Different characteristics from this show the Ry (Fig. 3c) and Rur
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(Fig. 3d) parameter values, where a significant improvement is experienced even
with 1 pass, then a further large positive change for 2 passes, but a minimal
deterioration for an additional repetition. Presumably, with 3 passes we reached the
limit where the surface roughness characteristics no longer improve, as described
in the literature [14]. Therefore, we recommend the use of i = 2 passes on
corrosion-resistant steel, because in the case of i = 3, the overall small
improvement no longer compensates for the significant decrease in productivity.

Lowest roughness per pass number Improvement ratio
2.0 80%
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1.0 40%
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0.5 l . 20%
0.0 0%
Turned Buunshed Bumlshed Burnished Burnished Burnished Burnished
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Figure 3 — Roughness values of Ra (a), Rz (b), Rpk (€), Rmr (d) as a function of number of passes
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In the study, the measured values of the Ry skewness and Ry, kurtosis indices
are analyzed. These can be coupled and placed as points on a topological map, which
cover different ranges on the Ru—Ri plane (Fig. 4a). These are typical for each
machining method, and thus the characteristic properties of the created surface
topographies can be identified [18]. Fig. 4a shows the expected ranges of turning and
burnishing. In this plane the measured results are illustrated on a diagram (Fig. 4b).
The Ry¢—Ry value pairs measured on the turned surfaces indicate the nature of the
profiles; their peaks and valleys are generally at almost the same distance from the
center line, and their sharpness is characteristic of turning. Compared to these, on the
burnished surfaces the measured Rs values are smaller (negative values); the profiles
have flattened and rounded peaks and narrow, relatively deep valleys, and by
increasing the number of passes, these characteristics of the peaks and valleys further
increase a little. The Ry, values are unexpectedly high and become higher with the
increase of number of passes, i.e. the sharpness of the profiles increases. For this, one
reason may be the relatively small spaces between turning marks on the profile due
to the small feed, another possible reason is the narrowing of the turned roughness
valleys during the further deformation of the surface layer during several passes of
burnishing.
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Figure 4 — Topological map of machined surfaces [19] (a) and of the experimental results (b)

4  CONCLUSIONS

In the present paper, we investigated the effect of burnishing on the surface
topography of X5CrNil18-10 grade alloyed corrosion-resistant steel after turning,
where the number of burnishing passes and directions were changed while the
burnishing force, feed and speed were constant. Our findings are as follows.

Based on experimental roughness results, burnishing of turned surfaces resulted
in an improvement in a single pass from a functional point of view — smoothness,
bearing capability, quickly-wearing upper layer —, and further improvement in the
case of 2 number of passes. However, we did not experience any significant changes
in roughness in case of 3 passes, besides the reduction of productivity. Based on
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these, we recommend the use of 2 passes burnishing on the examined material
quality and burnishing force.

Within a given number of passes, changing the burnishing directions resulted in
almost identical amplitude roughness values, but significant differences in the degree
of value changes of Ry, Spc and Rmr, Smr parameters characterizing the roughness
peak. Compared to the turning feed direction, the greatest improvement was achieved
by the backward-forward directions in the case of 2 passes, and by the backward-
forward-forward strategy in the case of the 3 times repetition, so we recommend their
use. During burnishing with 3 passes in forward-backward-forward directions (on
surface 4A), material separation occurred, which deteriorated the surface roughness
properties, so it is recommended not to use this setting.
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Awntan Hans, [ptonia Bapra, Mimikossly, Yropiiuaa

AHAJII3 BILUIUBY KIJIBKOCTI TPOXO/IIB IHCTPYMEHTY TA HOT'O
HANIPAMKY ITPU BUT'TAZKYBAHHI HA IIOPCTKICTDb NOBEPXHI

AHoTanin. B danuil uac nikiysanHs npo OXOPOHY HABKOIUWHBLOZO Cepedosuya cmac ece Oinviu
sagicnueum 1y eupobruymei. Llbomy uacmo cnpusioms, 3MEHWIOUU YU YCYEaKOYUu KiIbKiCmb
O0XOI00ACYIOUUX PIOUH MA MACMUTLHUX Mamepianié ado SUKOPUCTOBYIOUU ATbIMEPHAUBHT Memoou
00pobku. OOuH 3 HUX — GUSNAOICYBAHHS, WO NOZUMUBHO 6NIUBAE HA YINICHICMb NOBEPXHI MA 3HUICYE
HABAHMAJICEHHSl HA HABKONUWHE cepedoguiye. Y yill pobomi agmopu po3eisaHyau 3MIHYy WOpCmKOCHi
NnoGepXHi, WO 00CA2ACMbCA  NPU  GUSAAONCYBAMHI  NICNA  MOKAPHOI  00pPOOKU  3020MOBKU 3
KOPO3IHOCMIUKOI cmani, Oe KIIbKICMb NPOX00i8 BUIAONCYBAHHS MA HANPAMOK GUSTIAONCYEAHHSL
sminioganucs. /s 0ocuiodicents Oyau npogedeni 00CIiou HA YHIBEPCATbHOMY MOKAPHOMY 8€pCMAmi.
Ilpu ybomy YUNIHOPUYHA 3A20MOBKA 3 KOPO3IUHOCMIUKOI CMANi 3aMUCKANACcs 6 MPUKYIAYKOBOMY
nampoui, Ha AKOMY NOBEPXHs Ce2MeHmy8anacsi Ha 5 Opioniwux uacmun. JJo KOJICHO20 cecMeHmy
3aCmMOCco8y8anuUcs 06a pisHi HALAWMYSaHHs Noipyeanns. Ilpu ybomy UKOPUCMOBYSANACH eMYTbCIs
MACMUIbHO-0X0I00HCYBANIbHOL PIOUHU, SKY KANAIU HA 3A20MIGKY 8 He@eaukiil kintbkocmi. Ilicis ybo2o
NPOBOOUNIU BUSTIAONCYBAHHSL HA NIO2OMOBNIEHUX NoepxHsx 3 nodauero f = 0,05 mm/06, wacmomoro
obepmanns wnunoens n = 375 1/xe i sycunnam euenaoxcysanns Fy, = 10 H. [diavemp anmasznoi xyni
cmarnosue @3 mm. Buenadsicysanms npoeoounocs pisHUMU CROCOOAMU HA NOBEPXHAX WAIAXOM 3MIHU
YUCIA | HANPAMKY NPOX00i6, WO BULIAONCYIOMb, O€ HANPAMOK «BNepedy IOeHMUYHUL HANPSMKY no0ayi
npu  MOYIHHI, a «HA3a0» npomunedxcHo utomy. Ha nidcmasi excnepumenmanbHux pesyibmamis
wopcmKocnii agmopu pooisimb 6UCHOBOK NPO Me, WO GUSIAOICYSBAHHS MOUCHUX NOBEPXOHb NPU3BETLO
00 NOMINWEHHS 30 00UH NPOXIO 3 PYHKYIOHAILHOI MOYKU 30pY — 2NAOKICMb, HeCy4a 30amHiCMb, 6epXHIll
wap, wo 3HOWYEMbC, — I Nooaibule NONnWeHHs y paszi 2-x npoxodig. OOHAK Cymmesux 3MiH
wopcmrocnii 3a 3 npoxoou, Kpim 3HUINCEHHs RPOOYKMUGHOCMI, 60HU He nomimuiy. Buxodsuu 3 yvoeo,
agmopu  pekoMeHOyIomb GUKOPUCOSY8amu 2 npoxoou NONIPYBAHHA 8 3anedCHOCHi 6I0 AKocmi
oocidacyeanozo mamepiany ma cuiu noaipyeanns. Ilpomscom 3adamoeo uucia npoxoodie 3mina
HANPSIMKY 8USIAO0JCYBANHS NPU3BOOUMb 00 NPAKMUYHO OOHAKOGUX 3HAYCHb AMNIIMYOU WOPCMKOCMI,
ane cymmesum GIOMIMHOCMAM y CMyneHi 3minu 3uavenv napamempisé Ry, Spk ma Rmr, Smr, wo
Xapakmepuzyiome niK wWopcmKocmi. Y NOPIGHAHHI 3 MOKAPHUM HANPIMOM NOOAYl HAUOIILULO20
noninuwiennss Oyn0 00CASHYMO NpU GUKOPUCMANHI HANPAMKIE «HaA3a0—enepedy y pasi 2 npoxodie ma
cmpamecii «<Hazao—eneped—enepedy y pasi 3-Kpamno2o noGMOPEHHs, MOMY AGMOPU PEKOMEHOYIOMb ix
sukopucmanns. Ilpu euenadscysanni 3a 3 NpoxXoou 6 HANPAMKAX —«8Hepeo—HA3a0—enepeoy
8I00YBAEMbCSL  POWAPYBAHHA  MAmepiany, wo NOIPULYE WOPCMKICMb — NOBEPXHI, MOMY  ye
HACTPOIOBAHHSA BUKOPUCTIOBYBAMU HE PEKOMEHOYEMbCA.

KurouoBi cinoBa: mokapna obpobxa; 6uznaodicy8anus; WOPCMKICMb NOBEPXHI; eKON02IUHO uYucme
06pobaenns.
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THE EFFECT OF BURNISHING PROCESS ON SKEWNESS
AND KURTOSIS OF THE SCALE LIMITED SURFACE

Abstract. In this paper roughness examination and analysis on burnished low alloyed aluminium
surfaces are reported, highlighting 2 parameters from the vertical deviations of the roughness profile
from the mean line. From the input parameters of the burnishing process, the effect of burnishing force,
feed rate, speed and number of passes are investigated. Measurements of the surface topography —
before and after burnishing — are conducted on an Altisurf 520 3D measuring device. The generated
and calculated values of the machined surface roughness are analysed in detail with the drawing of the
conclusions as well.

Keywords: low-alloy aluminum; smoothing; surface roughness; parameters of the 3D topography of
the surface.

1. INTRODUCTION

The quality of the machined surface is crucial for mechanical parts as, it is an
indicator of surface integrity, thus it has a direct impact on the properties and
complete lifetime of the product [1]. For this reason, measuring and evaluating the
surface roughness of machined parts is a widely used method in industry [2—-4]. As
a result of the ever-higher requirements, many measurement methods and
techniques have been developed which are partly contained in standards [5, 6], and
partly in the literature that provide new possibilities.

The cornerstone of the 3D evaluation technique was laid by Stout et al., when
they interpreted 3D surface roughness and defined 3D metrics in their publication
[7]. The scientific interest in surface topography is due to the fact that it enables a
significantly more realistic analysis of the surface [8], so many researchers have
dealt with investigation of this topic.

Dzionk et al. investigated and compared different 3D amplitude roughness
parameters on burnished hardened C53 material shafts when the tool was SizN4
ceramic ball [9]. In certain cases they managed to achieve 3.5 times better
roughness values. Skoczylas et al. [10], beyond surface micro-hardness, examined
Sa and S, parameters and according to the results the values of these were effected
by mostly the burnishing force. In contrast, Luo et al. [11] experienced that higher
burnishing depth and speed cause higher improvement when non-ferrous materials
(LY12 aluminium alloy and H62 brass) were burnished with PCD tool. In this
paper, we study the effect of burnishing force (F), feed (f), speed (v), and number
passes (i) on 2 kinds of 3D roughness parameters (Ss, Sku) investigating the
correlation between these setting parameters on low alloyed aluminium workpieces.

©V. Ferencsik, G. Varga, 2022
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2. IMPLEMENTATION OF BURNISHING PROCESS

Burnishing is one of the cold plastic forming procedures which utilizes the
mechanics of mechanical deformation and it is suitable for machining external
cylindrical surfaces. The process has many advantages: it reduces surface
roughness, increases micro-hardness, while causes compressive residual stress,
improves shape correctness and it is environmentally friendly because it does not
require a high amount of coolant and lubricant [12-16].

The mechanism of burnishing is shown in Fig. 1., in which a rigid ball with
certain parameters and defined force passes on the surface of the rotating
workpiece while performing a rectilinear movement.

Figure 1 — Schematic illustration of burnishing [17]

In this study, the material of the examined cylindrical workpieces was EN
AW-2011 grade low alloyed aluminium as extending the exact knowledge of
machinability of non-ferrous materials is a major field in many industries
(automotive, aeronautics, aerospace) due to their low density and good mechanical
properties [18—20].

Before burnishing, finish turnings were carried out set at f; = 0.2 mm/rev,
than f, = 0.15 mm/rev. Burnishing process was realized with the same machine
(E400 universal lathe) using r = 3.5 mm radius PCD spherical tool. The kinematic
viscosity of the manually dosed oil was v = 70 mm?/s.

Table 1. contains the adjusted burnishing parameters, which were determined
based on preliminary experimental work.
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Table 1 — Applied burnishing parameters

No F [N] f [mm/rev] v [m/min] i[-]
1 15 0.05 50.54 2
2 25 0.05 50.54 2
3 35 0.05 50.54 2
4 25 0.01 50.54 2
5 25 0.1 50.54 2
6 25 0.05 35.71 2
7 25 0.05 71.43 2
8 25 0.05 50.54 1
9 25 0.05 50.54 3

3. MEASURING OF THE 3D SURFACE ROUGHNESS

Many methods and techniques are known for characterizing surfaces and
measuring surface roughness. It is important and necessary to review the
measurement practice, the setting and standardization requirements of the
measurement conditions, especially in the case of 3D topographic measurement
and evaluation [21].

In this experiment, measurements of 3 areas of 2x2 mm rotated by 120° were
implemented with an Altisurf 520 3D surface topography measuring device before
and after burnishing. CL2 confocal chromatic sensor was used, the cut-off was 0.8
mm and Gauss filter was applied.

Results were evaluated with Altimap Premium software, Fig. 2 shows a state
during measuring process.

Figure 2 — Working area of the measuring device
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The 3D roughness parameters can be classified into 6 groups, one of them is
the amplitude parameters [22], Table 2 includes which 2 parameters from those
were examined.

Table 2 — Examined 3D roughness parameters according to EN 1SO 25178 [23]

Mark Name Definition Formula
Represents the degree
S Skewness of the scale of bias of the 1|1 23 (5 v)dxdy
sk limited surfaces roughness shape s 3la (x, y)dxd)
(asperity) a 4

The value of itis a e

Kurtosis of the scale | measure of sharpness 4

S limited surface of the roughness g4 [Z ﬂ; Z50x, y}dxdy]
profile 7

4. RESULTS

Table 3-4 summarizes the averaged values of the measured roughness
parameters and contains dimensionless ratios that were created to make more
illustrative the changes.

For S parameter the calculations were made according to El-Taweel and El-
Axir [24]:

Ssk _Ssk 1
Aps % = (—bsfk”ﬁ) -100%, @)
where:
Ssk before Surface roughness parameter measured after turning,
Ssk after Surface roughness parameter measured after burnishing,
ApSs%o Percentage value of the calculated ratio.

Table 3 — The results of Ssk with the calculated ratios of the experiment

No. Ssc[m] ﬂpssk
before after [%]

1 0.4033 -0.5941 247.31
2 0.3373 -0.4502 233.47
3 -0.5299 0.2204 -141.59
4 -0.1326 -0.1361 2.64
5 0.0988 0.5335 -439.98
6 0.5559 -0.0160 102.88
7 0.5461 0.0015 99.73
8 0.3335 -0.3031 190.88
9 0.2222 -0.0068 103.06
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The smaller the value of Sg become, the better the change, because in the case
of a negative Sy, it is a surface with good bearing properties and wear-resistant. In
the case of a positive value of S, there are sharp peaks on the surface, which result
in very fast initial wear.

As Sy, expresses the dispersion range of the topography, and for Gaussian
surfaces Sy, = 3 [25], therefore, the ratios express the deviation from this value, as
the closer A, is to zero, the better its value due to burnishing. Measurement

results of Sy, before and burnishing are shown in Table 4 as an illustration.

ASpy =3 — Sku_bfa )
Table 4 — The results of Sk with the calculated ratios of the experiment

No. | Sku[pm] before ASpy pum] Sku [pm] after A8y o [pm]
1 2.5835 0.4165 3.0478 -0.0478
2 2.7854 0.2146 3.7455 -0.7455
3 6.4683 -3.4683 3.9387 -0.9387
4 3.3558 -0.3558 3.0667 -0.0667
5 3.7699 -0.7699 4.3709 -1.3709
6 2.7839 0.2161 3.2129 -0.2129
7 2.6563 0.3437 3.0571 -0.0571
8 2.6515 0.3485 3.4251 -0.4251
9 2.5508 0.4492 4.9857 -1.9857

The influences of investigated burnishing parameters (horizontal axis) on
calculated ratios and deviations (vertical axis) are presented in diagrams (Diagram
1-4).

Aps,, ASku
300 1
250 0.5
200 0
150 -0.5
100

50

after

-1.50

Improvement [%o)
Deviation [pm]|

n

-50
-100
-150
=200

before

n

W w NN

15 25 35 15 25 35

Force [N] Force [N]

Diagram 1 — The effect of burnishing force on the analysed parameters
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Aps,,

0.01 0.05
Feed rate [mm/rev]
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Diagram 2 — The impression of feed rate on the analysed parameters
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-0.6

-0.8

Diagram 3 — The impression of speed on the analysed parameters
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after

\ before

1 2 3

Number of passes [-]

Diagram 4 — The impression of number of passes on the analysed parameters

The calculated results and the diagrams clearly show that the most
advantageous parameter setting was in the case of marked 1 surface. So, applying
F = 15 N burnishing force with f = 0.05 mm/rev feed rate, and 50.54 m/min speed
with i = 2 number of passes produces the most preferred surface roughness values.
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5. SUMMARY

This paper analysed the burnishing process on low alloyed aluminium
cylindrical workpieces, where the considered parameters were burnishing force, feed
rate, speed and number of passes. From the 3D amplitude roughness parameters the
skewness and kurtosis of the scale limited surface were tested. According to the
measured and calculated results, following conclusions can be made:

e The most approving changin? in surface roughness was experienced in case
of marked 1 surface and further results demonstrate that setting of F = 15 N force
with f = 0.05 mm feed rate is the most beneficial.

e The numerical experiment results also obviously prove that the higher feed
rate and speed adversely affect the change in surface roughness as, in case of 5
marked surface all 3D roughness parameters deteriorated to a great extent.

o Our future plans include investigating further 3D rou%hness parameters in
order to better understand the process taking place during machining.
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Bikropis @epenunk, [Iprona Bapra, Minmkomnsi, YropmmHa

BIVIMB ITPOHECY BUI'JIAJIIKYBAHHSA HA ACUMETPIIO
I EKCIHEC HOBEPXHI OBMEKEHOI'O MACIITABY

AHoranis: V yiti cmammi nogioomnacmsca npo OOCHONCEHHA Ma aHAN3 WOPCMKOCMI NOMPOSAHUX
NOBEPXOHb [3 HU3bKONIC208AHO20 ANIOMIHIIO 3 BUOLIEHHAM 080X NApAMempie GepMUKAIbHUX BIOXUTEHb
npogpino  wopcmrocmi  6i0  cepednvoi ainii. 030001106abHE HAKOUYEAHHA (2ANMIGKA) CMANEGUMU
KYIbKamu - ye 0OHA 3 Npoyedyp XONOOHO20 MIACMUYHO20 (DOPMYSAHHS, 8 SKOMY BUKOPUCIOBYEMbCS
MexaHika mexauiunoi degpopmayii i sika nioxooumv 0ast 0OPOOKU 306HIWHIX YULIHOPUYHUX NOBEPXOHD.
Ilpoyec mae bazamo nepesae: 3MEHULYE WOPCMKICMb NOBEPXHI, NIOGUILYE MIKpOMEEPOiCHb, NPU YbOMY
BUKTIUKAE 3ANIUWKOB] HANPYIHCCHHS. CIMUCHEHHS, NOKPAUYE NPASUTLHICING QOPMU | € EKONO2IUHO YUCIUM,
OCKIIbKU He BUMAAE BeNUKOI KIIbKOCMI PIOUHU, WO O0XON00MNCYE, | macmuid. Y ybomy O00CHiONHCeHHI
mamepianom YuriHOPUYHUX 3a20MOBOK 0Y8 HU3bKONIE206aANULl AIOMINIL, OCKIIbKU POSUWUDEHHS MOYHUX
3HAHb NPO  0OPOONIOBAHICHIbL  KOLOPOBUX Memanie € OCHOBHOIO 0bnacmio 6 6azamvox 2anyssax
NPOMUCTOBOCMI  (ABMOMODIIbHIY, aBiayilikill, AepOKOCMIUHIL) yepe3 iX HU3bKY WIbHICMb | XOpoull
Mmexaniuni enacmusocmi. Ileped 6u2naodxicyBaHHAM SUKOHYBAMU HUCHOBY MOKAPHY 06pobky. [Ipoyec
BUSIAONHCYBAHHS 30IHCHIOBABCA HA MOMY HC BEPCIAMI 3 BUKOPUCMAHHAM CHEPUUHO2O THCMPYMEHNy
noaikpucmaniyHo2o ammazy paoiycom r = 3,5 mm. Kinemamuurna 6's3xicme macia, wo 003yEmMvbCsi 6PYUHY,
cmanosuna = 70 mm2/c. 3a napamempamu mpueuMipHol amMnaimyou wopcmkocmi 6y10 npomecmosano
acumempilo ma excyec no8epxHi, 0OMex*ceHoi Macuimabom. 3a pes3yibmamamu BUMIPIO8AHb | PO3PAXYHKIE
Oynu 3pobaeni maxi 6UCHOBKU: HAUOIILW CRPUAMAUGY 3MIHY WOPCMKOCTNT NOGEPXHI 6YI0 GI03HAUEHO Y
6UNAOKY NOGEPXHI 3 MAPKYBanHam Nel, i nodanbui pesyrbmamu nokazylomo, ujo 6Cmanoenenus cum F =
15 H 3 nooauero = 0,05 mm € Hailbinbu cnpusimaueum, pe3yibmamu YuceibHo20 eKCNePUMEHINY MAKOIC
0UYEBUOHO 00800Mb, WO U WEUOKICMb 00POOKU | WEUOKICIb NOOAYl HECHPUSMAUBO BNIUBAIOMb HA
SMIHY WOPCMKOCMI NO8EPXHI, OCKIIbKU V pasi po3miueHoi noeepxni No5 eci napamempu mpusumipHoi
WOPCMKOCMI 3HAYHO NOIPWUNUCA. Y nianu asmopie Ha MAauOymHeE 6X00umb UEYEHHs O000aAMKOBUX
MPUBUMIDHUX NAPAMEMPIE WOPCMKOCMI, Wob Kpawje 3po3ymimu npoyec, wo 6i00yeaemvcs nid udac
00podKU.

