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FE INVESTIGATION OF SURFACE
BURNISHING TECHNOLOGY ABSTRACT

Abstract. This paper investigates the finite element analysis of cold forming diamond burnishing
process on aluminium alloy, where the input parameters are force, feed rate and speed, as an output
parameter the changing of surface roughness is analysed. This lifetime increasing process effectively
reduces roughness, improves shape correctness, and increases the hardness of the sub-surface area.
Machining simulation of the turned surface before burnishing is based on the real model,
corresponding to the measured values, by using DEFORM-2D software in order to validate the
improvement of surface quality with numerical values too.

Keywords: lifetime-increasing surface hardening technologies; burnishing process; surface roughness;
polycrystalline diamond; finite element (FEM) model.

1. INTRODUCTION

During operation, the individual components and their surfaces of a machine are
subjected to several forms of damage caused by stress (mechanical, thermal,
chemical, etc.), so lifetime-increasing surface hardening technologies have an
important role in industrial practice [1-2]. Furthermore, there is a growing demand
for material- and energy-saving processes that can be implemented
environmentally friendly without special conditions [3-4] even to be applied to
non-iron-based material quality such as the subject of the present study.

A preferred and efficient solution is burnishing, which use sliding relative
displacement, decreases surface roughness, increases the micro-hardness of the
sub-surface area and corrosion resistance by rearranging the dislocations. It also
improves shape correctness and does not require large amounts of coolant
lubrication [3-6]. Industries apply, for example, to finishing hydraulic cylinders,
pistons, bearing bushes and rings, crankshafts [6].

The aim of our study is to model the effects of the different burnishing parameters
(burnishing force, speed, feed rate) on the surface quality. In the past many
researchers have placed great emphasis on the theoretical study of technology [7-
11] and there is still a special need for a reliable finite element (FEM) model that
provides a basic understanding of the mechanics of the process.

In this paper 2D FEM model for surface burnishing technique is established and
results show that the developed model is useful for predicting the surface
roughness. The usage of this method allows to reducing partial or totally the high
cost of experimental testing.

© V. Ferencsik, V. Gal, 2020
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2. BURNISHING PROCESS AND THE IMPLEMENTATION OF IT

Burnishing is used as a finishing treatment. If the surface integrity of the
previously machined surfaces need to be improved, it is also suitable as a substitute
for conventional machining such as grinding and lapping.

The surface quality of the manufactured parts is a constant priority in the
development of mechanical engineering technology and machining. It is
determined by the condition of the surface layer and the created topography. As it
has a decisive influence on the functional properties and lifetime of components,
investigations to pre-determine (estimate) surface roughness parameters are
important. In these publications, researchers use different approaches, one of the
important directions is the analysis by determining the roughness of the theoretical
surface created by modelling. This approach has been successfully applied to
machined surfaces, so the change of roughness values for rotating tools could be
analysed for special tools [12] and different inserts [13, 14].

During burnishing the reduction of surface roughness is caused by the interaction
between the tool and the specimen with surface sliding friction between them. The
kinematic relations in the burnishing process can be seen in Fig. 1.

burnishing

force l F
b

“J burnishing tool

(burnishing feed (cutting feed rate)
SIS f

rate) i

burnished surface turned surface
Figure 1 — Schematic illustration of burnishing [15]

Burnishing of outer cylindrical surfaces can be realized on conventional lathes and
CNC lathes as well. In this experiment the operation was executed on OPTIMUM
(OPTIturn L-Series 440) flatbed CNC lathe using PCD (polycrystalline diamond)
tool with 3.5 mm radius with 12 N burnishing force, 0.001 mm/rev burnishing feed
and 15 m/min burnishing speed.
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3. FINITE ELEMENT ANALYSIS OF BURNISHING PROCESS

The finite element simulation of burnishing process was made by the DEFORM FE
code. The simulation was created as a 2D problem to achieve the best
comparability between the physical and modelled surface roughness reduction.

For the simulation of the technology, a hemispherical tool with 3.5 mm radius was
needed. The burnishing force was 12 N and the relative movement on the surface
was constant 0.001 mm/s, while the moving direction was parallel to the axis of the
workpiece and perpendicular to the surface. The modelled specimen’s surface is
based on the physical surface. Before burnishing, the physical workpiece was
measured on a 4 mm long distance with Altisurf 520 free dimensional topography
measuring device. The surface points - determined with the physical measurement
- were imported to the DEFORM FE code to define the surface of the simulated
workpiece. To create the accurate axisymmetric problem, the thickness of the 2D
workpiece has to be equal to the radius of the specimen used for physical
measurement. The results of the preliminary conducted simulations with the above-
mentioned parameters show that the process has an effect up to 0.15-0.17 mm in
the subsurface area. Accordingly, the thickness of the workpiece was set to 0.2 mm.
The tool was rigid, and the workpiece was assumed as an elastoplastic body. In FE
modelling, the application of the appropriate mesh is a critical issue in the point of
view of results. In the present case, careful attention had to be paid to ensure, the
surface roughness is not changing as a result of the meshing. Thus, square elements
with a side length of 0.01 mm was used at the surface. After meshing, the surface
roughness changed from the physically measured from 1.478 pum to 1.457 um.
With an even smaller side length of the mesh, the surface roughness can be more
accurately following, but in this case the calculation time would increase
significantly. Fig. 2 shows a section of the tool and the meshed workpiece.

Burnishing
tool

Figure 2 — Section of the 2D burnishing model with the workpiece
and tool in DEFORM FE code
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For describe the formability of the workpiece made of 6065 high strength
aluminium in TO condition, the mechanical properties of it need to be specified.
The elastic behaviour of the material was specified with the Young modulus
(68900 MPa) and a Poisson’s ration (0.33). At elastoplastic materials beyond the
Yield stress, elastic and plastic deformations occur simultaneously. The stress
value required for further plastic deformation (so the flow stress) changes with the
deformation of the material. The DEFORM FE code provides different methods to
defining the flow stress changing along deformation. In this paper we have used
the Power law which can be described by the following equation:

Gg=céeM+y 1)

where & is the flow stress, € is the effective plastic strain, £ is the effective strain
rate, ¢ is a material constant, n is a strain exponent, m is a strain rate exponent, and
y is an initial value [16].

After determining the geometries and behaviour of the material, the contact
between the tool and the workpiece and boundary conditions had to be specified.
The simulation was carried out as an isothermal problem, so the change in the
temperature was not considered. Since lubrication was used during the physical
measurement the friction between the tool and the specimen was considered zero.
To achieve an accurate result the separation criteria (which defines how the nodes
of the workpiece on the surface of the tool will behave when tensile force appears)
was also considered as zero.

4. RESULTS

After running the FE model made from the physical measurement, the comparison
was performed based on the change in the surface geometries. Diagram 1 clearly
shows the difference between the turned meshed workpiece surface (before
burnishing) and the surface profile obtained after running the simulation.

0,008
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Diagram 1 — Change in the surface profile after the burnishing simulation

The numerical results of the realized experiment and the simulation are
summarized in Table 1.
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Table 1 — Numerical results of arithmetical mean roughness (Ra)

Ra [um]

Experiment FE model
Turned 1,478 1,457
Burnished 0,0965 0,0916

5. SUMMARY AND DISCUSSIONS

In this paper 2D finite element model of ball burnishing process was developed with the
same parameters as the empirical experiment by DEFORM-2D software. After running
the simulation and evaluating the results, the following conclusions can be stated:

e Burishing can be used effectively with these parameters (F, = 12 N;
f = 0.001 mm/rev; v, = 15 m/min) according to the experiment and the modelling
results as well.

e During simulation, choosing the right mesh size has a great importance for the
credibility of the model.

¢ Numerical roughness Ra presented a good approximation with the experimental result
considering that minimal simplifications of the model, the extent of the deviation is
5.35 %, so applying the simulation, the optimum ball burnishing conditions can be
obtained to control the surface response.

The undertaken numerical studies will be continued, in the future we would like to

examine and simulate the changing of stress conditions and surface micro-hardness

caused by burnishing process.
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KIHIHIEBO-EJIEMEHTHE JOCJII>KEHHSA
TEXHOJIOT'Ti BUT'JIAJ[)KYBAHHSA ITIOBEPXOHb