KutouoBi ciioBa: nusbronecoeanuil anoMinitl; 6USIa0NCy8anHs, WopCmKicms noeepxi;, napamempu 3D-
monozpaii noeepxHi.
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INVESTIGATION ON PRODUCTION PARAMETERS
OF ADDITIVELY MANUFACTURED ABS POLYMER GEARS

Abstract. The amount of wear and the load-bearing capabilities are important factors in the lifespan
performance of gears. And those factors can be influenced by different 3D printing parameters in
production. The objective of the research work was to analyze the material behaviour of printed
Acrylonitrile butadiene styrene (ABS) polymers for gears according to production parameters. Each
printed specimen was tested several times and summarised the results by determining the average
values. While the wear performance of the samples was highly influenced by the “Layer height"
parameter, the load-bearing capacities of the printed samples were highly influenced by the amount of
the "Infill pattern” production parameter. Finally, based on the carried out experimental tests, the ideal
3D printing parameters were decided to provide the highest load-bearing capacity and the lowest
friction coefficient under compressive forces for 3D printed ABS polymer gears.

Keywords: 3D printing; ABS; FDM and printing parameters.

1. INTRODUCTION

Polymer gears have replaced metal gears in a variety of industrial applications

in recent times. Because of the advantages that polymer gears have over metal
gears, their use has significantly increased in the last few years. Some examples of
plastic gears field applications include the automobile industry, office equipment,
and household utensils, as well as food and textile machinery [1-4]. Polymer gears
offer some advantages compared to metal gears, particularly, in terms of their high
specific mechanical properties (high size-weight ratio), good tribological efficiency
(low friction coefficient, self-lubrication), high resistance against impact loading
due to the elasticity of the material, ability to absorb and damp vibration, etc.
On the other hand, polymer gears have several disadvantages, such as a reduction
in load-carrying capability and low operating temperatures if compared to metal
gears, relatively high dimensional variations due to temperature and humidity
conditions, etc. [5]. In addition, unlike metal gears, polymer gears are usually run
with no lubricant [6].

Nowadays polymer gears are mainly produced by Additive Manufacturing
(3D printing) technologies because this technology is quite different from
traditional techniques, and it offers so many advantages comparing with others
such as the digital nature of the fabrication process.

Additive manufacturing (AM) also known as 3D printing, is getting more
interest because of the significant increase in the requisition for high-performance
materials and increased functionalities and complexities in a geometrical design.

© Z. Mehdiyev, C. Felhd, M. Berkes Maros, 2022
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In the last years, additive manufacturing has been considered an effective
production technology, and it got a major position in the manufacturing sector with
the development of technology. The fundamental principle of this technology is that
a model initially created layer-by-layer using a 3D Computer - Aided Design system,
can be produced directly without the requirement for process planning [2, 7-11].

There are many kinds of 3D printing technologies on the market, with their own
capabilities and limitations. Among them all, the Fused Deposition Modelling
(FDM) technique appears to be more practical for general use because it produces the
objects with the filament itself while in other 3D printing techniques the use of resin-
based material is a necessity [12—14]. In this method, the polymer filament is pushed
onto a surface through a heated nozzle, at first it melts, and then solidifies upon
touching the surface, and thus a structure is built up layer by layer [15].

There are several printing parameters such as temperature, infill pattern, layer
height, printing speed, etc. that should be defined before the FDM production process.
The mentioned production parameters can influence the accuracy, material and
mechanical properties of the printed part, and printing time.

Because of the mentioned facts above, load-carrying capability and amount of
wear are critical factors in the production process of polymer gears, and several
production parameters should be investigated for this purpose.

The current paper gives a summary of the analysis carried-out on additively
manufactured acrylonitrile butadiene styrene polymers used for gears, characterizing
the material behaviour with ball-on-disk and compression laboratory tests.

2. SAMPLE PROCESSING

The specimens (Figure 1) were produced from ABS thermoplastics by using
the "Ultimaker Original +" 3D printer (Figure 2) to perform experimental wear
tests. The same 3D printer was used to print all the specimens for the current
research work.

Figure 1 — 3D printed ABS samples for ball-on-disk test
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Figure 2 — Ultimaker Original +” 3D printer [16]

From Table 1 it is seen, that ball-on-disk test samples are produced with
different processing parameters, providing the possibility to investigate the effect
of the layer height (0.2 mm or 0.4 mm), the printing speed (30; 50 or 80 mm/s),
and the number of base layers and top layers (1; 3 or 5).

Table 1 — Printing parameters of the 3D printed specimens for ball-on-disk wear tests

Layer Printing Number Infill
. Sample | Temp. : Base Top
Material 0 height Speed of pattern,
No (€) (mm) (mml/s) Contours layers layers %
1 0.2 50 3 3 100
2 0.4 50 3 3 100
3 0.2 30 3 3 100
ABS 220 2

4 0.2 80 3 3 100

5 0.2 50 1 1 25

6 0.2 50 5 5 50

The samples (Figure 3) for the experimental compression tests were produced
from ABS thermoplastic in a small cube form with dimensions of 10x10x10 mm.
Different printing parameter combinations (illustrated in Table 2) were used to
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print all the samples, providing the possibility to investigate the influence of the
temperature (190; 210; 220 or 230 °C), layer height (0.2 mm or 0.4 mm), Infill
pattern (25; 50 or 100 %). Every 3 samples were produced with the same material
and the same printing parameters to determine the average test results.

Figure 3 — 3D printed ABS samples for compression test

Table 2 — The used 3D printing parameters of ABS samples for compression test:

Layer | Printing | Number Infill
Material Sa'\rlr; ple T(%rg)p " | height | Speed of Iza:res I;cﬁs pattern,
' (mm) | (mm/s) | Contours Y Y %
111112 | 210 0.2 100
2 | 2-21-22 | 220 0.2 100
3 | 33132 | 230 0.2 100
ABS 50 2 3 3

4 | 4-41-42 | 220 0.4 100
5 | 5-51-5.2 | 220 0.2 25
6 | 6-6.1-6.2 | 220 0.2 50

3. MATERIAL TESTING METHODS
Ball-on-disk test

The standardized ball-on-disk test method is particularly well suited to analyze
the relationships between the wear resistance, wear mechanisms, and loading
parameters such as sliding velocity, contact pressure, and environmental conditions.

The specimens were cleaned and dried prior to the testing and measuring
processes. Non-chlorinated, non-film-forming cleaning agents and solvents were
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used to remove all dirt and foreign substance from the specimens. Then the
required parameters were set and started the test. When the desired number of
revolutions was reached, the test was stopped. As the last step, the specimens were
removed and cleaned off from any loose wear debris [17]. Sometimes this last
operation is neglected if the wear debris morphology would be analyzed that
provides valuable information about the wear mechanism.

CETR — UNMTL1 Universal Micro-Nano Materials Tester (Figure 4) was used
to perform ball-on-disk sliding friction tests on specimens. Several pre-tests were
performed with different loading conditions to find better test parameters for the
target tests. As a result, the most purposeful testing conditions were defined and
the experimental wear tests were carried out with the following variables:

— Normal load, F =10 N;

— Time, t = 180 min;

— Sliding velocity, v = 25 mm/s;

— Rotational speed, h=79.6 1/min.

Figure 4 — CETR — UNMT1 Universal Micro-Nano Materials Tester

Compression test

In the compression testing technique, the samples are compressed between two
platens. During the test, an extensometer and load cell equipment are used for
measuring displacement and force. This type of testing technique is useful to study
a material or mechanical part load bearing capacity under compressive loading [18].
A schematic diagram of the compression testing machine is illustrated in Figure 5.
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Figure 5 — Schematic diagram of the compression testing machine [19]

4. EXPERIMENTAL RESULTS AND DISCUSSION

Based on the performed ball-on-disk wear tests, the change in friction
coefficient with respect to the sliding distance graphs was analyzed. Typical
friction coefficient vs. sliding distance diagrams are shown in Figure 6. The
diagrams show a steady-state character, i.e., the friction coefficient values are
stabilized in the second half part of the total sliding distance. According to the
gathered diagrams, the steady-state friction coefficient values (uss) were
determined as the average of those measured on the last 20% of the sliding distance,
i.e., in the stabilized region.
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Figure 6 — Typical friction coefficient diagrams obtained during ball-on disk wear tests
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The wear test results determined in the above-mentioned way, are presented
in Table 3. Comparison of the measured friction coefficient data and assessing the
general trend is easier by visualizing them in a diagram. While Figure 6 provides
insight into the friction behaviour of the produced samples made of ABS plastics
along with the whole sliding distance, Figure 7 gives information on the friction
coefficient values developed at the end of the total sliding distance.

Table 3 — Steady-state friction coefficient values obtained from the ball-on-disk wear test

Ball-on-disk test results
Material | Fil€ name il fricti
(wear track) Fina .rlgtlon Sta_nd_ard Var. coeff.
coefficient Average deviation, %
Hss SD
ABS 1 vl 0.168
—— 0.181 0.019 10.5
ABS 1 v2 0.194
ABS 2 vl 0.259
0.257 0.002 0.8
ABS 2 v2 0.255
ABS 3 vl 0.191
0.192 0.002 0.8
ABS_3 v2 0.193
ABS
ABS 4 vl 0.209
0.212 0.005 2.1
ABS 4 v2 0.215
ABS 5 v2 2 0.122
0.133 0.017 124
ABS 5 v3 0.145
ABS 6 vl 0.213
0.212 0.002 1.1
ABS 6 v2 0.210

By analysing the ball-on-disk experimental wear tests, the following
establishments can be made regarding the influence of the technological
parameters of the 3D printing on the friction behaviour of the ABS plastic samples:

— At the applied total sliding distance, the lowest friction coefficients were
achieved for samples ABS 5 2 2 and ABS 5 3 and ABS 1 1, pss =
0,122; 0,145 and 0,168 respectively.

— The less favourable friction behaviour was shown by the ABS 2 1 and
ABS 2 2 samples.

— Regarding the printing parameters, the most unfavourable friction
conditions occurred when the layer height was twice as high, i.e. 0.4 mm.
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The friction coefficient curve for ABS 2 1 and ABS 2 2 decreases
monotonically in the first half of the total sliding distance, but in the second half of
the wearing test the friction coefficient values show an unusual and significant
increase that is characteristic for no other samples. A possible explanation for this
can be that the higher layer height adversely affected the wear behaviour, e.g., by
modifying the layer structure and stiffness, making the surface layer more sensitive
to damage, thus the resulting wear debris increased the value of the coefficient of
friction.

0.4

03

0.26
0.18 0.19 0.21 0.21
. 0.13
- -I 3087
o ABS (p,ss)
1 2 3 4 5 6

Identification number of samples (printed in different parameters)

Friction coefficient, p
Q
N

Figure 7 — Comparison of the steady state friction coefficient (pss)
values measured on the ABS samples

Based on the executed tribological tests, the processing parameters of the 3D
printing, which provides the lowest friction coefficient, were determined as below.

— Temperature: 220 °C

— Layer height: 0.2 mm

—  Printing speed: 50 mm/s

— Number of Contours: 2

— Base Layers: 1-3

— Top Layers: 1-3

— Infill pattern: 100%
In addition, compression laboratory tests were carried out on the 18 samples, and
the maximum compressive forces were determined and summarized by calculating
their average values for each sample group (illustrated in Table 4). Figure 8 shows
typical force vs. displacement diagrams recorded during the compression tests to
evaluate the effect of the 3D printing parameters on the test results.
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Table 4 — F1 and F2 maximum compressive force values for ABS thermoplastics

Compression test results
F1maximum F, maximum
. Sample compressive force compressive
Material No. (at 0.5 mm Average force (atthe | Average
displace-ment or
first peak point), Ias_t peak
N point), N

1 5900 9801
1. 1.1 5501 5600 9000 9167

1.2 5400 8700

2 5900 8900
2. 2.1 5700 5667 8400 8501

2.2 5400 8201

3 5400 8001
3. 3.1 5600 5567 8101 8201

3.2 5700 8501

ABS 4 4801 9302
4. 4.1 4602 4668 9302 9234

4.2 4601 9100

5 2802 2201
5. 5.1 2702 2735 2400 2367

5.2 2701 2500

6 3201 3001
6. 6.1 3400 3301 4100 3767

6.2 3301 4200

Figure 9 was created regarding the average of the maximum compressive
force values that were determined for 0.5 mm displacement or the first peak point
in Figure 8. It can be clearly seen in Figure 9 that the highest average compressive
force (F1 = 5667 N) was calculated on sample group number 2 (2; 2.1; 2.2). An
additional observation is that the maximum compressive forces for the sample
groups number 5 and 6 decrease significantly. A possible explanation for this can
be the decrement of the infill pattern parameter of the samples. The lower infill in
percentage makes the structures sensitive to failure under compressive forces.

It can be established that 3D printing parameters have a significant influence
on the load-bearing capacity of ABS thermoplastics. The difference between the
highest and lowest average maximum compressive force values reaches 48% of the
highest one.
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Force, N

Displacement, mm

ABS 2 Infill_100% ABS_6 infill_s50% | ABS 5 Infill_25%
ABS_2.1  Infill_100% ABS_6.1  Infill_50% ABS_5.1 Infill_25%
ABS 2.2 Infill_100% ABS 6.2 Infill_50% ABS 5.2  Infill_25%

Figure 8 — The effect of “Infill pattern” parameter on load-bearing capability
of samples

5600 5667 5567

6000 4668
5000 3301
4000 2735
3000
2000
1000
o ABS (F)
1 2 3 4 5 6

Identification number of samples (printed in different parameters)

Maximum compressive force, F1, N

Figure 9 — Comparison of the average of F1 maximum compressive forces

According to the compression test results, the following printing parameters
presented the best results providing the highest load-bearing capabilities.

—  Temperature: 220 °C

— Layer height: 0.2 mm

—  Printing speed: 50 mm/s

—  Number of Contours: 2

— Base Layers: 3

— Top Layers: 3

— Infill pattern: 100%
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5. CONCLUSIONS

The objective of the current research work was to investigate the influence of the
printing parameters on the material’s behaviour of ABS polymers used for the
3D-printed gears by characterizing the material with ball-on-disk and compression
tests. in order to define the load-bearing capability and wear performance.

In total, six specimens for the wear and eighteen specimens for the compression
tests were printed by using the ,,Ultimaker Original +” 3D printer from (ABS)
thermoplastic. All the specimens were printed with different printing parameter
combinations to analyze their influences on the sample behaviour. For the ball-on-
disk wear tests, the analyses were carried out on a variety of specimens, and the
friction coefficient vs. sliding distance curve was compiled using the obtained wear
test data. As a result, for the applied total sliding distance, the lowest steady state
friction coefficients were achieved for sample ABS 5, uss= 0.133 as average.

Another very important factor for the gears is the load-bearing capability of the
printed samples, which was investigated by the compression experimental testing
method. The investigations were performed on the recorded compression test data to
analyze the influence of different printing parameters on the load-bearing capabilities
of printed samples. Temperature and layer height printing parameters had a
measurable, but slighter influence, while the infill pattern parameter proved to have
the highest effect on the load-bearing capabilities of the printed ABS polymers.
According to the test results, sample group 2 could bear the highest average
maximum compressive force F; =5667 N.

As a summary, based on the executed tribological tests, the best 3D printing
parameters were determined to provide the lowest friction coefficient and the highest
load-bearing capacity under compressive forces for additively manufactured ABS
polymer gears. These ideal 3D printing parameters are, as below:

—  Temperature: 220 °C

— Layer height: 0.2 mm

—  Printing speed: 50 mm/s

—  Number of Contours: 2

— Base Layers: 3

— Top Layers: 3

— Infill pattern: 100%
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3is Mexmies, Yaba denbxo,
Mapis bepkerr Mapoi, Mimkossl, Yropiiusa

JOCILIKEHHS BUPOBHUYUNX ITAPAMETPIB AJIUTUBHO
BUTOTOBJIEHUX ABC-ITIOJIIMEPHUX 3YBYATHUX KOJIIC

AHoTaNinA: Beauyuna 3HOULY8AHHA MA HECYYa 30aMHICMb € GAMNCIUSUMU PAKMOPAMU, WO ENIUBAIOMb
Ha mepMmin cuyxcou 3youacmux nepeoay. 1 yi yuHHUKYU MOXCYymb énausamu pisHi Ha napamempu 3D-
OpyKky y eupobuuymei. B ocmanni poku aoumusne SUpOOHUYMBO 68AHCATOCA epHEeKMUBHOIO
MexXHON02IE 6UPOOHUYMEA, | 3 POZGUMKOM MEXHON02Il 60HO 3AIHAN0 8adICIUGe MiCYe Y BUPOOHUYOMY
cekmopi npoyecy. Mema 0Oocnioxcenns nonscana 6 mMoMmy, wWod npPOAHANIZYeamu NO8eOiHKy
HAOpyKOBanux axpunoHimpun-oymaoien-cmuponsnux (A5C) nonimepie ons 3youacmux Kouic 3a1eicHo
8i0 6UpoOHUYUX napamempis. Kooicen HAOPYKOBaHUil 3pA30K Mecmyeanu KilbKa pasié i niocymogysaiu
pe3yIbmamu, SU3HAUANYU CepeOHi 3HAYeHHA. Y moll yac SAK Ha 3HOCOCMIUKICMb 3pA3KIE CUTbHO
enausas napamemp «Bucoma wapy», na necywy 30amuicme OpYKOBAHUX 3PA3KIE, CUNLHO GHIUBAN
senuyuna Gupobuuyozo napamempa «Lllabron 3anosnenmnsy. Hapewmi, na ocHosi nposedenux
eKCnepUMeHmanIbHux eunpooyeamns 6yno npuiHAmMo piuenns npo ideanvti napamempu 3D-0pyky, wo6
3abe3nevumy Hausuwy Hecywy 30amHICMb | HAUHUNCHUL KoepiyicHm mepms npu CMUCKAIOWUX
ycunnax oaa syouacmux xonic, naopyxkosanux na 3D-npunmepi 3 ABC-naacmuka. Yci spasku 6ynu
HAOPYKOBAHI 3 PI3HUMU KOMOIHAYisMU napamempie OpyKy, wob npoananizyeamu 6niug Ha noGeOiHKy
3paska. B pesynemami, 01 npukiadeHozo NOSHO20 WINAXY KOB3AHHA HAUHUXCHI Koeghiyienmu
cmayionaprno2o mepmsi docsicHymo 05 spaska ABS_5, us = 0,133 6 cepednvomy. Imwum Oyaice
BaANCIUSUM (PAKMOPOM Ol 3y6YACIUX KONIC € Hecyua 30amuicnb OpYKOBAHUX 3paskie, ska Oyna
00CNONHCEHA MEMOOOM EeKCnepUMEeHMANbHUX unpobyeans Ha cmuck. [lapamempu Opyky memnepamypu
ma 8UCOMU WApy Man CYMIpHULL, ane MeHWull 61U, y moll 4ac aK napamemp MAntOHKA 3aN06HEHHs
cnpasus Haubitbwull 6nAué Ha Hecyuy 30ammicme Haopykoeanux ABC-nonimepnux 3pasxie. 3a
pesynbmamamu sunpodyeans epyna 3paskie 2 eumpumana Hatlbinbue cepeone makcumanvre sycunia Fy
=5667 H.

Kuaouosi cioBa: 3D-0pyx; ABC-nonimep; FDM ma napamempu opyxy.
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THE NATURE OF THE FORMATION OF SURFACE
MICRO-ROUGHNESS IN VIBRATION FINISHING
AND GRINDING PROCESSING

Abstract. The main aspects related to the nature of the formation of surface micro-roughness during
vibration finishing and grinding processing are given. It is indicated that the material removal from the
surface of the part occurs as a result of the combined action of micro-cutting processes, chipping of
metal particles during repeated deformation of the processed surface areas, their fatigue and
destruction, the formation, destruction and removal of secondary structures, and adhesion phenomena.
It is noted that the real surface after vibration treatment is a set of roughnesses of a certain size, shape
and direction. It is defined that the micro-roughness of the surface of the part during vibration finishing
and grinding is formed in the form of traces from numerous impacts of abrasive granules on the surface
of the part. The largest value of the granule penetration into the processed surface is determined, that
makes it possible to characterize the trace from plastic compression in the zone of collision between the
granule and the part. The technique and study of the mechanism of formation of surface
microroughness is considered. An expression is determined for the normal component of the impact
force, which characterizes the main effect on the mechanism of micro-roughness formation. The value
of penetration of the granule into the metal of the part is determined. The study showed that the surface
micro-roughness during vibration treatment is formed by impacts of granules on the part at different
meeting angles. The traces from action of straight and oblique impacts are established. The average
height of micro-roughness is calculated. According to the hodographs, the normal velocities of abrasive
granules and parts are determined. The average value of the angle of impact of the granules with the
part at any point of the trajectory of their movement is also determined. It was revealed that the
velocities of granules and parts change in magnitude and direction during one period of the reservoir
oscillation, reaching their limiting values, which are proportional to the reservoir movement velocities.
The degree of proportionality is expressed by the similarity coefficient for the granule and the part. The
average similarity coefficient was also determined by the points of the hodograph. The average values
of the movement velocities of the granule and the part in the reservoir are obtained. The minimum and
maximum value of the granule penetration into the surface of the part is established. The formulas for
the limiting values of the granule penetration depth are given, taking into account the coefficient of
ellipticity. The results of calculations for determining the height of micro-roughness of the processed
part surface are presented. A formula is obtained for determining the surface micro-roughness during
vibration finishing and grinding processing.

Keywords: vibration treatment; abrasive granule; processed part; collision between granule and
processed part; collision angle; surface micro-roughness; velocity hodographs.

1. Introduction

In vibration finishing and grinding process, as well as in other finishing
methods, the processed surface in terms of geometric parameters is the intersection
of the original surfaces with new processing traces, characteristic for this process
[1, 2].

© A. Mitsyk, V. Fedorovich, 2022
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The nature of this intersection may be different under different processing
conditions. That is, the nature of the micro-roughness of the parts surface layer
during vibration treatment is the result of its deformation by granules of a free
abrasive medium, as well as by the action of physicochemical processes taking
place in the zone of collision of granules with the processed part [3].

In this case, the removal of material from the surface of the part occurs as a
result of the combined action of such processes as micro-cutting with the part
metal removal, chipping as a result of multiple deformation of the processed
surface sections and their fatigue and destruction, the formation, destruction and
removal of secondary structures, adhesion phenomena. The real surface after
vibration treatment is a set of roughness of a certain size, shape and direction [4].

The study of traces of processing, their structure and dimensions provides
information about physical phenomena in the collision zone of granules and
processed parts, and also reveals the nature of the formation of micro-roughness of
the newly formed surface.

2. The nature of the collision of granules with the surface of the processed part

It is known from practice that the micro-roughness of the surface of parts
during finishing and grinding processing is formed in the form of traces from
numerous wave impacts of abrasive granules on the processed surface of the part
[5, 6].

During vibration processing, inelastic bodies collide, as a result of which the
depth B of indentation of a granule into the part surface can be determined by the
equality B=p; +B,, where B;, B, is the elastic and plastic parts of local crushing
and indentation.

The elastic part 3, of the local collapse after the rebound of the abrasive
granules from the processed surface is restored to its original state. The trace left
on the part is determined by the size of the local collapse.

The largest value of the penetration of the granule into the part surface is
determined as,

a

BZmax =

Py
nDog N

where a is a constant coefficient, a=0.35; D — imprint diameter; o, — yield

strength of the material under simple tension; Py is the normal component of the
impact force in an oblique collision.
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Elastic-plastic deformations of the abrasive granule in the zone of contact
with the part are not taken into account due to the significant hardness of the
material from which the part is made [7, 8].

Under the action of the normal component of the impact force Py , the

processed surface of the part under the granule flows and is squeezed out around its
periphery, forming a trace from plastic compression.

3. Technique and study of the mechanism of formation of micro irregularity
of the processed part surface

In oblique impact, the normal component of the interaction causes the
penetration of the granule into the surface of the part, the tangential component
causes the shear of the metal. The main action on the mechanism of formation of
micro-roughness is exerted by the normal component of the impact force. It is
determined by the expression:

2(1+k)mM (Vqsinay -V, sina,)
N AT(m+M)

Hence, the value of the granule penetration into the metal is determined as:
a(l+k)mM (Vysinay -V, sina,)
2" Doy AT (m+M)

where k is the recovery factor; m — weight of the granule; M — mass of the part;
Vi, V, — velocities of a granule and a part at the moment of their collision; AT —

collision time; a4, o, — angles between the direction of the velocity of the

abrasive granule and the part and the normal to the line of centers of the colliding
bodies; D =p, — grain size of the granule material; o4 — the yield strength of the
material of the part at simple tension.

Experimental studies show that the micro-roughness of the surface during
vibration treatment is formed by impacts of granules at different meeting angles
and has an irregular character [9]. You can determine the traces of the impact of
direct and oblique impacts. There are n, traces from straight and n, traces from

obligue impacts on the surface of the part with a length of | . The average height of
micro-roughness, calculated on the basis of geometric constructions, is equal to:

B (BIZmin +BIZmax)r11+([:'}2min +[?’Zmax)nz
Havg = 2(ny+n,) '
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where BIZmin and B'Zmax — the smallest and largest depth of penetration of the

granule during an oblique impact; n;, n, — the number of straight and oblique

impacts of the granule.
Obviously, the penetration depth is proportional to the normal component of

the collision velocity, that is, Vysinoy —V,sina, =V, , where V,, is the

average collision velocity.

The value V; sina, represents the velocity of the granule directed along the
line connecting the center of the colliding bodies. The value V,sina., represents a
similar value. These values are the velocity components V; and V, directed along
the line of impact of the abrasive granule on the part.

The normal velocities of the abrasive granule and processed part can be
determined from the hodographs of their velocities. By superimposing hodographs
one on another, we determine the angles between their velocities at each point
(Fig. 1). Then the angle between the velocities of the granule and the part at point 1
will be equal to a4, at point 2 — a., , at point 3 — a3, etc.

Figure 1 — Scheme for determining the angle of meeting of the granule and the part:
I — hodograph of the velocity of the part; Il — hodograph of the velocity of the granule

The average value of the angle a.,,, for the period of one oscillation is,

avg
0y 0y +0lg+..F o,

Qavg = n '

where n is the number of velocity measurement points along the hodograph.
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Collision of granules with a part can occur at any point of their trajectory. At
each point of the hodograph the angles between the velocity of the granule and the
part is approximately equal to each other. Therefore, we can assume that the

velocities at this moment are directed relative to each other at an angle of Ogyg - IN
this case, two separate equally probable positions of the impact line O, O, (Fig. 2)

are possible, when the latter coincides: with the velocity V, of the granule (line

0, 0, ) and with the velocity V., of the part (line 0,0, ).

Figure 2 — Scheme for determining the collision velocity of the granule and the part:
(Vl)n , (Vz)n — normal components of the movement velocities of the granule and the part

Let us decompose the velocities V; and V, into normal (Vy,, and V,,) and
tangential (Vy; and V,;) components. As it was said, micro-roughness is formed
due to the normal component. According to (see Fig. 2) the average velocity Vavg

Vi, +V
i : 1in 2n
is determined as Vavg = —
Since the collisions are carried out at an average angle of o then

avg !
sina,; =sina.,. Replacing the speed components V;,, and V,,, with their values,
sinagyg

we get: Voo =(Vy —VZ)T

The velocities of granules and parts change in magnitude and direction during
one oscillation of the reservoir, reaching their limiting values. They are
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approximately proportional to the velocities of the reservoir. The degree of this
proportionality is expressed by the similarity coefficients for the granule F; and
for the part F,.

Then the average similarity coefficient for the full period of oscillation is
determined as the probable value of the individual similarity coefficients according
to the hodograph points:

1 Vi

where n is the number of points considered on the velocity hodograph; V;; —
granule velocity at the i -™ point; V,; — reservoir velocity at the i - point.

Similarly, we determine the coefficient of similarity of velocities for the part:
n V )
2i

The probable velocity of the granule is determined from the expression:
V, =F Ao, where F, is the similarity coefficient for a granule; A — oscillation
amplitude; o — oscillation frequency.

The probable velocity of the part will be equal to: V, = F, Aw .The velocities
of the granule and part vary from their location along the cross section of the
reservoir. Since the force of interaction between the granule and the part is directly
proportional to the velocity, the determination of the velocities over the cross
section of the reservoir is proportional to the distribution of the pressure of the
medium. Then the average probable value of the granule velocity in the reservoir
will be equal to: V; =A,,q &5g Fy A, Where A, is the average value of the
power impulse damping coefficient; &avg — coefficient of force action time.

The average value of the part velocity is equal to: Vo = Ay &5g Fy Ao

Then the value V,,, of the normal component of the collision velocity of the
granule and the part is equal to:

sina
avg
Vavg = Davg Gavg Ac)—z (F1 + Fz) )
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The amplitude of the reservoir oscillations is not the same along the
coordinate axes OX and QY . Therefore, depending on the setting of the vibrating
machine, the minimum collision velocity V,q iy corresponding to the elliptical-
shaped trajectory of the reservoir (K A= max) can be determined.

Hence, the value B, i, of the penetration of the granule into the part will be:

A g Savg AO(L+k)mM (FL+Fy)sinay,
2np, o AT(M+M)

9

BZmin =

the value of the penetration of the granule into part 3, ., is equal to:

_ ahgyq Eavg A® Ka(1+k)mM (Fy +F,)sin Ol avg
2max 2np, o AT (M+M)

where k is the recovery factor; K, — coefficient of ellipticity.
The highest normal velocities are possible at o5,q = 90" and o,y =180".

Then, for a,,q =90" we have V

avg max =V1+V2 . With Ocavg =].800 —

V; +V
= 0. Average probable velocity V,,q will be equal to: V. = 172

The limiting values of the depth of granule penetration, taking into account
coefficient of ellipticity K, are determined by the formulas:

V,

avg min

_ A ag Eavg AOK 4 (LK) MM (FL+Fy) _
Zmax TPy G AT(M+M) '
g - 8Aag Eavg A0(L+K)MM (F+F,)
Zmin anGSAT(m+M)

Carrying out transformations and substitutions, we get:
8Aavg Eavg AO(L+K)MM (F +F,) [(1+ 2K p )My +(1+2K 4 )nysin aavg]
- np,Og AT 4(m+M)(ng+ny)

avg

The values of the coefficients in the micro-roughness formula were found
empirically on serial vibrating machines.

109



ISSN 2078-7405. Cutting & Tools in Technological System, 2022, Edition 97

4. The results of calculations to determine the height of the micro-roughness
of the processed part surface

Velocity hodographs were used to find the meeting angles of the abrasive
granule with the processed part. The research results are summarized in table 1.

Table 1 — Values of the angles of the meeting of the granule with the part along the zones of
the reservoir

Angle The zones of the reservoir

1 2 3 4 5 6 7
%min 20 35 17 22 29 23 28
Fmex 28 37 39 30 29 31 29
Qavg 24 36 28 26 29 27 28

The determination of the micro-roughness of the processed part surface was
carried out taking into account the values of the angles of the meeting of the
granule with the processed part, passing through the zones of the reservoir. For
these calculations, the hodographs of the movement velocities of the granule and
the part were used. The values of the coefficients included in the roughness
formula were also used (Table 2).

Table 2 — Values of coefficients for determining the height of micro-roughness of the
processed parts surface

Quantities Notation Value

Constant factor o 0.35
Power impulse damping coefficient Aavg 0.55
Similarity coefficients:

granules F 0.47

parts F> 0.38
Coefficient of ellipticity KA 15
Straight impacts number n
Oblique impacts number n,
Collision time AT 4_10—5
Coefficient of force action time £ avg 0.16
Recovery factor k 0.9
Average meeting angle Olavg 280
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The calculation determined the value of the average probable meeting angle,
which turned out to be equal to o, =28". Based on them, the values of the

similarity coefficients were: for a granule F, =0.47, for a part F, =0.38.

Taking into account the obtained data, the height micro-roughness formula
will take the form:
106n Ao mM

Y9 " Copy (Mt M)’

where n is the abrasive ability of the granule grain; C — the number of
simultaneously working grains of the granule; o4 — tensile strength of the part
material, p, —diameter of the penetration of abrasive grain.

5. Conclusions

Thus, based on the analysis of the direct and oblique collision of the granule
and the processed part, the values of the angles of contact with the processed part,
as well as taking into account the velocities of their collisions and the
proportionality of the speed of the reservoir, the micro-roughness of the part
surface has been determined during vibration finishing and grinding processing To
check the micro-roughness formula and establish the limits of its application,
experiments were carried out that showed a good 80 ... 85 % convergence of
experimental and calculated data.
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XAPAKTEP YTBOPEHHS MIKPOILIOPCTKOCTI ITIOBEPXHI
IIPU BIBPALIMHIN O3/IOBJIIOBAJIBHO-3AUUIIYBAJIHIN
OBPOBIII

Awnotauisi. Hagedeno ocnosni achekmu wooo xapakxmepy ymeopenHsi MikpoulopcmkoCni No8epxXHi npu
BIOPAYILIHILL 030001H08AILHO-3A4UWYBAIbHITE 00pPOOYI. Brazano, wjo eudaieHus Mamepianry 3 NOBepXHi
demani 6i06yeaemvcsi 6 pe3yromami CRiibHOI Oii npoyecie MIKPOPI3aHHS, SUKPUULYEAHHS YACMUHOK
Memany npu 6a2amopazoeomy 0ehopMy8anHi OLIAHOK 00po6NaAHOl nosepxwi, ix emomu ma
DVUHYBAHHS, VMEOPEHHS, DYUHYBAHHA MA GUOANEHHS SMOPUHHUX CIMPYKMYP, A02e3iiHUX A6uly.
3asnaueno, wo peanvra nogepxus nicis 6i6POOOPOOKU € CYKYNHICIIO WOPCMKOCMEl NeGHOI GeNudUHIL,
Gopmu ma Hanpamy. Bcmanogieno, wo MIKpowopcmricmv noeepxHi demani npu  6i6payiinii
03000711080TbHO-3A4UWYBATbHITL  00POOYT YMBOPIOEMbCA Y  6UNAJL  CNIOIB 6i0 UYUCIEHHUX yOapie
abpasusHux 2paHynl no noeepxui Oemani. Busnaueno Haubinbuiy enuuuny NPOHUKHEHHS 2PAHYIU 6
00po0.II08aIY NOBEPXHIO, WO OAE MONCIUBICMb XAPAKMEPU3Y8amu Cid 8i0 NAACMUYHO20 CIUCKY 8 30HI
3imKkHenns epanyau ma Oemani. Posenanymo memoouxy ma 00CniodiceHo mexauizm ymeopeuis
MiKpoutopcmkocmi  nogepxHi. Busnaueno eupas 0 HOPMANbHOI CKIA0060I cunu yoapy, wo
Xapakmepuzye OCHOSHULL GNIUE HA MEXAHIZM YMEOPEHHs. MIKpouwopcmKocmi. Bemanogueno eenuiumy
NPOHUKHEHHS. 2PaHyiu y Meman oemani. JlOCTIONCeHHAMU 6CMAHOBNEHO, WO MIKPOWOPCMKICMb
nosepxui npu 8i6poo6pobYi ymeopera yoapamu 2SpaHyi 0 O0emdib Nni0 pisHUMU KYMAamu 3YCmpiyi.
Busnaueno cniou 6i0 enaugy npsmoz2o ma Kocoeo yoapie. QoOuuciena cepeous 8UCOmMA
Mikpowtopcmkocmi. 3a 200o2pagamu 6CMAHOBIEHO HOPMANbHI WEUOKOCMI AOPA3USHUX ZPAHYL md
Ooemaneti. Takoic U3HAYEHO CEPEOHE 3HAYCHHSL KYMA 3iIMKHEHHsl 2DARYIL 3 0emaiio y 6y0b-sKitl mouyi
HANPsSMKOM NPOMsA2OM 00HO20 NEpiody KOMUSAHHS pe3epeyapa, 00CA2aiowl C80IX SPANUYHUX 3HAYEHD,
SAKI NPONOPYIIHI weuoKocmsam pyxy pezepgyapa. Cmynino npOnopyitiHocmi 8UpajiceHa KoepiyicHmom
nodibHocmi 0ns epamyau ma Oemani. Taxojc 3a Moukamu 20002pagha 6USHAUEHO YcepeOHeHull
Koeghiyienm nodionocmi. Ompumano cepeoi 3HAYEHHs WBUOKOCMel DPYXy SPAHyau ma O0emaii 6
pesepsyapi. Bcmanosneno minimanviy ma MakcumManbhy GelUHUHY NPOHUKHEHHS SPAHYIU 8 NOBEPXHIO
Ooemani. Hasedeno opmynu epanuunux 3uauenv 2nubUHU NPOHUKHEHHS! SPAHYIU 3 YPAXY8AHHAM
Koegiyienma  enincnocmi. Haeedemo — pesynomamu — po3paxyHkie 0N GUIHAYEHHs  GUCOMU
MIKpoHepieHocmi  nogepxHi ma 006pobmosanoi demani. Ompumano Gopmyny 01 GUHAYEHHS
MIKpOWopcmxocmi nosepxui npu i6payiinii 030001108a1bHO-3a4UUYBANbHIT 00POOYI.

KuaiouoBi cioBa: 6ibpoodpobda; abpasusna epamyna; odpodrosana 0emans; cnigyoapsiHHa 2panyu
ma demani; Kym cnigyOapsiHis; MIKPOHEPIGHICb NOBEPXHI; 20002paghu weuoKocmeil.
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ANALYSIS OF THE SBI AND SVI FUNCTIONAL INDICES
IN HARD MACHINING

Abstract. The functional requirements of precision machined parts can be expressed among others by
topography parameters. In the automotive industry there is an increased need for the application of
high-accuracy quantifying parameters. In this study wear resistance and the fluid retention ability-
related 3D surface texture parameters are analyzed based on hard turning and grinding experiments.
The less frequently applied functional parameters (Sbi and Svi) are compared to the high-accuracy
volume parameters (Vmp and Vwv) to obtain information about the reliability of the former ones. It was
found that the correlation between the two types of parameters are quite weak.

Keywords: hard machining; grinding; surface texture.

1. INTRODUCTION

In several machining industrial application, the characterization of surface
texture plays an important role in obtaining information about the functional
properties and the functional operation performance of the components [1]. To
increase production efficiency and therefore reduce costs, reliable control
processes have to be applied. This can be reached by a high degree of precision and
by ensuring the repeatability of the measurements [2]. In precision machining the
need for this is increased due to the increased number of hardened components. In
machining hardened surfaces grinding has been the dominant procedure for
decades [3, 4]. Now, it can be substituted by e.g. hard turning, which is a more
productive procedure and among certain circumstances the texture of the surfaces
have the same quality as that of ground ones. Machining of hardened materials
requires superhard tool materials [5] in order to reach the expected surface quality
[6]. Hard turning results in a periodic surface topography, however, random
topography is required, grinding has to be applied [7].

In this study some function-related 3D surface texture parameters of hard
turned and ground surfaces are analyzed and compared for the two procedures. 3D
texture characterization is necessary because of the increased need for exact
analysis of the surfaces [8, 9] and they describe the state of the surface better that
the 2D parameters [10]. The analyzed parameters are the volume parameters, peak
material volume (Vmp) and valley void volume (Vvv) and the functional indices,
surface bearing index (Shi) and valley fluid retention index (Svi). They provide
information about the surface peaks and through this the wear resistance and the
surface valleys, and through this about the fluid-retention ability.

© V. Molnar, 2022
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These tribology-related characteristics have a high importance in operation of
contacting surfaces.

The functional indices were compared to the volume parameters when the
latter were considered as basis due to their reliability.

The volume parameters Vmp and Vvv are exact 3D volume parameters and
they measure the peak material volume and the valley void volume precisely. A
lower Vmp value is more favorable from tribological point of view [11] and
indicates higher wear resistance. Concerning the valley parameter, a higher Vwv
indicates higher fluid-retention ability [12]. In the volume analysis the peak zone is
defined as the upper 10% and the valley zone as the lower 20% of the topography.

The so-called functional indices are less frequently applied. They also
characterize the wear resistance and fluid retention abilities of the surfaces [13].
The lower the surface bearing index, the higher its wear resistance, while the
higher the valley fluid retention index, the better the fluid retention ability [14, 15].
It can be stated that the analyzed volume and functional parameters provide
information about the same tribological properties. In the analysis the Shi
characterizes the upper 5% and the Svi characterizes the lower 20% of the
topography.

2. METHODOLOGY
2.1 Experimental setup

In the experiments external cylindrical surfaces were machined by hard
turning and infeed grinding. The machined material was 16MnCr5 case hardened
steel used widely in the automotive industry. The hardness of the surfaces varied
between 62 and 63 HRC. The carburizing was carried out at 900 °C for 8 h. The
temperature of case hardening was 820 °C and its duration was 30 min. For the
cooling oil was used. The chemical composition and the mechanical and physical
properties are summarized in Tables 1 and 2.

The applied machine tools were a precision CNC lathe type Optiturn S600
and a universal cylindrical grinding machine type KE 250-04. In the hard turning
experiment, the cutting speed and the feed rate were varied on four levels, the
depth-of-cut was fixed. In the grinding experiment the infeed velocity and the
workpiece revolution-per-minute (rpm) were varied on three levels, the allowance
and the wheel rpm were fixed. In Table 3 the applied technological data and tool
cutting specifications are summarized. Concerning the varied cutting parameters,
full factorial designs of experiment were applied; all the varying parameter
combinations were analyzed. This resulted in 16 setups (4*4) and 9 setups (3*3) in
the cases of hard turning and grinding, respectively.
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Table 1 — Physical and mechanical properties of 16MnCr5 [16]

Tensile strength 1158 MPa Elongation 15%
Yield strength 1034 MPa Specific heat 500 J/kgK
Thermal conductivity 16 N/mK Melting temp. 1370-1400 °C

Table 2 — Chemical composition of 16MnCr5 (DIN EN 10184:2008)

C Si Mn Cr S P
0.14-0.19 <0.4 1.00-1.30 0.80-1.10 <0.035 <0.025

Table 3 — Cutting parameters cutting tools

Hard turning Grinding

depth-of-cut allowance

(ap, mm) 0.05 (z, mm) 01

feed rate Al . wheel rpm

(. mmirev) 0.05; 0.1; 0.15; 0.2 (Nw, 1/min) 1400

cutting speed 60° 90" 120" 150 infeed velocity 0.007: 0.019: 0.03

(ve, m/min) o (vir, mm/s) R
workpiece rpm . pa.

CBN insert: CNGA 120408TA4 (n, 1/min) 31.5;63; 90

Tool holder: CLNR 2525M12 Ceramic bound alumina wheel: KA32M5KE

(diameter: 400 mm, width: 63 mm)

2.2 Texture measurement and the analyzed parameters

The textures of the surfaces were scanned and analyzed by a 3D roughness
tester equipment, type AltiSurf 520. An optical (chromatic confocal) sensor, type
CL2, was used. The resolutions of the sensor in the x- and y-directions were 2 um
and in the z-direction 0.012 um. The measurement range in z-direction was 0-300
um. For the evaluation of the data Ac = 0.25 mm cut-off and Gauss filter were
applied according to the standard ISO 4288-1996. For the analysis of the
parameters, the standards 1ISO 25178 and EUR 15178N were used. The evaluation
area was 2 mm X 2 mm.