AHoTais. TexHoI02ii NOBEPXHEBE020 3MIYHEHHS], WO 30LILULYIONL MEPMIH CILYIHCOU Oemaneti MauuH, 2parme
8aICIUBY POTb 6 NPOMUCTOBIN npakmuyi. Kpawum i epexmugHum pitueHHaM € 6UIA0HNCY8AHHS, Npu SIKOMY
BUKOPUCIMOBYEMbCS.  BIOHOCHE NEPEMIUEHHS. 3 KOB3AHHAM, 3MEHULYEMbCS  WOPCMKICMG — NOBEPXHI,
30LILULYEMbCS MIKPOMEEPOICHb NION08epXHe6oi 00onacmi i Kopo3itina CMILIKICHb 3a PAXYHOK NepecmanosKu
oucnokayii. Memoto yboco O0CNiONCEHHA € MOOeNOBAHHA 6NIUGY PISHUX —napamempie npoyecy
BUSNAONHCYBAHHSA (CUNA NPUMUCKY, WBUOKICMb BUIAONCYBAHHS, WBUOKICMb NO0AYi) HA AKICMb NOBEPXHI.
Icnye ocobnusa nompeba 6 naoiiniu Kinyeso-enemenmnoi mooeni (MCE), saxa oac 6azose po3yminms
Mmexanixu npoyecy. Y yiti cmammi npedcmaenena 2D-modens FEM 0nss Memooy 8u2naoicyeamHst noeepxHi.
Bukopucmants ybo2o mMemoody 0036015€ 3HAUHO SHUSUMU 6APMICIb eKCNEPUMEHMATLHUX 8unpodyséars. 110
uac BUNAONCYBAHHS 3MEHUIEHHs WOPCMKOCMI NOGEPXHI SUKTUKAHO 63AEMOOIEI0 THCMpYMeHmy [ 3paska 3
NOBEPXHEBUM MePMAM KOB3AHHS Mid HUMU. B yvbomy excnepumenmi onepayis 6y1a 6UKOHAHA HA MOKAPHOMY
sepcmami 3 YIIY OPTIMUM (OPTlturn L-Series 440) 3 euxopucmannam incmpymennyy PCD
(nonixpucmaniunuil anmas) 3 padiycom 3,5 mm i3 sycunnim npumucky 12 H, nooauero 0,001 mm / 06 i
wieuoxicmio euenaddxcyeanns 15 m / x6. 'V oawmiti pobomi 2D 3euuaiino-enemenmua mooenb npoyecy
BULTIAONCYBAHHS. KYILKOIO 6YIa pO3POONEHA 3 MUMU HC NAPAMEmpamil, Wo i eMRIPUYHULL eKCNepUMEHm 3a
odonomoeoro npozpamu DEFORM-2D. ITicis modentosanist i oyinKu pe3yabmamie ModiCHa 3p00umu HacniynHi
BUCHOBKU: BULTIAOHCYBAHHS MOJKce Oymu eghekmusHo suxopucmaro 3 napamempamu (Fy =12 H; = 0,001 um
/06, Vly = 15 M / X8) 8i0no6ioHo 00 excnepumeHmom i pesyibmamamu Mooemnosarts. 11io yac mooenrosanns
BUOID NPABUTLHO20 POMIDY CIMIKU MAE BETUKE 3HAUEHHSL OISl 00CMOGipHOCHi Modeni. Benuwuna wiopcmkocmi
Ra s8156 06010 000pe HaAOMUNCEHHA 00 eKCNEPUMEHMATILHO20 Pe3yibmamy, 6paxogyioull, wo npu
MIHIMATLHUX — CHPOWEHHA.  MOOeli  CHIyniHb — eioxunenHs cmanogums  5,35%, momy, 3acmocosyioyu
MOOENIOBAHHS, MOHCHA OMPUMANTY ONIMUMATILHI YMOBU BUNAONCYEAHHSL.

Kinlo4oBi ci10Ba: nosepxmese 3mMiyHeHHs; GUSIAONCYBAHHA, WOPCHKICIb NOBEPXHI; NOMKPUCIANTYHUL
anmas; KiHyego-eleMeHmMHA MOOeb.
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METHODS FOR DETERMINING MATURITY
EVALUATION SYSTEM IN INDUSTRY 4.0

Abstract. Nowadays, developments are being started to implement in the companies’ production and
logistics systems based on the so-called Industry 4.0 concept as an increasing role. On the one hand,
market competition generates this need, but in many cases the use of Industry 4.0 solutions is the main
driving force, in order of the truly higher level of automation with significant cost savings. On the other
hand, the different levels of development individual companies are an achievement, which is further
complicated by different industry characteristics. Therefore, a great benefit can be from developing a
methodology that can help across the industry to determine the level of development required to make a
particular Industry 4.0 development feasible. Partially laying down the theoretical foundations is the
goal of this publication for the creation of such a maturity evaluation system in the field of Industry 4.0.
Keywords: Industry 4.0; lean; digitalization;, autonomy; maturity.