The analyzed functional parameters are defined based on the root mean
square roughness value Sq, which is defined by Eq 1.

1 M-1N-1
= m Z [Z[xkr y{)]zr (1)
k=01=0

where M and N are the number of points scanned in x and y directions, and z is the
height of a topography point.

115



ISSN 2078-7405. Cutting & Tools in Technological System, 2022, Edition 97

The surface bearing index is defined by Eq 2 and the valley fluid retention
index by Eq 3.

S
Shi=—1, )
20,05
Sb‘]’: 1 l{" [hU.UB) (3)

" 5q (M— 1)(N—1)6x5y’
where zo,05 is the height from the top (highest peak point) of the surface to the line
designating the 5% bearing area; hog is the height from the bottom (lowest valley
point) of the surface to the line designating the 80% bearing area; Vv is the volume
representing the void volume [17].

These functional and volume parameters are derived from the Abbott-
Firestone curve. In Fig. 1 the z parameters and the topography zones and in Fig. 2
the definitions of the analyzed volume parameters are demonstrated.
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Figure 1 — Components of the Sbi and Svi indices and the topography zones [18]
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Figure 2 — Definitions of the analyzed volume parameters
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3. RESULTS AND DISCUSSION

The peak material volume (Vmp) was compared to the surface bearing index
(Shi) for hard turning. It is demonstrated in Fig. 3 that the Vv values show
increase with the feed rate when 60 and 150 m/min cutting speed is applied. Such
connection cannot be observed in the case of the Shi parameter. At the same time,
if only the lowest (0.05 mm/rev) and the highest (0.2 mm/rev) feed rates are
considered, both the Vmp and the Shi parameters increase with the feed rate. The
two parameters theoretically are in connection with the same functional
characteristics, the wear resistance and this connection can be observed in the
analyzed setups, however the correlation is not obvious when all the setups are
considered.

:5150 f [mm/rev]: :5150

= 02 mQ.15 =

=120 mo1 moos| =120

o k=)

3 > f [mm/rev]:

2 90 2 90 )

£ 2 02 ®0.15

g% 50 =01 w005

0 0.02 0.04 0.06 0.08 0 0.5 1 15 2

60 90 120 150 60 90 120 150

0.2 | 0.0475 | 0.0276 | 0.0123 | 0.022 0.2 | 0585 [ 0.9717 | 1.4642 | 0.4498
®0.15( 0017 | 0.0144 | 0.0184 [ 0.0176 [|®0.15( 0.7387 | 1.222 | 0.5245 | 1.0401
=0.1 [ 0.0086 | 0.006 | 0.0074 [ 0.0083 [|®0.1 [ 0.8623 | 0.4155 | 0.0977 | 0.0567
®(0.05| 0.0071 | 0.007 | 0.0054 | 0.0059 ||®0.05| 0.3582 | 0.3253 | 0.3923 [ 0.3038

Peak material volume, Vmp [ml/mm?] Surface bearing index, Sbi [-]

@) (b)

Figure 3 — (a) Peak material volume (Vmp) and (b) Surface bearing index (Sbi)
parameter values of the hard turned surfaces

Analyzing the fluid retention ability based on the Vvv and the Svi parameters,
contradictory results were obtained (Fig 4). The higher fluid retention ability
theoretically is demonstrated by higher Vvv and higher Svi values. However, this
cannot be observed from the data of the analyzed surfaces and the correlation
between them is negative. It also can be observed that with the increase of the feed
rate the Vvv values increase on 60 and 90 m/min cutting speeds and the Svi values
decrease on 90 and 120 m/min. It can be observed from the diagrams (by
neglecting some datapoints) that the increase in the Vvv show decrease in the Svi
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when the feed rate increases. The reason for this is the relatively high Sq values.
While the valley volume increases the Svi value, the Sq decreases it. For example,
in the case of f=0.05 mm/rev and v;=60 m/min the Vvv divided by the Sq=0.155 pm
results in 0.1148 ml/mm?® Svi value or in the case of f=0.2 mm/rev, vc=60 m/min
and Sg=1.115 pm, the Svi equals to 0.0317 ml/mm?3, These Vv and Svi values are
placed in the first and fourth rows and first columns of the data tables in Fig 4 (The
0.001 and 0.003 differences of the calculated Svi values are resulted from the only
four decimals). This result means that the values or their tendencies in the case of
the Svi parameter do not inform uniformly or reliably about the same fluid
retention ability due to the influencing effect of the incorporated Sq parameter. The
comparison can be carried out only for surfaces whose Sq values are identical.

Both in the wear resistance and the fluid retention ability no clear effects can
be observed based on the cutting speed values.

g 150 f [mm/rev]: E 150 f [mm/rev]:
£ £ 02 m®0.15
=120 02 =015 =45
g =01 ®005 < =01 w005
2 9 o 90
> &
£ <
£ 60 £ 60
(@] O

0 002 004 006 008 0 005 01 015 02 025 03

60 90 120 150 60 90 120 150

0.2 | 0.0354 | 0.0373 | 0.0245 [ 0.0296 0.2 | 0.0318 | 0.0419 [ 0.0328 [ 0.0392
®0.15( 0.026 | 0.0281 | 0.0279 | 0.0334 [[(®0.15]| 0.0439 | 0.0612 | 0.0558 | 0.0653
0.1 [ 00193 | 0.0196 | 0.0175 | 0.017 |[(®0.1 | 0.0068 | 0.0964 | 0.0723 | 0.0649
1(0.05| 0.0178 0.018 0.0183 | 0.0199 ||®0.05] 0.1151 | 0.0996 | 0.1249 | 0.1258
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(@) (b)

Figure 4 — (a) Valley void volume (Vwv) and (b) Valley fluid retention index (Svi)
parameter values of the hard turned surfaces

In the grinding experiments the infeed velocity and the workpiece rpm were
varied. The Vmp and Sbi values of the machined surfaces are demonstrated in Fig.
5. Clear tendencies cannot be observed when all the feed rates are considered.
However, if neglecting the 0.019 mm/s infeed velocity, it can be stated that by the
infeed velocity the Vmp value increases and the Shi value decreases. The reason for
this contradiction is similar to that between the Vvv and Svi parameters of hard
turning. The Sq increases the Shi and the hoos peak zone height decreases it.
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Concerning the fluid retention ability, no clear tendencies can be observed.
The Vvv shows no unequivocal increase with both the infeed velocity and the rpm.
Concerning the Svi parameter, it increases with the infeed velocity in the cases of
31.5 and 63 1/min rpm levels (Fig. 6). The reason for these contradictory results is
the same as in the case of hard turning: the influencing effect of the scale of the Sq
parameter.

To obtain quantitative information about the connections between the volume
parameters and the functional indices, coefficients of determination were
calculated. This parameter provides information about the strengths of the
correlation of two variables if linear connection is supposed.
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9% 90 0.03
= v [mmis){ E ®0.019
£ E
S & 0.03 % 63 = 0,007
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315 315
0 0.02 0.04 006 0.08 0.1 0 0.05010.15020.25030.35 04
315 63 90 315 63 90
0.03 0.0629 0.0514 0.0723 0.03 0.0711 0.1094 0.1377
50.019 0.053 0.0582 0.0662 0.019 0.1327 0.0738 0.1147
u0.007 0.0519 0.0504 0.0434 = (.007 0.1376 0.384 0.1678
Peak material volume, Vmp [ml/mm?] Surface bearingindex, Sbi [-]
@) (b)

Figure 5 — (a) Peak material volume (Vmp) and (b) Surface bearing index (Shi)
parameter values of the ground surfaces

The coefficient of determination is calculated from the linear correlation
coefficient; the former is the square of the latter. The connection is considered as
extremely strong if 0.81 < R? < 1; strong, if 0.49 < R? < 0.81; medium, if 0.16 < R?
< 0.49; weak, if 0.04 < R? < 0.16 and extremely weak, if R? < 0.04.

In the cases of the hard turned surfaces there is a positive weak correlation
between the Vmp and the Shi parameters and a negative medium correlation
between the Vvv and the Svi parameters. In the cases of the ground surfaces there is
a weak correlation between the Vmp and the Shi parameters and an extremely weak
correlation between the Vvv and the Svi parameters.
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Figure 6 — (a) Valley void volume (Vwv) and (b) Valley fluid retention index (Svi)
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Figure 7 — Connection between the (a) Vmp and Sbi parameters and the (b) Vvv and Svi
parameters of the hard turned surfaces
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Figure 8 — Connection between the (a) Vmp and Shi parameters and the (b) Vvv and Svi
parameters of the ground surfaces

The connections between the data points and the values of the coefficients of
determination are demonstrated in Figs. 7 and 8 for hard turning and grinding,
respectively.

CONCLUSIONS

The findings of this study were obtained based on hard machining experiments and
3D texture analysis and valid for the material grade 16MnCr5 (HRC 62-63) and
for the next cutting parameters: hard turning — a, = 0.05 mm; v¢ = 60 — 150 m/min;
f=0.05 - 02. mm/rev; infeed grinding — Z = 0.1 mm; ny, = 1400 1/min; vz = 0.007
—0.03 mm/s; n = 31.5 — 90 1/min. The followings can be stated for the reliability
of the surface bearing index (Sbhi) and the valley fluid retention index (Svi) when
the volume parameters peak material volume (Vmp) and valley void volume (Vwv)
are considered as bases:

e In hard turning the correlation between the Vmp and Sbi parameters is
positive and weak (R% = 0.073). Considerably connection can be observed
only when the feed rate values are relatively far from each other.

e In hard turning the correlation between the Vvv and Svi parameters is
negative and medium (R? = 0.2759). The reason for the negative
correlation is the relatively strong influencing effect of the Sq parmeter
incorporated in the formula of Svi.

e In grinding the correlation between the Vmp and Shi and between the Vwv
and Svi parameters are weak (R? = 0.1356) and extremely weak (R? =
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0.0015), respectively. The reason for there is the relatively high
influencing effect of the Sq parameter.
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Biktop MosbHap, Minkosbl, YropiinHa

AHAJII3 ®YHKIIOHAJIbHUX ITOKA3HHMKIB SBI I SVI
P! ’)KOPCTKI MEXAHIYHIN OBPOBIII

AHoTanis. ¥ yvomy docniodcenni desxi QyHKyionanoHi napamempu mpueuUMipHoi mexcmypu noeepxmi
moueHux ma GiOWLNiPOBAHUX NOBEPXOHbL AHANIZVIOMbCA MA NOPIGHIOIOMbCS 0Nl 080X NPOYedyp.
TpueumipHa xapakmepucmuxa mexcmyp HeoOXiOHa uyepe3 30iibuleHHs Nnompedu 8 MOYHOMY AHANI3(
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Nn0BepXOHb, I 6OHU Kpauje ONUCYIOMb CMAH NOGEPXHI, HIdC OB0GUMIDHI napamempu. AHANI308aHUMU
napamempamu € 00'emui napamempu, nikosuti ob'em mamepiany (Vmp) ma obcse noposcheu y
sanadunax (Vvv), a maxosc yHKkyionanbui iH0eKcu, iHOeKc noeepxnegoi necyuoi 30ammuocmi (Shi) ma
iHOeKc ympumanHs pioutu ¢ 3anaounax (Svi). Bonu naoaioms ingopmayiio npo niku no6epxui i, makum
YUHOM, NPO 3HOCOCMIUKICMb | 3aNAOUHU NOBEPXHI, A MAKOJIC NPO 30AMHICMb YMpumyeamu piouny. Lfi
nog'asami 3 MpubONOZi€E XAPAKMePUCMUKU, MArOMb GeNuKe 3HAYEHHA NpU eKCnIyamayii no6epxoHs,
wo Koumaknmyiomo. DYHKYIOHANbHI NOKAZHUKU 3ICMABNANUCA 3 O0'€MHUMU napamempamu, Koau
ocmanni bpanucs 3a OCHOBY uepe3 ix docmogipnicms. B excnepumenmax 308MiWMI YUNIHOPUYHT
nogepxui 06pobonsucs mouinnsm pizyem i3 KHBE ma wnighysannsm 3 nodauero. O6pobmiosanum
mamepianom 6yia  YeMeHmosaHa Cmanb, WO UUPOKO BUKOPUCIOBYEMbCA 6 A8MOMOOGINbHIL
npomucnogocmi. Teepdicmb noeepxonsv eapirsanacsi 6i0 62 0o 63 HRC. Haeyenepooicysanms
nposoounu npu 900°C npomsicom 8 200un. Temnepamypa yemenmayii 820 ° C, mpusanicmo 30 x8. /s
0X0N100JICEHHA BUKOPUCIOBYEAN0CA Maco. Tekxcmypu nosepxons 0yiu 6i0CKAHOBAHT MA NPOAHANIZ06AHI
3a donomozoio 3D-mecmepy wopcmxocmi muny AltiSurf 520. Buxopucmogysascs onmuunuil
(xpomamuunuti xongpokanonuii) damuux muny CL2. Pezynemamu O0ocriodicenusi Oyau ompumani Ha
0CHOGI eKCnepumMenmie O0Jia HACHYNHUX Napamempie pizanns: scopcmre mouinta — ay = 0,05 mm; v, =
60—150 m/xs; = 0,05-0,2 mm/06; epizne winipysanns — Z = 0,1 mm; ny = 1400 1/xs, vir = 0,007-0,03
mm/e; no= 31,5-90 1/xe. LLJooo Hadiiinocmi iHOekcy Hecyuoi 30amuocmi nosepxwi (Sbi) ma iHoexcy
VMPUMYBAHHsL piOuHU Yy 3anaduri (Svi), koau 06'emui napamempu nikosoeo oocsey mamepiany (Vmp)
ma obcs2y nopodichun y 3anaduni (Vvv) posensoaiomvcs ax 6a306i, MOJICHA KOHCMAMY8amu HACHYNHe:
npu drcopcmKomy mouinmi, Kopenayis misxc napamempamu Vmp ma Shi nosumuena ma crabrka (R? =
0,073). Iomimnuii 36’130k MOXMCHA cnocmepicamu Juuie mooi, KOAU 3HAYEHHA WUOKOCMI nooayi
BIOHOCHO OajieKi 00He 6i0 00H020. [Ipu dHcopcmromy mouinHi Kopensyis mixc napamempamu Vvv i Svi
necamuena i cepeons (R* = 0,2759). Ipuuunoto nezamusnoi Kopeaayii € 6iOHOCHO CUNbHULL 6NIUE
napamempa Sq, 3aknadeno2o y popmyny Svi. Ilpu winighyseanni kopensiyis mio napamempamu Vmp ma
Shi ma mixc napamempamu Vvv ma Svi cnabra (R* = 0,1356) ma expaii cnabra (R? = 0,0015)
6i0n06iono. [puuunoio ¢ iOHOCHO gucokull epexm enaugy napamempa Sq.

KuaiouoBi ciioBa: soicopemra mexaniuna oopooKa; waigyyeanis,; noeepxnesa mekcmypa.
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THEORETICAL JUSTIFICATION OF RATIONAL CONDITIONS
FOR PRODUCING DIAMOND WHEELS ON CERAMIC BONDS

Abstract. The article describes the results of theoretical studies using 3D finite element modeling,
which made it possible to determine the rational characteristics of diamond wheels on ceramic bonds.
The influence of the parameters of the diamond-bearing layer on the change in its stress-strain state in
the sintering zone of the diamond wheel has been studied. The results of finite element and microlevel
3D modeling of the sintering process of a ceramic-matrix diamond-containing composite are analyzed.
The influence of the technological parameters of the process and the characteristics of the diamond
wheel on the integrity of the grains during sintering was established, on the basis of which practical
recommendations were given for the selection of diamond compositions with rational properties.
Keywords: Diamond grinding wheel; ceramic bond; diamond-bearing layer; diamond grain; grinding
process; force and temperature factors; Finite element method; 3D model; diamond wheel sintering
process; metal phase; equivalent stresses.

1. Literature review

It is known that during the operation of diamond abrasive tools (DAT), the
coefficient of effective use of diamond grains does not exceed 10%. The rest of the
grains are destroyed even at the stage of tool manufacturing and fall out during
grinding. The efficiency of diamond grinding depends largely on the characteristics
of diamond wheels, and is also determined by the rational choice of the optimal
technological parameters for their manufacture, which ensures the integrity of
diamond grains at this stage. And this, in turn, contributes to the creation of
prerequisites for their rational self-sharpening during the operation of the DAT [1,
2]. The information available in the literature on the mechanism of renewal of the
cutting surfaces of grains during grinding and the conditions under which the
rational self-sharpening of DAT is realized are contradictory and general, which
does not contribute to the efficiency of their use. In the process of diamond
abrasive processing, two cases most often take place: spontaneous uncontrolled
self-sharpening of the wheel due to the tearing of grains from the bond, which
leads to unjustified loss of diamonds, or its complete absence, leading to greasing
of the working surface of the tool.

The choice of the composition of the diamond-bearing layer, depending on
the purpose of the diamond wheel and the type of material being processed (PM),
should be based on scientifically grounded recommendations for the optimal
combination of concentration, grain size and strength of diamond grains, properties
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and structure of the bond, as well as coatings that protect diamond from destruction
during composite sintering. [3]. This approach can ensure the integrity of diamond
grains in the manufacture of tools, and will contribute to the creation of
prerequisites for rational self-sharpening of grains during grinding.

An equally important issue in the design of diamond wheels is the correct
choice of technological parameters for the sintering of the diamond-bearing layer
of the tool, taking into account the physical and chemical characteristics of the
processes occurring in this case. Sintering of the diamond-bearing layer on typical
ceramic bonds occurs at higher temperatures, sufficient for the graphitization of
diamonds. Depending on the properties of diamond powders, their cost can differ
hundreds of times. Therefore, the choice of the characteristics of the wheel, as well
as the parameters of its manufacture, should not only provide the specified
properties of the tool, depending on its purpose, but also take into account the
production cost. To solve this problem, we used an approach based on the analysis
of the results of three-dimensional modeling of the sintering process of the
diamond-bearing layer, identifying the most significant factors that determine the
stress level and the state of the grains during sintering of the diamond-bearing
layer.

To reduce lengthy and labor-intensive experimental studies, theoretical
modeling of the process of sintering the diamond-bearing layer of a grinding wheel
was carried out by analyzing the stress-strain state (SSS) of the "bond-coating-
diamond grain-metal phase" system using the finite element method. The
SolidWorks software package was used to create models of a diamond-bearing
layer fragment. To implement simulation experiments, the ABAQUS software
package was used. The research task at this stage was to simulate the sintering
process to determine the conditions for the formation of a diamond-bearing layer,
ensuring the integrity of diamond grains in it. When carrying out model
experiments, such a combination of its morphological characteristics was
determined, which ensured the preservation of the integrity of diamond grains
under the conditions of specified temperature and power loads.

2. Methods

To carry out simulation experiments, models of the grinding process have
been developed (the system “bond - grain - metal phase - processed material”, Fig.
1).

In modeling, it was assumed that a fragment of a diamond-bearing layer in
the form of a cube with a certain amount of diamond grains, bounded on all sides
by a bond array [4, 5] can fully represent the diamond wheel as a whole.
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b)

Figure 1 — 3D model (a), finite element mesh (b) and loading scheme (c)
in the study of the sintering processes of the diamond-bearing layer

When creating the models, the shape, dimensions and properties of its
elements were taken into account, which were considered elastic solid bodies.
Since the most common form of diamond crystals is the octahedron [6, 7], the
grain was designed with the geometry of an octahedron. The diamond grain sizes
(grain size) were as follows: 50/40, 100/80, 125/100, 200/160. Local inclusions of
the metal phase in the grains were created in the form of arbitrarily oriented
parallelepipeds, the volumetric content of which was set depending on the grain
grade (AS4 — 7.5%, AS6 — 6%, AS15 — 2.2% and AS32 — 0.6%) [8, 9, 10]. When
modeling protective coatings on a diamond grain, a shell with a thickness of 100
mass% was created.

The bond was created in the form of prismatic fragments with sizes from 250
x 250 x 125 pm to 1000 x 1000 x 500 um, depending on the size and
concentration of grains in the diamond-bearing layer. In the volume of the bond,
seating surfaces for grains were randomly placed, the amount of which varied
depending on the concentration of diamonds (25% — 200%), which was set as the
percentage of the volume of the binder and the total volume of grains. To
reproduce the natural structure of the wheel in the body of the bond, pores of
arbitrary shape with sizes from 80 to 100 um were created. The relative pore
volume in the model was varied in accordance with the selected porosity values of
10, 20, and 30%.

The element of the “processed material” system was modeled in the form of
prismatic fragments with sizes from 250 x 250 x 125 um to 1000 x 1000 x 500
um. Examples of the main three-dimensional models developed for the finite
element analysis of the stress-strain state of microvolumes of the diamond-bearing
layer during grinding are shown in Fig. 1.

Finite element analysis was performed using eight-node SOLID elements.
The ANSYS program was used to select the type of finite elements from the
package library for each component of the system, build a finite element mesh and
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selectively refine it. When creating a mesh for metal phases, Hex Dominant and
Tetrahedron elements were used. Thickening of the mesh was carried out in the
areas where abrasive grains were embedded in the bond and in the inclusion of the
metal phase, as well as on the contact surfaces of the system elements. This
approach made it possible to more accurately simulate the deformation of the
model fragments, taking into account the remoteness of the zones of edge effects.

Fixing the model (setting zero or other necessary displacements) was carried
out using the attributes of the geometric model (points, lines, surfaces) [5]. The
model was loaded with a static uniaxial uniformly distributed load in the form of
the applied pressure and temperature values (Fig. 1). The choice of the boundary
loading parameters was carried out taking into account the temperature and force
loads accompanying the sintering of the diamond-bearing layer. So, when
simulating the conditions of hot pressing or free firing of the diamond-bearing
layer of the wheels, the model was subjected to a uniform temperature load from
500 to 800°C, which corresponds to the conditions for the production of DAT
using ceramic (550+800°C) bonds [11, 12, 13, 14]. The force load was varied in
the range of 30-50 MPa, corresponding to the pressing pressure in the manufacture
of diamond wheels [15, 16]. The analysis of the influence of the loading
parameters of the models was carried out in three versions: only taking into
account the effect of pressure; only taking into account the heating temperature and
with the simultaneous application of pressure and temperature.

The calculation model included the following characteristics of the system
elements: elastic modulus (E), bulk compression modulus (G), thermal coefficient
of linear expansion (TCLE, a), Poisson's ratio (u), yield stress (og), thermal
conductivity coefficient (X). The setting of the properties of grains was carried out
according to the reference data [17, 18], taking into account the information on the
temperature dependences of the properties of synthetic diamond.

3. Results

The main difference between ceramic-bonded diamond wheels is the high
sintering temperature of the diamond-bearing layer (700-800°C). In a number of
cases (especially when using fine-grained diamond powders), this causes
destruction and graphitization of grains [19-21].

Theoretical calculations made it possible to quantify the stresses in the
elements of microlevel models of the "metal phase - diamond grain - bond - pore"
system depending on the sintering conditions, as well as the concentration of
diamonds, their size, composition and properties of the metal phase and the bond.
In this case, we investigated the behavior of grains of grades AS2, AS4,
characterized by an increased content of the metal phase and minimum strength
properties.
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Modeling the sintering process of a diamond-bearing layer on a ceramic bond
made it possible to evaluate the role of temperature and force effects, both
separately and during joint manifestations. In figures 2 and 3 are shown examples
of stress distribution diagrams and the results of calculating the maximum
equivalent stresses oeq arising in the system under conditions of power and
temperature-power loads. Characteristics of the 3D model (Fig. 1, a): diamond
grains AS6 125/100 (o5t = 0.2 GPa); metal phase: 6% FegsSis; bond K1-01, porosity

15%.
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Figure 2 — Stress distribution in the "metal phase - diamond grain - bond - pore" system
at power loads P=30 MPa (a) and P=50 MPa (b)

Calculations have shown that loading the specified system (Fig. 1, a) only by
pressure in the range of values typical for the technology of sintering wheels on
ceramic bonds insignificantly affects the level of arising stresses and does not lead
to a violation of the integrity of diamond grains of these grades (Fig. 3, table). This
fact made it possible to conclude that the pressure (in the range of 30 — 50 MPa)
from the point of view of grain integrity is an insignificant factor and practically
does not cause destructive stresses.

The stresses arising during the sintering of diamond wheels under the
influence of temperature are distinguished by much higher values and a
characteristic distribution pattern: their increase is especially observed in the places
of inclusions of the metal phase in the grain along the contour of the sphere
inscribed in the octahedron. With an increase in temperature, the stresses in the
system under study increase, which is explained by a significant difference in the
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values of the TCLE of the metal phase and diamond, as well as the structural
heterogeneity of the latter.

| a) — T=400 °C b) — T=600 °C ¢) - T=800 °C

Figure 3 — Distribution of stresses in the system "metal phase - diamond grain - bond - pore™
at temperature and power loads

Table — Influence of temperature and power loads on equivalent stresses

Pressure T=400 °C T= 600 °C T=800 °C
P=0MPa 0, ~63.85MPa | ©,=590,92MPa | c,=748,76 MPa
P =30MPa Geq=64,06 MPa O™ 591,23 MPa Geq=749,03 MPa
P =50MPa 0, 6474 MPa | ©,=591,86 MPa | c,,~749,81 MPa

This leads to a significant expansion of the inclusions of the metal phase with
an increase in the sintering temperature and, as a consequence, to the appearance of
internal stresses in the diamond grain, which can lead to the cracks formation in its
volume and its subsequent destruction. By the nature of the distribution of the
limiting values of the stress arising in the system at thermal power stresses, they
are similar to the picture of thermal stresses, while their value at the same power
load increases significantly. With an increase in the sintering temperature to 600°C
and higher, stresses arise in the grain, localized in the region of inclusions of the
metal phase, which can destroy the grain itself.

Each brand of diamond powder has characteristic performance properties,
determined by the shape and morphology of grains, as well as microstructural
features of their structure. It also represents the arithmetic mean of the compressive
strength of all grain sizes of a given grade, expressed in newtons [22]. According
to [23-24], with an increase in the strength of diamond powders, the number of
metal phase inclusions in them decreases (for example, in diamonds of grades AS4,
AS6, AS15, AS32, the content of the solvent alloy reaches 7.5; 6.0; 2.2 and 0, 6
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wt%, respectively). The presence of inclusions of the metal phase reduces the
thermal resistance of diamonds and the value of their breaking load.

Within the framework of theoretical studies, we determined the influence of
the quantitative and qualitative characteristics of the metal phase (depending on the
grade of diamonds and the composition of the metal catalyst) on the level of
stresses arising in the grains under loads corresponding to the sintering conditions
of the ceramic matrix diamond-containing layer of the tool. Since the ultimate
tensile strength of diamond is lower than that of compression, the calculated values
of the maximum tensile stresses were taken as a fracture criterion, which were
compared with their ultimate strengths for diamonds of various grades and grain
sizes [25-28]. As shown in [29, 30], stresses exceeding the ultimate strength of
diamond and located at the boundaries of the metal phase inclusions cause the
development of internal cracks in the grain. However, this is not a sufficient
condition for grain damage, the destruction of which begins if the breaking stresses
propagate in a significant volume of the grain (more than 10%).

As the reaction of the model to loading, we considered the equivalent stress at
the mesh nodes belonging to the elements of the system under study (grain and
metal phase). Using the ABAQUS software, the limiting stress value in the studied
area of the system was set, in accordance with which the gradation of the
equivalent stress was built on the epure and scale. According to the calculation
results, the grain volume (V) was determined, in which the stresses exceeded the
ultimate tensile strength of diamonds for a given grade and grain size. Fig. 4 shows
examples of epure, obtained for the case of using diamonds AS6 [cst = 0.2GPa] and
AS15 [ost = 0.53GPa] with the FegsSis metal phase and its percentage in them 4%
and 2.2%, respectively.

As can be seen from the data obtained, the maximum level of equivalent
stresses recorded in the areas of the metal phase in the grain differs insignificantly
for diamonds of different grades (the difference is ~ 4%). At the same time, the
volumes of grains in which stresses exceeding the limiting level for diamonds of
the indicated grades are noted differ significantly (for diamonds of the AS6 grade
this indicator is 2.5 times higher).

To obtain more complete information on the influence of the qualitative
characteristics of the metal phase on the integrity of diamond grains during
sintering, cases with different compositions of the metal phase containing cobalt,
nickel, and iron are considered. The results of model experiments on the effect of
the composition of the metal phase (content 6%) on the value of oeq in the grain are
shown in Fig. 5.

Since at this stage of research, the most interesting is the analysis of the
influence of the metal phase on the stresses arising in the diamond grain during
sintering, the image of the bond in this illustration is hidden. Analysis of the
distribution epures of stresses arising during the thermal-force loading of the model
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shows that the maximum values of the equivalent stresses are fixed in the region of
inclusions of the metal phase, whereas in the absence of the metal phase in the
diamond grain, the maximum stresses are localized at the boundary of the contact
between the diamond and the bond.
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Figure 4 — Characteristics of the stress-strain state of the system
"metal phase - diamond grain - bond - pore" during sintering
of the K1-01 bond (sintering parameters P = 30 MPa; T = 700°C)
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Stresses exceeding the ultimate strength of diamond grains are located along
the boundary of inclusions of the metal phase, which suggests the appearance of an
internal crack in the grain. At the same time, the stresses at the grain periphery are
distributed in such a way that they will facilitate the separation of the protruding
sections from the grain. This can cause rounding of the cutting edges of the
diamond grains, which can adversely affect the cutting ability of the diamond
wheel.

The calculation results indicate (Fig. 6) that, with an increase in temperature
loads from 500 to 800°C (at a constant pressure of 30 MPa) in grains of grade AS6
125/100, an increase in maximum stresses from ogpoecc = 703.22 MPa is observed
up to ogeec = 17215 MPa (for the metal phase of composition
Ni39_sMﬂ59,5(Cl’3Cz)o,s) and from cepoec = 526.06 MPa to csp0oc = 999.65 MPa (fOf
the metal phase of composition FessCoas( CrsCz)12).

500°C 600°C 700°C 800°C
a) — metal phase Fe44C044(Cr3C2)12, ceq = 612,55 MPa

500°C 600°C 700°C 800°C
b) — metal phase FegsSis, Geq= 725,16 MPa

500°C 600°C 700°C 800°C
¢) — metal phase Nizo,sMnsg 6(CraCz2)o,s, ceq= 835,63 MPa
Figure 5 — Epures of stress distribution in grain during sintering
(sintering parameters: K1-01 bond with 15% porosity; P =30 MPa; T = 700°C)
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The different level of the arising stresses is due to the significant difference
(more than 2 times) in the TCLE of the indicated metal phases containing different
amounts of cobalt, nickel and iron. At the sintering temperature of diamond wheels
on a ceramic bond K1-01 (~ 750°C), stresses arise in the grains of AS6 125/100
powder that exceed the ultimate tensile strength of diamonds (0.2 GPa). It follows
from this that when using diamonds of low strength grades (contaminated with
metal inclusions), the sintering temperature should not exceed 550 ° C.

For diamond grains AS15 125/00 in the absence of nickel in the composition
of the metal phase, the maximum sintering temperature can reach 650°C.
Otherwise, the sintering temperature must be reduced to 600°C. Compliance with
these conditions will ensure the integrity of the grains at the stage of manufacturing
diamond wheels when using synthetic diamonds of low grades.
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Figure 6 — Temperature dependences of equivalent stresses (a) and volumes of critical
stresses in a grain (b) for AS6 125/100 diamonds containing a metal phase
of different composition

In the case of using synthetic diamonds, the choice of catalyst metals should
be based on the observance of two conditions: low thermal conductivity and
minimum TCLE while maintaining a high elastic modulus. This conclusion is
explained by the fact that a decrease in thermal conductivity will lead to a
slowdown in the heating of metal inclusions, and, as a consequence, a decrease in
their thermal expansion, which, in turn, will contribute to a decrease in stresses in
the system. An increase in the elastic modulus of the metal phase increases its
tensile strength; however, the nature of the temperature dependence of the elastic
modulus for various catalyst metals (as well as the features of the temperature
dependences of thermal conductivity and TCLE) significantly reduce this effect.
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Based on the foregoing, it is advisable to use iron-based solvent alloys as catalysts
in the synthesis of diamonds, for example, Fe44C044(CrsC2)12 or FegsSis, the first of
which is characterized by minimal thermal conductivity and TCLE, and the second
has an optimal combination of thermal conductivity and elastic modulus, which
will be help to minimize the equivalent stresses in the diamond grain.

4. Summary

Adherence to the general recommendations for all diamond wheels regarding
the design principles of DAT leads to grain damage already at the stage of tool
manufacturing, which can be the reason for the low efficiency of diamond abrasive
processing. An analysis of modern research aimed at increasing the efficiency of
DAT manufacturing and the results of our own experiments indicates the
efficiency of using an approach based on microlevel 3D modeling of the behavior
of a diamond-bearing layer at the stage of tool manufacturing in the design of DAT
on a ceramic bond. The studies carried out at this stage have led to the following
conclusions:

The integrity of diamond grains at the stage of manufacturing DAT on
ceramic bonds is mainly determined by the temperature factor. The force factor
(pressure during workpiece molding) within the studied limits (up to 50 MPa)
practically does not affect the stress distribution in the sintered diamond-bearing
layer and does not cause the appearance of destructive stresses in the grain.

The role of the qualitative and quantitative characteristics of the metal phase
present in synthetic diamonds in the process of their destruction during sintering of
the diamond-bearing layer has been determined and their relationship with the
technological parameters of the process has been revealed. It has been
substantiated by calculation that the main reason for the premature destruction of
grains during sintering of the diamond-bearing layer is the stresses in the grain,
caused by a significant difference in the TCLE of diamond and metal phase (3.5+8
times for different solvent alloys). With a decrease in the content of the metal
phase, the thermal resistance of diamonds increases. When using diamonds of
grades AS32 and higher, the sintering temperature of the diamond-bearing layer, at
which the appearance of stresses destroying the grain is excluded, can be increased
to the softening temperature of known ceramic bonds. When making DAT using
cheaper diamonds of grades AS2 - AS15, the sintering temperature of the diamond
layer should be reduced to 550+650 °C in order to avoid the destruction of grains.
A comparative analysis of the effect of the properties of some solvent alloys on the
level of stresses arising in the grain is carried out. The choice of the
Fes4Coaa(CrsCy)12 Solvent-alloy is substantiated, which makes it possible to reduce
the level of stresses arising in the grain during sintering of the diamond-bearing
layer.
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Bomomumup ®enoposmy, €sreniit Octposepx, [Ban ITmkos, Xapki, YkpaiHa,
Banepiii JlaBpurenko, Kui, Ykpaina

TEOPETUYHE OBI'PYHTYBAHHSA PAIIIOHAJIBHUX YMOB
BUT'OTOBJIEHHSA AJIMA3ZHUX KPYT'IB HA KEPAMIYHUX 3B'SI3KAX

AHoTanis. Ananizylomscsa pe3ynbmamu npoeedeHux meopemuyHux 00CHioONceHb i3 3acmocyeannam 3D
MOOeno8ants MemoOOM KiHYeGUX eneMeHmis, wo 00360UNO GUIHAYUMU PAYIOHATLHI XAPAKMEPUCTNUKU
AIMAsHUX KpY2i8 Ha Kepamivnux 36's3Kkax. Bueueno eniue napamempie aimasoHOCHO20 wiapy HA 3MIHY
11020  HANPYHCEHO-0ehOPMOBAHO20 CMAHY 6 30HI CHIKAHMA AIMA3HO20 Kpyed. Bcemanoeneno enius
MeXHONIOIYHUX NapamMempie npoyecy ma Xapakmepucmuk aimMasHoz2o Kpyea Ha YinicHicmb 3epeH npu
CRiKaHHi, HA NIOCMABI Y020 HAOAHO NPAKMUYHI PEKOMEHOayii wodo 6UGOpy AIMA3HUX KOMNO3UYIU 3
payioHanbHuMu  61ACMUBOCMAMY.  AHANI3Z  CYHACHUX  OOCTIONCEHb, CHPSAMOSAHUX HA  NIOBUUEHHS
egpexmusnocmi  gucomoenenns AAIl ma  pesyrbmamie 6IACHUX eKCNEPUMEHMIS, CGIOYUmb  Npo
eghexmusnicmy guxopucmanis npu npoexkmyeanni AAIl na kepamiunux 36's13xKax nioxody, 3acHO8AHO20 HA
MiKpopigresomy 3D mooentosanHi nogedinKu aimMasoHOCHO20 Wapy Ha emani 6UoMogNeHH sl IHCIMPYMEHNTY.
TIposedeni Ha ybomy emani OOCHIONCEHHs 00380IUNU 3POOUMU BUCHOBKU, WO YITICHICMb AIMA3HUX 3€PeH
Ha emani eueomoenents AAl na xepamiyHux 363Kax GU3HAUACMLCA NEPEBAICHO MEMNEPAMYPHUM
@axmopom. Cunosuti pakmop (muck npu ghopmysanni 3a20mieku) 6 00cuioxHcyeanux mexcax (0o 50 Mlla)
NPAKMuyHO He 6NIUBAE HA PO3NOOLL HANPYICEHb 8 AIMA3OHOCHOMY WIAPI, WO CHIKAEMbCA, | He BUKTUKAE
nosAgy pYUHIGHUX HanpyJiceHv y 3epi. Busnaueno ponv AxicHux ma KilbKICHUX Xapakmepucmux
Memanogasu, wo NPUCYMHA Y CUHMEMUYHUX aIMA3ax, y npoyeci ix pyUuHyeamHs npu CRIKAHHI
ATMA30HOCHO20 WAPy Ma GUAGTEHO IX 63AEMO36'S130K 3 MEXHONOSIYHUMU NApaAMempamu npoyecy.
Pospaxynxosum wsxom o0TpyHMOBAHO, WO 207106HOI0 NPUHUHOIO NEPEOYACHO20 PYUHYBAHHS 3epeH npu
CNIKAHHI AIMA30HOCHO20 WAPY € HANPYJICEHHs 8 3epHi, 3ymoeineni cymmesoro pisnuyeio KJITP aimasy ma
memanogasu (y 3,5+8 pasie ona pisnux cniagie-po3uunnuxie). 3i 3meHweHHAM emicniy Memanogasu
mepmocmitikicme  aimazie  niosuufyemvcs. Ilpu  euxopucmanni  ammasie mapox AC 32 i suwe
memnepamypa CnikamHs aimMasoHOCHO20 Wapy, Npu AKIU SUKTIOUEHA NOABA HANPYXHCEHb, WO DYUHYIOMb
3€pHO, Modice Oymu 30UIbuieHa 00 MmemMnepamypu po3m'sKUeHHs 6I0oMUX KepamiuHux 38's3ok. Ilpu
sucomosnenti AAI 3 euxopucmannsm Oitbwt Oewesux ammasie mapok AC2 — ACIS5 memnepamypa
CHIKanHs aIMA30HOCHO20 wapy nogunna 6ymu suuscena 00 550+650 °C, w06 yHukmymu pyunyeanms
3epen. IIposedeno nopieHANLHULL aHATi3 8NAUGY G1ACMUBOCMEN OesKUX CNIAGIG-POZYUHHUKIE HA PIGeHb
Hanpysicenvb, wo uHukaions y 3epui. Qbepynmosano eubip cniagy-pozuuniua FeuCou(CrsCo)i, wo
00360J15€ SHUSUMU PI6EHb HANPYICEHHS, WO UHUKAE 6 3ePHI NPU CNIKAHHI AIMA30HOCHO20 UAPY.
KimiouoBi cioBa: anvasnuii winihyeanouil Kpye; Kepamiuna 36'13Ka, aiMa3o0HOCHUL Wap,; aiMasHe 3epHO;
npoyec wnighy8anHs, CUNOBUIl Ma MeMRepanypHuil paxmopu,; memoo KiHyeux enemenmis; 3D-modens,
npoyec CnikanHs aiMasHoz0 Kpyea, Memaneéa asa, ekeieaneHnme HanpyHceHHs.
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FEM ANALYSIS OF THE BURNISHING PROCESS
OF X5CrNi18-10 STAINLESS STEEL

Abstract. The burnishing process can improve the surface roughness of machined parts, while having
an advantageous effect on the properties of the layer below the surface. In this paper the effect of the
surface speed, the feed rate and pressing force are analysed with Finite Element Method. The affected
width and depth were analysed during one pass of the burnishing tool. We also examined the highest
pressure and the stress distribution of the surface layer. The values of the studied parameters were
chosen according to the “Design of Experiments” method. Equations determining the studied
properties were also given.

Keywords: burnishing; design of experiments; FEM simulation.

6. INTRODUCTION

In the development of different manufacturing processes and systems, many
factors must be considered. An aim of these improvements is the increase the
quality of the machined surface while decreasing the costs of manufacturing [1].
However, production engineers must consider the energy efficiency and
environmental impact of different procedures during the process planning. A
further aim is to improve the properties of workpieces to reduce the weight and
therefor the fuel consumption [2]. The burnishing process can effectively improve
the properties of the surface layer.

Diamond burnishing leads to a favourable combination of the 3D height and
shape parameters for surface texture in the point of view of the wear resistance
enhancement [3]. Raza et al. showed in their review work that the burnishing
parameters such as force, feed, speed, number of tool passes, ball diameter and
lubrication medium have a greater influence on the surface characteristics of the
component [4]. The experimental results of Mohamed et al. indicate that feed,
speed, burnishing force and number of passes are the most important and
significant parameters to improve hardness [5]. Fedorovich et al. showed in their
study that the optimal choice of the technological parameters should consider both
the equivalent stress distribution in the surface layer of the products and the factors
influencing the tool wear observed under a particular processing mode [6]. An
effective way of increasing the depth of the hardened layer is the increase of the
number of passes [7]. Yaman et al. studied the surface integrity alteration and
found that the burnishing force and burnishing speed are critical parameters to
make the burnishing process more effective and increase the wear resistance of
parts [8]. Teimouri et al. proved in their theoretical and experimental work,
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that among the process factors the burnishing depth has the greatest influence on
microhardness alternation [9]. The analysis of Barahate et al. showed that the
burnishing feed rate has the highest impact on the surface roughness (a
contribution of 54.51% in their experiments), followed by load and burnishing
speed [10]. Borysenko et al. studied the burnished surface on reverse engineering
approach, where the models of the workpiece and the tool were created using 3D
scanning [11]. Ferencsik et al. studied the burnishing process by the application of
FEM simulation, and showed that numerical value of roughness is in a good
correlation with the experimental results [12].

The values of the affected depth and width in burnishing of different
materials are essential information in the process planning of the procedure.
Therefore, the alteration effect of the feed, surface speed and pressure force were
studied in diamond burnishing using Finite Element Method simulations in this
paper. The results were evaluated using the Design of Experiment method.

7. EXPERIMENTAL METHODS AND CONDITIONS

In this paper we intended to make a study to better describe and understand
the processes in the surface layer during burnishing. The aim of our study is the
description of the affected depth and width in diamond burnishing by FEM
analysis. The finite element simulations were done with the ThirdWave
Advantedge 7.601 software.