1. INTRODUCTION

Today, the application of the Industry 4.0 concept can be observed in almost
all areas of the economy. One of the primary reasons for this is that, from an
economic point of view, the application of Industry 4.0 makes it possible to meet
individual customer needs at the production costs typical of mass production. [1]
The fact that this is possible is, of course, due to the combined use of the new
technologies behind the concept, including the creation of so-called cyber-physical
systems and the exploitation of the potential of big data. [2] Automation and the
use of state-of-the-art artificial intelligence applications play a huge role, especially
in the creation of the former systems, while large-scale data analysis allows for the
innovative use of data collected from the resulting systems to shed light on
previously unknown relationships. Exploring the latter can play a particularly
important role in increasing efficiency, for example by predicting equipment
failures and product failures with unprecedented accuracy [3], but also by
predicting changes in customer demand with previously unattainable accuracy. The
role of Industry 4.0 can be increased also in the academic scetor, such as in a
laboratory [4].

It is no coincidence, then, that the application of the Industry 4.0 concept has
already had a huge impact on both logistics and production. [5] As a result, there
has been a need for some time to develop models that can help define the so-called
'Industry 4.0 maturity' for a given organization. Here, it is important to specify that
the maturity models measure the maturity of the organization or process actually

© L. Fiiké, B. Illés, P. Tamds, R. Skapinyecz, A. Cservendk, 2020
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achieved during development in relation to a certain target state.

We are also talking about so-called preparedness models, the purpose of
which is to record the initial state, which makes it possible to start the development
process. Some typical maturity and readiness models from [6] are summarized in
the following Table 1. Further maturity models can be found in the literature, for
instance a fuzzy rule-based [7], for machine tool companies [8], for SMEs (Small
and medium-sized enterprises) [9] or for the defence sector [10]. There is solution
for metananalysis of Industry 4.0 maturity models [11].

Table 1 — Overview of Existing Industry 4.0 Readiness and Maturity Models (Evaluation
Models) [6]

Model name

Institution / source

Evaluation approach

IMPULS - Industry 4.0
Preparedness (2015)

VDMA, RWTH Aachen,
IW consult

Assessment in 6
dimensions, which
includes 18 units, showing
readiness at 5 levels.

Empowerment and
Implementation Strategy for

Lanza

Assessing the maturity of
industry 4.0 as a quick
check and as part of the

Industry 4.0 (2016) implementation process
model
Industry 4.0 / Digital Online self-assessment in
Operations Self-Assessment | Pricewaterhouse Coopers 6 dimensions; focus on
(2016) digital maturity at 4 levels

Graduation model of the
affiliated company (2014)

Rockwell Automaton

The graduation model is
part of a five-step
approach to implementing
Industry 4.0; technology-
centric evaluation in 4
dimensions

Schumacher (2016)

TU Wien, Fraunhofer
Austria

Evaluation in 9
dimensions. Further
details in 62 graduation
units

ACATECH Schuh (2017)

acatech — National
Academy of Science and

Assessment in 6
dimensions which is
further detailed in 18 areas

Engineering and shows the level of
maturity at 6 levels
Evaluation in 4
SIMMI 4.0 (2016) TU Dresden dimensions. Shows the

graduation level in 5
levels

10
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DEFINING THE BASIC ASPECTS OF THE METHOD TO BE
DEVELOPED

It was clear from the above that the existence of prerequisites is important for

the assessment of Industry 4.0 maturity. In this chapter, therefore, our goal is to
define the basic characteristics of a method that can be used well to determine both
Industry 4.0 readiness and maturity for a process or organization. This also means
that the method must be applicable both to the so-called readiness assessment
before the start of the preparation process and to capture the state during the
preparation process (the latter is the maturity assessment). The following general
objectives and findings should also be taken into account when designing the
method:

In terms of evaluation, the emphasis should be on production processes.
Although digital data collection and processing from non-production areas is
not strictly an Industry 4.0 application, the solutions and experiences used there
can be a good starting point for its implementation.

The first step is to create the preconditions for a functioning corporate
governance system. This requires the existence of a functioning corporate
governance or management system. This ensures basic integrity and controlled
operation. Processes must be controlled and repeatable.

Processes need to be simplified and made transparent. To do this, we need to
know and use the principles of lean, which are necessary to be able to identify
the losses that occur and to work systematically to reduce them.

Defined and repeatable processes need to be stabilized and continuously
improved. This requires the use of various statistical methods that can be used
to perform capability tests and process control. We can evaluate results and
identify trends.

The digital form of data collection facilitates subsequent data processing. It
creates the possibility of fast and efficient data processing.