Feed
f [mm/rev]

Burnishing force ,
FIN]

Workpiece surface speed
v [m/min]

Figure 1 — Experimental setup in the FEM software
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The setup of the tool, workpiece, burnishing force, feed and surface speed
were shown in Figure 1. It can be seen that the burnishing of a shaft is simulated on
a plane. The burnishing force were adjusted by the precise adjustment of the depth
of cut parameter, where the chip removal is not occurred, and the desired load
could be measured from the force perpendicular of the workpiece surface.
X5CrNi18-10 grade stainless steel were selected as workpiece material. The tool
material was PCD with medium conductivity. The initial temperature was 20 °C.
Furthermore, minimum element size of 0.0054 mm, refined region radius of 0.026
mm, refining factor of 4, coarsening factor of 3, 6.0 grading near the cutting edge
were set.

Three process parameters were analysed in our study: surface speed (v), feed
(), burnishing force (F). The values of these parameters were chosen according to
the Full Factorial Design of Experiments method, where a high (+1) and a low (-1)
value is determined for each factor, and the experimental setup is generated
through the combination of these values. Table 1 shows the experimental plan for
the 8 cases. The parameters were chosen according to our real experimental plan of
burnishing a shaft with 50 mm diameter.

We measured 4 parameters in each setup. The first is the stress depth, which
represents the depth where at least 350 MPa Mises stress occurs, which is the 1.5-
fold value of the materials proof strength. The second is the Burnished depth,
which measures the affected depth according to the perpendicular stress (Stress Y-
Y in the program notation). The third is the Burnished width, which measures the
affected width according to the shear stress (Stress Y-Z in the program notation).
The final studied parameter is the maximum value of the Pressure occurring in the
surface layer during burnishing.

Table 1 — Setup values of the studied process parameters

. % f F

v i F o nminl | pming | [mmirev] IN]

1 1 1 | 1 265 4117 0.025 30
2 1 1 [ a1 375 58.26 0.025 30
3 1 1 1 265 4117 0.05 30
4 1 1 1 375 58.26 0.05 30
5 1 1 1 265 4117 0.025 40
6 1 1 1 375 58.26 0.025 20
7 1 1 1 265 4117 0.05 20
8 1 1 1 375 58.26 0.05 20
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8. EXPERIMENTAL RESULTS

Measurements were made on the results of the FEM simulations according to
the previous conditions. Here an example is given for the better understanding of
the process in case of Setup 8. The results of the measurements were shown in

Table 2.

Figure 2 shows the measurement of the stress depth and burnished depth. In
the former, the highest distance from the surface was taken where the Mises stress
value exceeds 350 MPa, which is crucial for the elastic deformation. In the latter
the highest distance of that FEM element was measured, where the perpendicular

stress is different than 0.

Table 2 — Results of the FEM simulations

Stress Depth Burnished Depth Burnished Width Pressure
[mm] [mm] [mm] [MPa]

1 0.0834 0.2007 0.1145 1367.37
2 0.0907 0.2061 0.1266 1321.92
3 0.1057 0.1843 0.1379 1412.23
4 0.1349 0.2249 0.1604 1372.58
5 0.0913 0.2178 0.1092 1625.49
6 0.1177 0.1835 0.1123 1672.84
7 0.1141 0.2978 0.1810 1652.82
8 0.1412 0.2960 0.2115 1612.35

¢ 0141232

Mises Stress (MPa)

1050
975
900
825
750
675
600
525
450
375
300
225
150
75
0

| 0.296069

Stress-YY (MPa)

1200
1050
900
750
600
450
300

Figure 2 — Measurement of the Stress depth (a) and Burnished depth (b), Setup 8
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Figure 3 — Measurement of the Burnished width (a) and Pressure (b), Setup 8

The measurement of burnished width and pressure can be seen in Figure 3.
To measure the affected width, we measured the distance between the occurring
shear stresses. The highest value of the pressure occurring in the surface layer was
provided by the FEM software.

A further aim of our study was to provide equations for the calculation of the
studied attributes. These were determined in the form of Equation 1, where the k;
are the constant of the different factors.

y(v,f,F):ku+k1v+k2f+k3F+k12vf+k13vF+k23fF

‘I’ k123 va (1)

The k; constants were determined for the studied parameters. The results can
be seen for the Stress depth (y1) in Equation 2, for the Burnished depth (y2) in
Equation 3, for the Burnished width (ys) in Equation 4 and for the Pressure (ya) in
Equation 5.

v, (v, f,F) = 03641 —7.912 - 10 3p — 7.369f — 8.933 - 10 3F
+0.2vf + 2.354 - 10~*vF + 0.205fF )
—4.948 - 10730 fF

v, (v, f,F) = 0.2586 —4.772- 1073v — 16.39f — 1.006 - 1073F
+0.101vf —2.171 - 10" *vF + 0.4110fF — 6.258  (3)
107 fF

y3(v, f,F) = 0.0609 — 4.644- 1073y — 0.991f —8.763 - 10™*F

4
+0.094vf — 1.517 - 10~ %vF + 0.031fF @
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—3.963 - 107 3vfF

v, (v, f,F) = 1.966 — 35.722v — 2.373 - 10*f — 17.345F
+670.927vf — 1.091vF + 832.037fF 5)
—21.912vfF

9. DISCUSSION

Equation 2-5 were drawn as a function of the surface speed (v) and feed (f)
for the two levels of the burnishing force.

Figure 4 shows the effect of these parameters on the Stress depth and
Burnished depth. We conclude that the increase of the perpendicular force has an
increasing effect on these parameters, however a larger increase can be seen in the
affected depth than the stress depth. Increasing the surface speed led to an
interesting finding. While the 1.5-fold increase of the speed led to an average of
1.2-fold increase in the stress depth, the affected depth remained the same.
Doubling the feed leads to an average 1.25 increase in the stress depth, while the
affected depth only increases in the higher load setups, and it remains nearly the
same if the burnishing force was adjusted to 30 N.

Stress depth [mm]

Burnished depth [mm]

0.05

—0.05 50

= 005
0.03 f [mm/rev] v [m/min] 55

0.03¢ [mm/rev]

v [m/min] 5

Figure 4 — Stress depth and burnished depth as a function of the studied parameters

The alteration of the burnished width and the pressure is presented in Figure
5.. The alteration of the surface speed has a very low effect on these parameters (0-
16% change). However increasing the feed has a significant impact on the affected
width. By the 1.5-fold incrase of the feed, a 1.2-1.8-fold increase can be observed
in the affected width. The effect of burnishing force alteration depends on the feed
value. As expected, the highest pressure value increases by the increase of the
burnishing force: 1.33-fold increase of the latter leads to an 1.2 higher pressure on
avarage. The surface speed and the feed has almost no effect on this studied
parameter.
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Figure 5 — Burnished width and pressure as a function of the studied parameters

SUMMARY

The burnishing process of X5CrNil8-10 grade stainless steel material was
studied in this paper by the application of FEM simulations. The analysed
parameters were selected according to the Design of Experiments method. The
stress depth, the affected depth and width and the pressure were measured and
further analysed. Equations were given for the calculation of these parameters in
the studied range. The effect of the surface speed, feed and burnishing force were
analysed. It is found that the increase of the burnishing force has the highest effect,
followed by the feed.
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IrrBan CrarkoBud, [proa Bapra, Mimkossm, YropmuHa

AHAJII3 ITPOIIECY BUTJIA/I’KYBAHHSA HEPJKABITOUOI CTAJII
X5CrNi18-10 METOAOM KIHIIHEBUX EJIEMEHTIB

AHoOTaWiA. AnmasHe BucIAONCYBAHHA NPU3BOOUMb 00 CHPUAMIUBO2O NOEOHAHHA MPUBUMIDHUX
napamempie ucomu ma Gopmu Mmexcmypu ROBEPXHi 3 MOUYKU 30pY NIOGUUEHHS 3HOCOCMIUKOCMI.
3uauenna nopywieHoi enubuHU Ma WUPUHU NPU BUSTAONCYBAHHI PISHUX Mamepianie € 8adCIU0I0
ingpopmayiero nio uac naamyeanns npoyecy. Memorw Oanoco docnidsicenns ¢ onuc memooom MKE
2NUOUHU, WO NOPYULYEMBCA, | WIUPUHU NPU BURNAOJICYBAHHI AIMAZHUM [HOeHmopoMm. ModenosanHs
WISXOM KiHYesux eneMenmis Oyao GUKOHAHO 3a OONOMO20I0 Npozpamnozo 3abesneywenns ThirdWave
Advantedge 7.601. Buecnadoicyeanns eary modemosarocs Ha niowuni. Cuna  6u2nadxicyeamHs
Dezyniosanacs MmoYHUM peyTo6aHHAM Napamempa 2nUuOUHU Pi3aHHs, NP AKOMY BUOANEHHSA CIPYICKU
He 8I06y8anocs, a 6axcane HABAHMANCEHHS MO0 OYMU SUMIPAHE 34 CUNOIO, WO NePneHOUKYIAPHA
nogepxui 3a2omosku. Ak mamepian saecomiexu Oyna obpana nepcasiioua cmans mapru XSXHI18-10. Y
YbOMY O0CHIONCEHHI NPOAHANIZ08aHO MpuU napamempu npoyecy: weudkicmo (V), nodaua (f), cuna
suenaoocysanna (F). 3nauenns yux napamempie 6yno obpano 6ionosioHo 00 Memooy NOGHO20
hakmoprozo naanysanns excnepumenmis. Y yvbomy docuiodxcenni eumiprosanu 4 napamempu y KO*CHitl
yemanosyi. Tlepuiuii — ye 2nubuUHa HANPYJiCeHHA, WO € 2AUOUHOIO, HA AKIll 6UHUKAE HANPYICEHHA NO
Miszecy ne menwe 350 Mlla, wo 6 1,5 pasu nepesuwye meducy miynocmi mamepiany. /lpyeuii — enubuna
BUSNAONHCYBAHHS, KA SUMIPIOE NOPYULEHY 2IUOUHY 6IONOBIOHO 00 NepRneHOUKYNAPHO2O HANDYIHCEHHs
(nanpyowcenna Y-Y 6 nosnavennsax npoepamu). Tpeme 3HaveHHA — WUPUHA NONIPYBAHHA, AKA BUMIPIOE
3a0isHy WUPUHY GIONOBIOHO 00 HANpydcenHs 3cygy (nanpyocenns Y-Z 6 nosnauenHi npozpami,).
OcmaHHiM napamempom, wo 6U4asCsl, € MAKCUMATbHE SHAYEHHS MUCKY, W0 6UHUKAE 8 NOBEPXHEEOMY
wapi npu 6uena0NHCy8aHHi. Asmopu Oitiuliu BUCHOBKY, WO 30LIbUWEHHS NEPREHOUKVIAPHOI culu oae
3pocmaiouy 0it0 HA yi napamempu, npome MOXCHA nNobavumu Ginbuie 30ibUWeHHs 2IUOUHU BNIUBY, HIHC
2nubuny Hanpyoicentsi. 30i1bUIeHHs NOBEPXHEBOT WBUOKOCMI NPU3EeNo 00 YiKago2o giokpumms. Y moi
uac sax 30i1buieHHs weuokocmi 6 1,5 pasza npuszeeno 00 30i1buleHHA eIUOUHU HANPYIICEHb 8 CEPEOHbOMY
6 1,2 pasza, enubuna ennugy 3amumunacs Hesminnolo. Ilooeoenns nooaui npuzeooums 00 30inbuienHs
2nubuny Hanpydicens ¢ cepednbomy 6 1,25 pasu, y moii uac sk enubuna eniusy 30L1buyemsCsi milbKu
npu OinbUl BUCOKUX HANAUIMYBAHHAX HABAHMANCEHHS. [ 3ANUUAEMbCS MAUCE HE3MIHHOIO, SIKWO 3YCUILIS
su2nadxcysanms 0yno siopezynvosaro 0o 30 H. 3mina nosepxnesoi wieuoxkocmi oysce crabko eniueae
na yi napamempu (3mina 0—16%). Oonax 36inbutenns nooayi 3HaUHO 6NAUBAE HA NOPYUICHY WUPUHY.
Ipu 36invuenni nodaui 1,5 paszy cnocmepicacmocs 30inbuenns ypascenoi wupunu ¢ 1,2—1,8 pasu.
Eexm sminu cunu suenadscysants sanexcums 6i0 gequdunu nooadi. Ak i 04iKy8anocs, MaKkcumaibHe
SHAYEHHS. MUCKY 36LIbUYEMbCS 31 30LTbUEHHAM CUTU 8UIA0CYBANHS: 30iIbULeHHsT ocmanHboi 6 1,33
pasu npu3eooums 00 30ibuleHHs cepeOHbo20 mucky 6 1,2 pasu.

Karouosi cnoBa: sueradoicysanns; nian excnepumenmy, MKE-modenosannsi.
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FACE MILLING OF STEEL WITH OCTAGONAL INSERT

Abstract. Face milling is often used to create flat surfaces, since when used as finishing, a suitable
surface roughness can be achieved by fulfilling the specified dimension and tolerance requirements. In
addition, high productivity can be reached by choosing the appropriate parameters of the cutting
process. The cutting data also affect the cutting force and the wear of the tool, and another
consideration is that the resulting vibrations can deteriorate the microgeometry of the surface. Several
insert shapes are available for face milling. Experiments were carried out with a milling head equipped
with a single octagonal insert. The effect of increasing the feed per tooth was examined through the
cutting force components, while keeping the cutting speed and depth of cut fixed. The changes in the
specific cutting force components were also analysed.

Keywords: face milling; octagonal insert; feed per tooth; cutting forces; specific cutting forces.

1. INTRODUCTION

Workpiece surfaces machined with face milling are characterized by a high
degree of precision and good surface quality, that is why face milling is well liked
as a machining process. The productivity of face milling can be increased by
increasing the feed rate [1,2]. This can be achieved by increasing two technological
parameters, the spindle speed and the feed per tooth [3]. The effect of the forces
arising during cutting not only appears on the workpiece (when the chip is being
formed); the cutting force also loads the tool, the clamping devices and the
machine. The magnitude of the cutting force and its prediction are important from
the point of view of the entire machining system.

A novel approach to the theoretical modelling of cutting forces was presented
by Zheng et al. in face milling [4]. The operation of the cutter was modelled as the
simultaneous operation of several single-edged cutting tools. Subramanian et al.
developed a statistical model that predicts cutting force based on cutting speed,
feed, and axial depth of cut [5]. They found that cutting speed was the dominant
factor in the second-order models, followed by feed and axial depth of cut. Higher
cutting speed, lower feed and smaller axial depth of cut resulted in lower cutting
force. Cekié et al. investigated the effect of cutting parameters [6]. They found that
increasing the cutting speed causes a decrease in the cutting forces, and the feed
per tooth has a significant effect on the value of the cutting forces. Chuangwen et
al. performed milling experiments under different process conditions with a coated
carbide end mill insert on stainless steel [7]. It was found that among the process
factors, tool wear and depth of cut significantly affect the cutting force and
vibration. Ghorbani and Moetakef-Imani presented a new method for determining
specific cutting force coefficients for face milling with circular inserts [8].

© T. Makkai, 2022
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An inverse method was proposed to solve the equations of the mechanical force
model using a genetic algorithm. The interaction of the cutting speed, the feed per
tooth and the depth of cut with the changes in the tangential and radial coefficients
of the specific cutting force were examined. They found that, under given cutting
conditions, the edge geometry of the circular insert significantly affects the value
of the coefficients. Nguyen presents a cutting force modelling method and a
combined approach of theoretical and experimental methods in the face milling
process with a parallelogram insert [9]. Kundrak et al. examined the effect of
different insert geometry characteristics on the cutting force and the values of the
specific cutting force components in the case of face milling [10]. The aim was to
determine the insert with the appropriate cutting edge geometry that results in the
lowest energy consumption for the same material volume removed. Kundrak et al.
studied the energetic characteristics of milling with special attention to the shape of
the cross-section removed by the tool [11]. It was found that it is advantageous
from an energetic point of view if the applied chip ratio is as small as possible.
Felhé presented a study about the finite element modelling of cutting force
components acting on the workpiece in face milling [12], introducing a method for
measuring the cutting edge radius of an insert using an optical method. The
simulated cutting force values and real measurement data were compared and good
correlation was found.

In this paper, the effect of feed per tooth on the cutting force components was
investigated during face milling with an octagonal milling insert. The change in the
specific cutting force components which characterizes the specific energy
consumption, was also examined.

2. METHODOLOGY

In the cutting experiment presented in this paper, the change in the cutting
force during face milling of C45 carbon steel was examined. A single octagonal
coated carbide milling insert was clamped in the milling head. The reason for this
was that the cutting force could be measured without the interaction of the other
inserts, because only one insert was working at a time. The devices used in the
experiment are summarized in Figure 1.

The face milling experiments were performed by setting a constant cutting
speed and a constant depth of cut. The variable parameter was the feed per tooth,
which was set to six values between 0.1 and 1.6 mm/tooth. The workpiece was
fixed to the dynamometer on the table of the milling machine with screws.
According to the spatial Cartesian coordinate system, the dynamometer generated
the cutting force signals in three directions (x — the same direction as the feed
direction, y — the direction perpendicular to the feed direction, z — the direction
perpendicular to the x and y directions), which were amplified by the three charge
amplifiers and then transmitted by the data collection unit to the computer. The
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special measuring software running on the computer was written in the LabVIEW
system-design platform, which was used to obtain the measurement data for
evaluation.

Computer Charge amplifiers Milling tool Milling centre

Jl

Data collector Dynamometer Workpiece

Figure 1 — Experimental equipment [13]

Table 1 — Types and characteristic parameters of experimental devices

Machine tool
Ve”'ci'emgh'”'”g Perfect Jet MCV-M8
Tool
Milling head (Agz(;g’;'n#?iﬁg?)
Insert ATORN OCKX 0606-AD-TR HC4640
(y6=25°; 00=7°; 1:=0.5 mm)
Workpiece
Material C45 (1._0503) carbon steel,
normalized, hardness HB180
Dimension cutt!ng width 58 mm,
cutting length 50 mm
Cutting force measuring equipment
Dynamometer Kistler 9257A
Charge amplifiers Kistler 5011A (3 pcs)
Data collector ?l\?zﬁ%i?lljl':s?rhgnlwgts)

The specifications of the milling machine, milling tool, workpiece and the
elements of the force measuring system used in the experiment can be seen in
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Table 1. The path of the tool was programmed in relation to the workpiece in such
away as to realize symmetrical milling.

The cutting data of the face milling experiments were chosen in such a way
that the effect of the feed change on the cutting force could be examined and
analysed. Additional setting parameters affecting the cutting force (cutting speed
and depth of cut) were set at a constant value in the range of parameters
recommended by the manufacturer of the milling insert. Table 2 summarizes the
cutting data set on the milling machine during the experiments.

Table 2 — Summarized cutting data

Cutting data

Cutting speed Ve 200 m/min

Spindle speed n 901.4 rev/min

Feed per tooth f, 0.1,0.2,0.4,0.8, 1.2, 1.6 mm/tooth
Depth of cut ap 0.4 mm

3. RESULTS AND DISCUSSION

The experimental data were processed. From the measured forces Fy, Fy, F,
(acting on the workpiece) the load on the tool was calculated with the values of F¢
(tangential), Fs (radial) and Fp (perpendicular to Fc and Fy, also known as passive)
force components operating in the coordinate system rotating with the tool. The
values of the measured and calculated force components are illustrated in Table 3.

By showing the values in Table 3 in a diagram, the change in the components
of the cutting force becomes clearer. The change in the cutting force components
acting on the workpiece (measured values) is shown in Figure 2, and the change in
the cutting force components acting on the tool (calculated values) is shown in
Figure 3. In both figures, it can be observed that the value of each force component
increases with increasing feed per tooth, but it is also clear that the growth is not
directly proportional: doubling the feed per tooth shows a smaller increase in each
force component, and the force components also change differently compared to
each other.

This finding is even more illustrative if the minimum and maximum values of
the test range are highlighted. A 16-fold increase in the feed per tooth (from f,=0.1
to 1.6 mm/tooth) causes a 5.6-fold increase in the force component Fy (from 117 N
to 657 N), a 7.7-fold increase in the force component Fy (from 147 N to 1138 N ), a
4.4-fold increase in the force component F, (from 119 N to 522 N), a 8.6-fold
increase in the force component F¢ (from 128 N to 1091 N), a 4.2-fold increase in
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the force component F (from 86 N to 356 to N) and a 4.4-fold increase in the force
component F, (from 119 N to 522 N).

Table 3 — Values of measured and calculated force components

Force components
Feed per tooth
Measured Calculated

f: Fx Fy F. Fe Ft Fo

mm/tooth N N N N N N
0.1 117 147 119 128 86 119
0.2 166 221 152 201 108 152
0.4 247 361 207 337 148 207
0.8 385 616 300 589 209 300
1.2 512 874 398 838 269 398
1.6 657 1138 522 1091 356 522

In the following, the effect of increasing feed per tooth on the change in the
components of the specific cutting force also was examined. The specific cutting
force gives the energy required to remove a unit volume of chips, so the
relationship between the feed per tooth and the energy requirement of face milling
can also be explored. The specific cutting force can be calculated as the ratio of the
cutting force and the cross section of the chip. The results of the calculations are
shown in Figures 4 and 5.

1200
21000
w800

gfz = 0.1 mm/tooth
& fz = 0.2 mm/tooth
m fz = 0.4 mm/tooth
@fz = 0.8 mm/tooth
®fz = 1.2 mm/tooth
m fz = 1.6 mm/tooth

z

Forces, F,,F,
A O
o o
o o

N
o
o

o

Figure 2 — Measured cutting force components at different feed rates
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Figure 3 — Calculated cutting force components at different feed rates

From the figures, it can be observed that the value of all specific cutting force
components decreases with increasing feed per tooth. Another characteristic of the
diagrams is that in the case of f,<0.4 mm/tooth, this decrease is exponential, while
in the case of f>0.4 mm/tooth, it can be considered almost linear. Numerically,
based on the diagrams, it was found, taking into account the minimum and
maximum values of the test range, increasing the feed per tooth by a factor of 16
(from f,=0.1 to 1.6 mm/tooth) decreased the specific force component kx to 35%
(from 2914 N/mm? to 1026 N/mm?), the specific force component ky to 48% (from
3677 N/mm? to 1777 N/mm?), the specific force component k, to 27% (from 2970
N/mm? to 816 N/mm?), the specific force component k. to 53% (from 3188 N/mm?
to 1704 N/mm?), the specific force component ks to 26% (from 2145 N/mm? to 557
N/mm?) and the specific force component k, to 27% (from 2970 N/mm? to 816
N/mm?). Also it was found that increasing the feed per tooth causes a decrease in
the specific energy requirement. An additional advantage of increasing some
cutting parameter values, e.g. the feed rate [14], results in the increasing
productivity, which is the major objective of manufacturing processes in the
automotive industry [15].

Using our previous research results [16], the effect of the change in the chip
cross-section on the force components was examined. In our previous research, the
chip cross-section could be determined according to the relation Ac=a,/,=0.8-f;, in
our current research it is Ac=ap/=0.4-f,. During the examination of the force
components and the specific force components, a ratio number was created, which
can be calculated as the ratio of the force values corresponding to the depth of cut
a,=0.8 mm and the force corresponding to the depth of cut a,=0.4 mm. The results
of the calculations are presented in Figures 6 and 7.
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Figure 4 — Specific cutting forces kx, ky and k; at different feed rates
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Figure 5 — Specific cutting forces ke, kr and kp at different feed rates

The theoretical chip cross-section doubles are due to the double depth of cut;
theoretically, the increase in force is also proportional to this. Based on the
experiments, it was found that the ratio for the Fy, Fy and F. force components is
166-188%, for the F force component it is approximately double (197-213%), and
for the F, (which is the same as Fp) force component it is significantly higher (257—
304%). It was found that in the case of the tested feed per tooth values, F, Fy and
F. force components were 12—34% lower than the theoretical values, and the effect
of feed per tooth is not significant. In the case of the ratio of the F, force
component, however, a significant increase was experienced, which decreases with
the increase in feed per tooth. Examining the specific force components, higher
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values can also be observed in the case of the ratio of the k, component (129-
152%). An increase in feed per tooth caused a decrease in the ratio of the specific
force component.
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Figure 6 — Ratio of force components at different feed rates
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Figure 7 — Ratio of specific force components at different feed rates

4. CONCLUSIONS

In this study, a face milling experiment with an octagonal insert and its results
were presented. Among the cutting data, only the feed per tooth was changed and
six different values were set between 0.1 and 1.6 mm/tooth. After evaluating the
experimental results, the following conclusions were made:
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— By increasing the feed per tooth, the value of each force component increased.

— This increase is not directly proportional. Doubling the feed per tooth showed a
smaller increase in each force component.

— The force components also changed differently compared to each other.

— Increasing the feed per tooth by 16-fold (from f,=0.1 to 1.6 mm/tooth) caused a
4.2-8.6-fold increase in the force components.

— By increasing the feed per tooth, the value of the specific cutting force
components decreased. This decrease is exponential in the case of f,<0.4
mm/tooth, while it can be considered almost linear in the case of f>0.4
mm/tooth.

— Increasing the feed per tooth by 16-fold caused a decrease in the specific force
components to 26-53%, that is, increasing the feed per tooth caused a decrease
in the specific energy requirement.

— Using our previous research results, it was found in the test range that for the
Fx, Fy and F. force components, the values of the depth of cut were 12—34%
smaller than the theoretical double values, and the effect of the feed per tooth is
not significant. In the case of the ratio of the F, force component, on the other
hand, there was a significant increase, which decreased with the increase in
feed per tooth. In terms of specific force components, a higher ratio (129-
152%) in the case of the k; component was also observed. An increase in feed
per tooth caused a decrease in the ratio of the specific force component.
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Tamam Makkaii, Mitkombii, YropiimHa

TOPHEBE ®PE3YBAHHS CTAJII BOCBbMUT'PAHHOIO INTACTUHOIO

Awnotanist. Topyege ¢ppesepysanns 4acmo 6UKOPUCTIOBYEMbCS Ol CMBOPEHHs NAOCKUX NOBEPXOHb,
MoMy WO npu BUKOPUCMAHHI 11020 8 AKOCMI HUCMOB0I 0OPOOKU MOXMCHA Oociemu 8iOnosioHoT
WOPCMKOCMI NOBEPXHI, BUKOHABWIU 3A3HAYEH] 8UMOo2u 00 po3mipie ma donyckie. Kpim moeo, sucoxa
NPOOYKMUBHICIb MOdce Oymu O0CSeHYma 3d PAaxyHoK eubopy GiOnogioOHux napamempie npoyecy
pizanns. Peowcumu pisanns maxodic eéniuearomv Ha CULy pi3amHs ma 3HOC [HCMpPYMenmy, i uje oOHe
MIPKYBAHHSL NOJISI2AE 6 MOMY, WO 6i6payii, wo GUHUKAIONMb, MOICYMb NOIPUWUMU MIKPOLEOMempiio
nogepxui. Jlna mopyesoco ¢hpesepysanns O0ocmynHi naacmumuu Kinbkox Gopm. Excnepumenmu
NPOBOOUNUCS 3 (PPE3EPHOIO 20]I06KOI0, OCHAUEHOIO OOUHAPHOIO 80CLMUSPAHHOIO NAACHIUHOIO-6CTNABKOIO.
Eghexm 30invuents nooadi Ha 3y0 00CIIONCYB8ABCS Uepe3 KOMNOHEHMU CUU PI3aHHS npu IKCOBAHUX
weuoxocmi ma enubumi pizauna. [JoOoamkosi napamempu HATAWNYBAHHA, WO GNAUBAIONMb HA CUTY
Ppi3anHs (WeuoKicmy pizanns ma nubuna pizanis), 3a0a6anucs NOCMIUHUMU 6 Olana3oHi napamempis,
PEKOMEHO0BAHUX BUPOOHUKOM (Ppe3epHoi niacmuny. 3 eKCnepumenmis 6CmaHo8ieHo, Wo 3a PAXYHOK
30iIbUenHs: no0aui Ha 3y0 30LIbULYBANOCSH 3HAYEHHS KOJICHOT CKIAd060l 3ycunis. Lle 30iivuenns ne €
npsamo nponopyiunum. I1oosocnns nodaui na 3y6 noKazano mexuie 30LIbUEHHST KOJCHOI CKIA0080T
sycunas. CKIaoo8i cuiu no-pisHomy 3MIHIO8ANUCS 8 NOPIBHSAHHI 0OUH 3 OOHUM. 30LIbWUeHHs NO0ayi Ha
3y6 y 16 pasis (6i0 f;=0,1 0o 1,6 mm/3y6) npuzeeno 0o 30irbutenus ckiadosux 3ycuio y 4,2—8,6 pasis.
Ilpu 36inbwenni nooaui Ha 3y0 3MEHWYBANACL GENUYUHA NUMOMUX CKIAO006Ux cunu pisanus. Lle
3MEHUEeHH ST HOCUMb eKCNOHeHYitiHul xapakmep y paszi f;<0,4 mm/3y6, modi sk y eunaoxy f>0,4 mm/3y6
11020 BBANCAMUMYMbC NPAKMUYHO NIHIUHUM. 30inbuenuss nodaui Ha 30 y 16 pasié cnpudunuio
SHUIMCEHHs NUMOMUX CKAa008ux cuiu 00 26—53 %, mobmo 30inbutents nooayi Ha 3y6 CHPUYUHUTO
3HUDICEHHA NUMOMOI eHepeoemHocmi. Buxopucmogylouu pesynomamu nonepeouix 00CHiodceny, y
oiana3zoHi eunpo6ysanb 6y10 6CMAHO6IEHO, wjo 05 cunosux ckaraoosux Fy, Fy ma F¢ 3snavenna enubunu
pisanna 6ynu na 12-34 % menwumu 6i0 meopemuyHux nOOGIUHUX 3HAYEHb, d BNAUE NOOAYI HA 3Y0
3HAuenHs He mae. 3 iHuwo20 60Ky, Y pasi cknadoeoi cumu F, cnocmepizanocs snaune 36invuwenns, sxe
3MEHULY8aN0Cs 13 30inbenAM nooaui na 3y0. 3a NUMOMOI0 CKIA0080I0 CUNU MAKOIC CNOCMePi2anocs
binbw 6ucoke cniggionowenns (129-152 %) y pasi k,-cknaoosoi. 36invuwenns nooayi na 3y6 uKIuKaio
3MEHUEeHH S BIOHOUEHHS. NUMOMOT CKIA0080I CUNU PI3AHHSL.

KalouoBi cioBa: mopyese ppeszepysanus; 60CoMuKymna 6cmagkd; nooaua Ha 3y0, Cumu pizauus;
numoMi cunu pi3anms.
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PRELIMINARY ANALYSIS OF SURFACE TOPOGRAPHY
IN TANGENTIAL TURNING

Abstract. Among the productivity-increasing high feed turning procedures, the tangential turning is
studied in this paper. Our main focus was a preliminary analysis of the machined surface topography
by the DoE method. To achieve this goal 2 kinds of cutting speed, feed and depth of cut were chosen as
factors which are influence the surface topography, resulting in 8 experimental setups. After the cutting
experiments 2D profile measurements and shape error measurements were done. In this paper the Ra,
Rz parameters of the roughness profile, Wa, Wz parameters of the waviness profile and the straightness
error were analysed in more depth. We determined their alteration as a function of the studied
parameters and designated our further research directions.

Keywords: design of experiments; roughness; straightness; tangential turning; waviness.

10. INTRODUCTION

Different goals can be achieved by the researchers and development engineers

by studying and adjusting the manufacturing processes and systems. An important
aim in the automotive engineering is to alter the properties the workpieces in that
way which results in the weight reduction and less fuel consumption [1].
Production engineers tend to emphasize the better surface quality and cost
reduction [2]. The productivity can be increased by procedures, where high feeds
can be adjusted while maintaining the good surface quality [3]
In machining of outer cylindrical surfaces, various procedures and variants could
produce surfaces with high feed [4]. Among these we analyse the tangential
turning in this paper [5], where the design of the cutting tool and the machining
kinematic are both differ from the traditional longitudinal turning (Figure 1). The
tool moves on a course which is tangential to the workpiece and the linear cutting
edge is inclined to the feeding motion (usually 30-60°).

Tangential turning is capable to machine rotationally symmetric shaped
surfaces with a proper edge profile, among the production of outer cylindrical
surfaces. In the former case, calculations must be done based on the workpiece
profile to describe the cutting edge. Though, a straight cutting edge is sufficient in
the latter. However, this edge should be inclined to the feed motion to achieve
better cutting conditions and lower loads. Tool life is significantly better than in
traditional turning [7] due to the different geometry and kinematics. Tool wear
occurs on the whole cutting edge, a concentration point can not be observed. Due
to the many differences, machine tools have different requirements like higher
rigidity [8].

© |. Sztankovics, |. Pasztor, 2022
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tangential feed tool

Figure 1 — Tangential turning and its kinematic scheme [6]

The main reason of this is the alteration of the ratios and values of the cutting force
components due to the modification of the feed movement and the increased
danger of vibration due to the increased chip width. Machining accuracy depends
on many factors in this procedure as well [9], for example the value of the
inclination angle, the tangential feed, or the depth of cut. Twist-free surfaces can be
produced [6] because the cutting edge touches the coating cylinder of the
workpiece machined surface throughout the machining process, so a very small
groove depth can be achieved. Leichner et al. have promising results in the tool
wear, oil leakage and cost reduction when sealing surfaces are machined by
tangential turning in their study [10]. Developments are being carried out for the
application of this procedure in the machining of hardened surfaces [11], the
EMAG machine tool manufacturing company also has such a solution among
others [12].

Analysis of the surface topography is important describe the tribological
properties of the machined parts [13]. It is usually followed by the study of the
surface layer [14,15] due to the life-time prediction, but the geometric properties of
the machined parts have a higher impact on the working conditions. Therefore, we
carried out a preliminary analysis of the surface topography in tangential turning of
hardened surfaces in this paper. We analysed several parameters of the 2D
roughness and waviness profiles and the straightness error.

11. EXPERIMENTAL CONDITIONS

The study consisted of two parts: cutting experiments and determining the
equations describing the analysed process. The former was completed on a
machine tool capable of producing the tangential feed motion, the letter was
accomplished by Design of Experiments method.

The cutting experiments were carried out on an EMAG VSC 400 DS hard
machining centre. The machined workpieces were 42CrMo4 grade alloyed steels
which were hardened to 60 HRc. The machined diameter was 70 mm. The
tangential turning tool was made by HORN Cutting Tools Ltd. and had an
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inclination angle of 45° (holder code: H117.2530.4132). A S117.0032.00 coded
MG12 type uncoated carbide insert was fixed into the holder.

Our aim was to study the effects of the alteration of the cutting speed (v¢), the feed
per workpiece revolutions (f) and the depth of cut on the tangential turning process.
Therefore (taking into consideration the principles of the Full Factorial DoE
method) 2 kinds of each variable were chosen for the experiments, resulting in 8
experimental setups. In this preliminary study we aimed to analyse the process on
lower and higher cutting speeds, therefore 100 m/min and 200 m/min values were
adjusted. The feed was chosen to 0.3 mm/rev and 0.6 mm/rev and the depth of cut
was adjusted to 0.1 mm and 0.2 mm from a similar consideration. The resulted
setups can be seen in Table 1.

Table 1 — Experimental setups

Setup 1 2 3 4 5 6 7 8
Ve

[m/min] 100 200 100 200 100 200 100 200
f 0.3 0.3 0.6 0.6 0.3 0.3 0.6 0.6
[mm/rev]

a

[mm] 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2

The necessary measurements were carried out after the experiments. In this
paper we intended to analyse the roughness and waviness profiles and the
straightness error, because these values describe well the accuracy of a generatrix
of the cylindrical surface.

The analysed parameters were (1SO 4287:1997 and 1SO 4287:1997):
Ra — Arithmetical mean height of the roughness profile [pm]
R; — Maximum height of the roughness profile [um]

W, — Arithmetical mean height of the waviness profile [pm]
W; — Maximum height of the waviness profile [pum]

STRt — straightness error [pum]

The surface roughness was measured with an AltiSurf 520 three-dimensional
topography measuring instrument using a confocal chromatic probe. The shape
error was measured with a Talyrond 365 accuracy measuring equipment. The
variables of the measurement were chosen according to 1SO 4288:1996 standard.

The gathered results were evaluated by the Design of Experiments method.
By using this we were able to give equations, which are capable to calculate and
present the parameters on the studied parameter intervals. These equations were
determined in a polynomial form as can be seen in Equation 1, where the k; are the
constant of the different factors.
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}’(TJ’C,}C,Q) = ko + kl'b"c + sz + kgﬂ, + klz'li’cf + k1313'ca, + kzgfﬂ, (1)
+ k1231fcfa

12. EXPERIMENTAL RESULTS

The measurements were carried out on the workpieces after the cutting
experiments as described in Section 2. The roughness and waviness parameters
were measured in 3 profiles on each surface, while the straightness error was
measured on 2 opposite generatrix of the machined cylindrical workpiece. The
average values of the measured values were calculated. The result of the
measurements and the calculations can be seen in Table 2.

Table 2 — Measured results and calculated averages

1 2 3 4 5 6 7 8
1 1413 | 361 | 7.63 | 3.37 | 9.56 | 2.60 | 15.09 | 3.70
R 2 1241 | 3.80 | 9.02 | 3.20 | 7.97 | 2.48 | 15.75 | 3.59
[um] 3 15.75 | 3.86 | 7.37 | 3.54 | 8.6 | 2.39 | 17.68 | 3.89
Avg. | 1410 | 3.75 | 801 | 3.37 | 856 | 249 | 16.17 | 3.73
1 238 | 043 | 122 | 045 | 161 | 030 | 264 | 041
Ra 2 214 | 040 | 117 | 043 | 142 | 029 | 283 | 042
[um] 3 231 | 043 | 110 | 0.44 | 143 | 029 | 240 | 0.42
Avg. | 228 | 042 | 117 | 044 | 148 | 029 | 262 | 042
1 275 | 035 |05 | 026 | 148 | 057 |3.03 |0.27
W, 2 223 | 032 | 073 | 034 | 117 | 065 | 1.84 | 021
[um] 3 173 | 041 | 041 | 041 | 094 | 052 | 249 | 0.27
Avg. | 223 | 036 | 043 | 034 | 120 | 058 | 245 | 0.25
1 098 |0.26 |013 |0.09 |0.60 |042 |093 |O0.10
Wa 2 091 | 025 | 024 |04 | 044 |045 | 056 | 0.06
[um] 3 068 | 027 |045 |0.16 |0.40 | 043 | 084 | 0.8
Avg. | 085 |026 |08 |043 | 048 | 043 |0.78 |0.08
STRI 1 027 | 056 | 058 | 043 | 0.64 | 061 | 1.71 | 0.66
2 054 | 052 | 036 | 061 | 054 | 071 |1.83 | 0.56
[pm] Avg. | 041 | 054 | 047 | 052 | 059 | 066 | 1.77 | 0.61

The evaluation of the results continued by the determination of the equations
of the different parameters. Equation 2 presents the calculation of the Arithmetical
mean height of the roughness profile; Equation 3 shows the function of the
Maximum height of the roughness profile. The equation of the Arithmetical mean
height and the Maximum height of the waviness profile can be seen in Equations 4
and 5. Finally, the resulted function of the straightness error is shown in Equation 6.
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R,(v, f,a) = 12.22 — 0.0579v, — 22.10f — 58.45a + 0.109v,f

2

+0.2805v.a + 146.3fa — 0.7136v.fa @

R(v.,f,a) = 71.83 — 032407, ~ 125.3f ~355.9a +0593v.f
+ 1.635v.a + 859.4fa — 4.027v.fa

W, (v, f,a) = 5.78 — 0.0289v, — 11.37f —31.07a + 0.058v.f @
+0.1751v.a +72.78fa — 0.4011v.fa

W, (v, f,a) = 1642 — 0.0828v, — 33.38f — 87.22a + 0.171v.f 5)
+0.4624v,a + 214.2fa — 1.122v,fa

STRt(v,, f,a) = —0.130 — 0.0027v, — 0.5f — 2.5a + 0.0023v,f ©)

+0.005v.a + 7.4- 107> fa — 0.0056v.fa

13. DISCUSSION

The experimental results presented in Section 3 are shown in surface
diagrams in Figures 2, 4 and 5. Based on these we drew the following conclusions.
The cutting speed has a significant impact in the studied range on the Arithmetical
mean height of the roughness profile (Figure 2). This proves our initial opinion,
that higher cutting speed is needed to achieve smoother surfaces with tangential
turning, which phenomenon caused by the chip removal mechanism. Two times
higher cutting speed resulted in 2-4-fold lower R.. The alteration of the feed rate
showed less significant change in the surface roughness. This caused by the change
in the generation method of the tool marks. At 0.6 mm/rev feed the geometry of the
tool can be observed on the profile, while at 0.3 mm/rev the roughness is generated
through different phenomenon (chip formation, vibration, etc.). The surface
roughness is least affected by the difference in the depth of cut.

The measured profiles of Setups 4, 6, 7 and 8 are presented in Figure 3, where
we show the alteration, when one of the studied parameters is halved. The
described observation from Figure 2 can also be seen in Figure 3. We can see, that
halving the depth of cut does not show any change in the roughness profile. While
halving the cutting speed and feed rate in the studied range results in different
profiles, which means that a different surface generation method must come to the
fore.
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Figure 2 — Visualization of Equation 2 with depth of cut of 0.1 mmand 0.2 mm
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Figure 3 — Alteration from the roughness profile of Setup 8 when halving the studied
technological parameters (a, f, vc)
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Figure 4 shows the alteration of the surface waviness. This parameter can
indicate a vibration in the machining system, which can easily occur in tangential
turning. It can be concluded from the picture that higher feed and cutting speed
results in lower waviness. Increasing the feed is good for the cutting, because it
stretches the cross-sectional area of the chip by increasing the chip width, which
results in higher cutting forces stabilizing the process. Furthermore, it has a
beneficial effect on the average chip thickness, which is crucial to be higher than a
given value (minimal undeformed chip thickness). Higher cutting speed results in
better material removal mechanism, which is discussed earlier. This also lowers the
occurring vibrations. Higher depth of cut mostly results in lower waviness. This is
caused by the stabilization effect of the increased cutting forces and the direct
increasing effect on the chip thickness.

The alteration of the straightness error can be seen in Figure 5. The first
conclusion, which can be drawn from the graphs, is the effect of the depth of cut. A
two-fold increase of this variable results in a 20% increase of STRt. Furthermore,
lower cutting speed and higher feed resulted mostly with lower straightness error.

a=0.1mm a=0.2mm

} 150 0.6

m
b ) ey
¢ | min

0.4
20070 3 fl mml
rev

Figure 4 —Visualization of Equation 4 with depth of cut of 0.1 mm and 0.2 mm

The following conclusions can be drawn from the study:

e Higher feed and cutting speed in the analysed range resulted in better
surface roughness while it lowered the machining time.

e The depth of cut affects mostly the shape accuracy.

e  Other shape error parameters (e. g. cylindricity error) should be studied.

e  Further experiments are needed on higher cutting speeds and feeds.
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Figure 5 — Visualization of Equation 5 with depth of cut of 0.1 mm and 0.2 mm

SUMMARY

The analysis of the machined surface roughness and shape accuracy is
important in finishing procedures. We studied the surface straightness and
roughness of tangentially turned outer cylindrical hardened surfaces at different
cutting speeds, feeds and depth of cuts. Equations for the calculation of given
roughness, waviness and straightness parameters were determined using the Design
of Experiments method. In our analysis we determined in detail the alteration of R,
W, and STRt parameters. The advantage of the application of high feed and cutting
speed is shown as well as the increasing effect on the shape error of the depth of
cut. In the end of our preliminary study, we determined our further goals in the
analysis of tangential turning
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Imrtean CrankoBuy, [turean [Tactop, Mimikosnbll, YropuiuHa

MOMNEPEJTHUI AHAJI3 TOIIOI'PA®II IOBEPXHI
MPU TAHTEHIIHHOMY TOYIHHI

AHoTauis. Pi3Hi yini modxcymes Oymu 00CASHYmMi OOCHOHUKAMU MA  [HIHCEHepamMu-po3pOOHUKamu
WIIAXOM GUGYEHHA MA KOpUSY6aHHsA 6upoOHUuux npoyecie ma cucmem. Ilpu obpobyi 306HiwHIX
YUTTHOPUYHUX NOBEPXOHb  PIHUMU Memooamu ma 6apiaHmAaMu MOJCHA OMpPUMAamu NOGepxHi 3
sukopucmannam eeauxux nooay. Ceped HUX y yiil cmammi aHani3yEMbCsa MaHeeHYlaNbHe MOYIHHS, Oe
KOHCIPYKYIS PIJICYH020 THCMPYMEHny ma KIHeMAmuka o6poOKu 6iOpIi3HAIOmMbCs 6i0 mpaouyitino2o
N03008JCHbO20 MOYiHHA. [HCMpYMenm pyxaemvcsi no OOMuuHill 00 3A20Mi6KU, A JIHIUHA pixcyya
Kpomka HaxuieHa 00 pyxy nooadi (3azeuuati 30-60 °). Taneenyianbhe mouinHs 00380J5€ 00OpoOIsIMU
0bepmansHo-cumempuii (paconti NOGEPXHI 3 NPABGUTLHUM NPOpiNemM KpaiiKu, y momy 4ucii nio uac
BULOMOBGILEHHS 3068HIUHIX YUTTHOPUYHUX nogepxonb. CmiliKicmy IHCMPYMEHmy 3HAYHO 8Uyd, HIdC Npu
mpaouyitiHii mokapHit 0opodyi 3a60aKu MWl 2eomempii ma Kinemamuyi. 3HOULYBAHHS IHCMPYMEHmMY
8i0bysacmbcs no 6citi pixxcyuitl kpaiiyi. JJoCnioxdcents cknaoanocs 3 080X YaCmuM: eKCnepumeHmis 3
pi3anus ma GU3HAYEHHs DIGHAHb, WO ONUCYIOMb auanizoeanui npoyec. Poboma euxomysanaca na
sepcmami, 30amHOMY 6UPOONAMU MAHEHYIANLHULL PYX NOO0AYT, 3 BUKOPUCIIAHHAM MEMOOi6 NIAHY6AHHS
excnepumenmie. Ilicis excnepumenmie 0yn0 nposedeno neobxioni eumipu. Y yitt pobomi asmopu manu
Hamip npoananizyeéamu npoqini wopcmkocmi i X6UISACMOCMI, | HABIMb NOMUIKY RPAMOIIHIUHOCMI,
OCKINbKU Yi 6eTUYUHU O0OPe ONUCYIOMb MOYHICMb YUNTHOPUYHOL nogepxHi. JlocniodcenHs nokazanu, wo
3MeHWwents. 606iUl 2NUOUHI DI3aHHs He NOKA3YE JCOOHUX 3MIH Y NMpogini wopcmrocmi. 3meHuienns
806I4i WBUOKOCI PI3AHHSA MA NOOAYi y Q0CTIONCYBAHOMY OIANA30HI NPU3600UMb 00 PI3HUX NPOQINie, a
ye o3navac, wo Ha nepuuil NAaH MAac uimu iHuull Memoo Gpopmyeants nogepxui. 3mina weuokocmi
nooaui nokaszana Menut 3HAuHYy 3MiHy wopcmkocmi noeepxui. Lle cnpuuuneno 3minoio memooy
eenepayii cnidie incmpymenmy. Buwa nodava ma weuoKicmv pizanHs npuzeo0imbs 00 MeHUoi
xeunsgcmocmi. 3a pezyromamamu  Q0CHIONCEHHs asmMopu 3poounu maxi SUCHOBKU. OLIbUL BUCOKA
WeUOKICMb NOOaui ma WEUOKICMb DI3aHHs 8 AHANI308AHOMY OiAnNA30HI NPU36enu 00 NONINUEHHS
WOPCMKOCHI NOBEPXHI MA CKOPOUeHHS Hacy 00podku. Inubuna pizanns nepesadcHo 6Nauac Ha
mounicmeb  opmu.  Cnio  eusyumu  iHWi napamempu NOMUIKU Gopmu  (Hanpuxkiad, noxuodoxKa
yuninopuunocmi). Heobxioni nooansuii excnepumenmu 3 6ULUMU WBUOKOCMAMU PI3AHHS MA NOOAYEO.
KuiouoBi c1oBa: nianysanus exchepumenmis; wopcmxicns no8epxHi; NPAMONIHIUHICb, maneeHyiline
MOYIHHS, XBUNISICIMICMD.
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INFLUENCE OF DETERMINATION ACCURACY
OF THE BUILD STEP ON THE EFFICIENCY OF ADAPTIVE
SLICING GROUP OF PRODUCTS FOR LAYERED MANUFACTURING

Abstract. Research results on improving the efficiency of the developed algorithm for adaptive layer-
by-layer dissection are presented on the example of 3D models group placed in the workspace of an
additive setup. This algorithm for 3D model adaptive cutting allows you to increase the productivity of
the process and adjust the accuracy of manufacturing products, taking into account their geometry, by
setting a rational value of the variable building step for each individual lowering of the work platform.
Building step is calculated taking into account the distribution of the direction of surfaces normal of
products group (relative to the construction direction) that fall into the current layer. The developed
algorithm provides for some truncation of this distribution, which makes it possible to further increase
the building step and, accordingly, reduce the number of layers. Thus, conditions can be created for
rational support and given reduction in building time. This achieves a reduction in building time
compared to existing strategies for variable dissection. Estimate of efficiency of adaptive layer-by-layer
dissection was carried out taking into account the accuracy of determining (setting) building step in
relation to 5 options for placing 3D models of industrial products in workspace. Comparative analysis
of dissection options was performed by the number of layers and assessment of deviations from of
surfaces correct shape. Increase in the efficiency of layer-by-layer shaping process with increased
accuracy in determining variable step of building a group of complex products placed in workspace of
installation has been revealed. This research was developed at the Department of "Integrated
Technologies of Mechanical Engineering" named after M. Semko of NTU "KhPI".

Keywords: technology planning; additive manufacturing; triangulated model; layered slicing, packing,
shaping accuracy.

Introduction. In planning the additive manufacturing processes, one of the
main tasks is layer-by-layer slicing of 3D models of products placed in the
installation workspace [1]. The task of slicing quite significantly determines the
efficiency of implementing layer-by-layer building processes. For example, the
number of layers affects the build time. According to layered building, the product
surface has a “stepped” appearance. In this case, the error mainly depends on the
layer thickness and the surface orientation relative to the coordinate axis Og, i.e.
building direction [2].

The result of 3D model separation procedure is a set of section contours and
layer thicknesses. A single slice of a polygonal 3D model is formed by crossing the
XY plane. The solution of this task has two problems: the first is determination of
layer thickness, and the second is associated with determination of closed contour
geometry or several contours without self-intersections.

Usual cutting strategy is carried out at a given constant building step, i.e. with
the same thickness of all layers [3]. This approach does not take into account the
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features of the product geometry and therefore leads to a decrease in the accuracy
of resulting surfaces or manufacturing productivity. In some cases, ensuring a
rational balance between the productivity of layered manufacturing and the
accuracy of product surfaces is possible using adaptive slicing 3D models (with a
variable building step). In this case, the step is determined based on the analysis of
3D model surface in the current layer according to the given criterion [4].

Literature analysis. In a scientific work [5], comparative analysis of known
methods (two main groups: planar and nonplanar) of adaptive slicing 3D models
placed in the workspace according to the surface quality, build time, support
structure, and mechanical properties of 3D printed products was performed. Planar
slicing methods create planar layers, non-planar algorithms create curved and non-
planar layers, increasing build speed, eliminating support structures, smoothing the
outer surface and improving mechanical properties. Planar algorithms are divided
into single-axis and multi-axis (direction of building vector is changed for different
layers). Conventional 3D printers provide uniaxial flat layering and are among the
absolute majority in additive technology market.

To date, a large number of strategies have been developed for slicing: uniform
slicing by set of planes [6], adaptive slicing with description of the section contour
by piecewise linear curves [7, 8], piecewise linear approximation [9-12], curved
lines [13-15].

Calculation of the adaptive step can be performed together with the correction
of the layer contour to minimize the build error [16]. In [17] presents an adaptive
slicing, which is based on the extracted amount of candidate feature points for the
part model in different areas.

Often, the optimization task of determining the building step for adaptive
slicing is performed together with the rational orientation of the product in a
workspace [18, 19].

The main problem is that in existing scientific works, the construction step
optimization can be carried out according to various criteria. This is due to the
multifactorial nature of processes occurring during layer-by-layer construction,
which affect their output characteristics, such as productivity and quality of
resulting surfaces. But this does not take into account the non-determinism of
layer-by-layer construction processes. Hypothetically, this problem can be solved
better by taking into account the nature of distribution of values of the selected
parameter. In this case, the choice of a parameter as a criterion is not so important.
The most important thing when solving the optimization problem is to ensure in
the objective function the dependence of the selected criterion on building step and
the angle between building direction vector and the surface normal ¢z, which fall
into the cutting plane of layer. Therefore, this problem should be considered based
on the distribution density of the angles onz over their relative area [4].
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As a rule, to ensure higher efficiency of using additive installation, products
are manufactured not individually, but in a group for one or more installation
loadings. Therefore, it is interesting to consider the possibilities of an adaptive
slicing products group in the workspace.

This article presents the results of an additional study of adaptive slicing
effectiveness of 3D models group placed in the workspace based on a statistical
analysis of distribution of the angles ¢nz, taking into account the relative surface
area, to reasonably determine the step to ensure the specified accuracy and reduce
the building time for a batch of complex products.

Purpose and objectives. This article purpose to identify the possibilities of
adaptive slicing products group, provided that specified accuracy of shaping is
ensured, taking into account the step (discreteness) of setting the layer thickness
(i.e., the rounding error of calculated value).

To achieve this goal, the following tasks were solved:

- adaptive slicing 3D models group depending on their orientation and packing
in the workspace;

- comparative analysis of options for slicing 3D models group depending on
orientation and placement in the workspace, and also the discreteness of setting the
layer thickness (building step);

- statistical analysis of deviations distribution from the correct form for various
slicing with constant and variable building steps.

Research methodology. The research was carried out using the system of
technological preparation for materialization of complex products by additive
manufacturing, developed at the Department of Integrated Mechanical Engineering
Technologies of NTU "Kharkiv Polytechnic Institute” [4, 19]. This system allows
you to evaluate the effectiveness of solving optimization problems of planning
additive manufacturing processes based on statistical analysis of studied features of
polygonal, voxel and layered 3D model of products placed in the workspace.

One of the most common approaches for determining the building step h; is to
perform a calculation based on given limit Apimir for deviations from the correct
shape of surfaces specified by 3D model (as a result of the formation of step effect
on the surface from layer-by-layer building process) [20, 21]:

A
h =——=—
Cos([)NZmin

where @, ., 1S the minimum value of the angles between Z-axis (construction

direction) and the normals of faces included in current layer.

Research works [4, 19] presented and developed an adaptive strategy for
slicing 3D models made individually and by joint group. This research of
capabilities of developed algorithm for adaptive slicing was carried out using

Limit
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examples of loading group of sufficiently large number (more than 20 pcs.) of test
3D models of complex-shaped products, shown in Fig. 1.
N Platform volume utilization 5.97 %

_

s S

| "~ Current nesting density 6.92 %

\ﬂulld height 392.50 mm
L

ZL
\\ / %
Figure 1 — A group of test 3D models placed in the workspace

Research of the influence of step discreteness of setting the layer thickness
on efficiency of using adaptive slicing. In the research, to provide a comparative
analysis, a group of test 3D models was dissected for 5 options for their orientation
and placement in the workspace according to strategies with constant and variable
construction steps. Placement options for 3D models were created in the
Materialize Magics system using the EOSPACE automatic placement module.
Strategy with constant step was carried out at h; = {0.05; 0.1} mm. Strategy with
variable step at {hi}min={0.05; 0.1} mm, {hi}max=0.3 mm, and allowable
(maximum) error of surface formation Apimit = {0.05; 0.1; 0.2} mm. The selected
build steps range is wide enough for recommended steps when using SLA setups.
The proposed adaptive cutting strategy was performed with a 5% truncation of the
angle distribution (this truncation is the optimal value [4, 19]). Based on the results

of model calculations, the range diagrams are in Fig. 2.
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Figure 2 — Statistical comparative analysis of variants of layer-by-layer slicing with the
following parameters: {hi}min = 0.1 mm, {hi}max = 0.3 mm and Atimit = 0.1 mm

Fig. 2 shows the distribution of layers number with the same load of large
batch of products that differ in orientation and packing in the workspace for four
cutting strategies: a — uniform with a constant step; b — adaptive slicing according
to analysis in the cutting plane; c, d — adaptive slicing with preliminary analysis of
the surface by microsections (with 0 and 5% truncation of the shaping error
distribution, accordingly). The variants of slicing in Fig. 2a and Fig. 2c. Other
variants (Fig. 2b, Fig. 2d) of adaptive slicing are more demanding on allotting of
orientation and packing strategy. But at the same time, the last option related to the
developed strategy can provide the least number of layers (accordingly, the
building time is minimal). This becomes possible with the rational selection of
orientation and products packing in the workspace.

Comparative analysis of the number of layers for all studied options for
packing 3D models (Fig. 2) confirms the previously justified [4] advantage of
strategies with a variable step (Fig. 2b-d) compared to constant step (Fig. 2a) by
0.1-19.2%.

Adaptive slicing performed without preliminary analysis of the surface by
microsection (such adaptive strategy is known from publications [22]) is shown in
Fig. 2b. It makes it possible to reduce the number of layers relative to dissection
with a constant step hi=0.1 mm by 19% at best. The developed strategy of
dissection (Fig. 2d) allows to reduce in different cases from 1.8% to 15.7%, which
indicates the importance of joint solution of several tasks of technological
preparation. If we compare the number of layers of "VariableTrim" strategy
(Fig. 2d) concerning "simpleVariable" (Fig. 2b), then it is from -11.6% to 11.7%.
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The explanation for this result is a more detailed analysis of the geometry of the
product surface, which in some cases requires a larger number of layers. Ancillary
ambiguity in the results obtained gives the influence of orientation and relative
position of the products. In the vast majority of cases (this is 84%), it is possible to
obtain better results in terms of the number of layers.

Relative change in the number of layers for different building strategies
changes strongly when lower accuracy requirements are set, i.e., when the
permissible error doubles (corresponding range diagrams are shown in Fig. 3).
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Figure 3 — Statistical comparative analysis of options for layered slicing with the following
parameters {hi}min = 0.1 mm, {hi}max = 0.3 mm and Acimit = 0.2 mm

Setting the limit of deviations value Aimit = 0.2 mm (Fig. 3) makes it possible
to reduce the number of building layers by 50-58%. At the same time, the
differences between strategies of adaptive slicing are not so significant - 3.9-9.4%.
It is also reasonable (according to the results in Fig. 3 in ratio to the data presented
in Fig. 2), we can conclude that when requirements for building accuracy are
lowered, the problem of orientation and packing problems is leveled.

In addition, the individual parameters influence on the efficiency of adaptive
slicing was considered. With a strong decrease in the minimum building step to
{hi}min = 0.05 mm, no fundamental change in the number of layers was observed
(within the range from -2.6% to +7.1%). While a decrease in the allowable value of
deviations from the correct surface shape Arimit = 0.05 mm leads to a change in the
number of layers in the range from +62.6% to +108.1%. Therefore, we can
conclude that it is necessary to rationally select two parameters {hi}min and Acimit.
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Concerning the group of test 3D models taken in this study, the rational ratio of
these parameters is their equality {hi}min = ALimit.

Statistical layered analysis of deviations from the correct surface shape.
The use of adaptive slicing implies the provision of a given deviation from the
correct shape of resulting product surfaces. Therefore, a layered assessment of
deviations from the correct form As was also carried out according to the arithmetic

mean value A, . Predicted deviation from the correct shape was taken from the
surface asperity formed on the surface as a result of the step effect by layered
building [22].

Fig. 4 shows the box-whiskers distributions A_S for comparing strategies with
a constant step h =0.10 mm, and with variable step {hi}min=0.1 mm,
{hi}max = 0.3 mm and allowable error Aiimit = {0.1; 0.2} mm at Ap,, =5%.
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Figure 4 — Results of statistical layer-by-layer analysis of the arithmetic mean deviation
from correct surface shape As

Comparative analysis of statistical layer-by-layer analysis (the result is shown
in Fig. 4) was performed on the example of one variant of test 3D models
placement. This analysis showed that there were no significant differences in the
slicing with variable step, i.e. slicing strategy does not greatly affect the nature of
distribution. For most packing options, resulting distribution for a slicing with
variable step approximately corresponds to a slicing with constant step hi = {hi}min.
Statistical characteristics for As are mainly determined by the set limit value Agimit.

Conclusions. Adaptive slicing 3D models using a statistical analysis of the
distribution of angles between the Z-axis and the normals of surfaces that fall into
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the layer section, taking into account their relative area, taking into account rational
orientation and packing can significantly increase the performance of layer-by-
layer building.

Adaptive slicing, taking into account an insignificant reduction in the
distribution of angles between the Z-axis and surface normals by Ag,, = 5%, with

high requirements for construction accuracy, it is rational to set the minimum
building step equal to the required maximum deviation from the correct shape of
resulting product surfaces.

Further research should be directed to the joint solution of technological
preparation problems: orientation, packing of products in the workspace, and their
adaptive slicing.
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BIIJINB TOYHOCTI BUBHAYEHHA KPOKY NIOBYJOBU
HA E®OEKTUBHICTHb AJAIITUBHOI'O PO3CIYEHHA
T'PYIIA BUPOBIB JUISI AJATUBHAX TEXHOJIOI'TI

AHortauist. [lpedcmaeneno  pesyibmamu  O0CHIONCEHHS — W0OO00  NIOBUWEHHS  eheKmuUeHOCmi
PO3po6ReH020 anzopummy OJisi A0ANMUBHO20 HOUAPOBO20 PO3CIYeHHs HA npukiadi epynu 3D modeneti,
PO3MIWeHUX y pobo4omMy npocmopi aoumueHoi ycmanosKu. JJanuil aneopumm aoanmueHo20 po3Ciyenis
3D mooeni 0036014€ nidgUWUMU NPOOYKMUBHICHb NPOYECY MA Pe2yro6ami MOYHICNb 6U2ONMOB6NEHHS
8UPOOIB, 3 YPAXYBAHHAM IXHbOI 2eomempii, 34 OONOMO2010 3A80AHHS PAYIOHANLHOT BETUYUHU 3MIHHOZO
KPOKY no0yo0osu 0I5l KOJCHO20 OKpeMo20 onyckaums pobouoi naamgopmu. Kpox no6yoosu
DO3DAX0BYEMbCA 3 YPAXYBAHHAM PO3NOOINY HANPAMKY HOPMANI NOEPXOHb 2pynu 6upodie, ujo
nompanunu 00 nomouyno2o wapy. Pospo6nenuii ancopumm nepedbauac Oesike yciuenms 0amnozo
PO3N0OLNY, WO 00360J5€ 000AMKOGO 30INbUUMU KPOK NOOY008U, A GION0GIOHO 3MEHWUNMU KITbKICTb
wapie. Takum YuHOM CMEOPIOIOMbCA YMOBU Ol PAYIOHATILHO20 3a0e3NeUeHHA MAa 3a0AH020 3HUICEHHS
yacy nobyoosu. Ilpu yvomy 3azeuuail 00epicylOuu 3MeHWeHHs dacy no6yoosu y NOPIGHAHHI 3
Mpaouyitinolo  cmpameziclo 3 NOCMIUHUM  KPOKOM NoOY008u ma ICHYIOYUMU —Cmpameismu
adanmueno2o posciuenHa 3 3MiHHUM Kpokom. OYinka egekmusHOCMi A0ANMUEHO20 NOUIAPOBOLO
PO3CINeHHA BUKOHYBANACY 3 YPAXYEAHHAM MOYHOCMI 6U3HAYEHHS (3A60AHHS) KPOKY NOOYO006U CIOCOGHO
5 eapianmise posmiwenns 3D-modeneti npomucnosux eupobie y pobouomy npocmopi. Ilopiensivhuil
aHani3z 6apianmie po3ciueHHs 6UKOHYBABCS 3d KibKICMIO Wapie ma OYIHKOK GiOXUNIEHb 8i0 NPABULbHOL
popmu nosepxonnv. Buseneno nokpawenns egpexmusnocmi npoyecy nowaposozo opmoymeopens 3
niOBUWJeHHAM MOYHOCIE BUSHAYEHHS 3MIHHO20 KPOKY NO6Y008U epynu CKIAOHUX 6Upodie, po3milyeHux y
poboyvomy npocmopi yemanosku Vanguard SLS (eupoonuymea 3D Systems). Pospobrenuii aneopumm
aoanmueHo20 poscidenHs npu payionalbHUX NApamempax O00360JU6 3MEHWUMU KilbKicmb uapie
nobyoosu npu 3abe3neyenni 3a0aHUX GUMO2 w000 OONYCMUMUX GIOXUIEHb 6i0 NpaguibHoi gopmu
noeepxoub. JlocniodceHHs BUKOHY8ANOCA 3 6uKopucmauuam cucmemu "Texwonoeiuna niocomosxa
mamepianizayii ck1aOHUX eupoobie adumusHumu memoodamu” pospobnenoi na kagpedpi «Ilnmeeposani
mexnonozii mawunobyoysannsy HTY «XI1ly».

KawuoBi cinoBa: mexnonoeciuna nidcomoska, aOumueHi MexHONO2Il; MPIAHSYIAYIUHA MOOelb,;
nowapose po3ciuens; posmileHHs spynu supooie; MmouHicmy oOpMOYmMEopenHs.
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