The computer network within the company speeds up and helps the collection,
flow, storage and processing of data. The storage and processing of data and
access to them must be managed at the system administrator level. This
requires adequate storage capacity and IT infrastructure. In addition, proper
user rights management must be provided.

The use of enterprise management software is both important for the
management of the company and can greatly increase the efficiency of
processes. The more processes it covers, the higher the level of integration it
implements.

A higher level of capabilities means having software development capabilities,
expertise within the company. This can ensure that the data that can be
collected and to be collected is stored in an organized form and processed

11
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efficiently. It creates the possibility of customized software data processing
from the use of user software.

e Industrial data collection is required for automatic data collection and efficient
management of production assets. This creates the opportunity for a wide
extension of networked production facilities within the company, which paves
the way for the efficient use of various production management software.

The system moves to industry level 4.0 as a result of which a digitally
mapped twin pair of the production process is created. It is a system that collects
and processes specified data in real time. The processing is done by different
algorithms automatically and the decisions made as a result of the physical system
are actually actually executed automatically. By this time we were already talking
about an autonomous system and we had reached the level of industry 4.0.

horizontal and Important to establish the level of vertical integration, which
gives an idea of the scope and depth of the industry 4.0 application within the
company.

Industry 4.0 readiness can be assessed according to the following criteria. The
more conditions of the system of conditions are met, the higher the level of
maturity of the company's Industry 4.0. In addition to each aspect, metrics and
weightings can be defined to aid evaluation. The structure of the proposed criteria,
taking into account the objectives and findings described above, is therefore as
follows:

o Corporate Governance System - Management System

Introduced and functioning system e.g. According to 1SO 9000

Applying lean principles

Continuous improvement

Application of statistical methods (eg statistical process control)

Systematic digital data collection and processing

In-house computer network

o System administrator

o User authorization management
o Storage capacity (server)

o Other IT infrastructure

o Use of enterprise management software (eg SAP)

o Process coverage
o High level of IT expertise

o Software development capability
e High level of mechatronic proficiency

o PLC programming and industrial control technology

o Industrial automation
e Networked production equipment

12
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o Automatic collection of production data
e Use of production management software (eg MES)
e Digital twin

o Real-time data collection

o Algorithms for automatic processing of collected data

o Decisions made as a result of data processing are automatically

implemented in reality

o Level of horizontal and vertical integration
Thus, the system of criteria laid down above, with an appropriate weighting
procedure associated with it, may already be suitable to provide a starting point for
the development of the general methodology to be implemented.

3. SUMMARY

The publication presents the significance of the Industry 4.0 concept in the
fields of production and logistics. It has also become clear that the definition of
Industry 4.0 readiness and maturity is crucial for an organization or process today.
In line with this, some typical models for determining the former are also listed,
along with their defining characteristics.

In the second part of the publication, we have summarized the objectives and
findings that need to be taken into account in order to define an independent set of
criteria that can be the starting point for the development of an evaluation method
that does not yet exist. By creating the new method, our goal would be to provide a
general-purpose tool for organizations that can be used to determine both Industry
4.0 readiness and maturity in any environment, including logistics applications.

On the one hand, possible future research directions should therefore focus on
defining the basic steps of the method, which will allow for the development of
more detailed procedures. On the other hand, it may be an important research goal
to precisely define the possible user groups, which may be of further help in the
precise specification of the processes to be developed. We plan to present these
research directions in the framework of further publications.
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METO/HM BUSHAYEHHS CTYIIEHS 3PIJIOCTI CUCTEM
Y IIPOI'PAMI "IHAYCTPIA 4.0"

AHoTanias. B Oanmuii uac 6 6UPOOHUMUX | JOSICMUYHUX ~CUCTNEMAX KOMNAHIU HOYUHAIOMb
81POBAOINCYBAMUCHA POZPOOKU HA OCHOBI Mak 36anoi kKoHyenyii « [noycmpii 4.0», poav sikoi spocmae. 3
00H020 OOKY, PUHKO8A KOHKYPEHYis NOPOONHCYE Y10 nompeody, ane 6 6azamvox eUnaokax eUKOPUCMAHHS
piweny «Indycmpii 4.0» € ocnognoio pywiiiinoio cuioro, wob 3abesneuumu OiliCHO OiTbwl BUCOKULL
pisenb asmomamusayii 3i 3naunolo exomnomicio xowmis. Omoice, GeIUKY KOPUCTL MOJiCe NPUHECU
PO3POOKA MemoOoN02Hl, KA MOd#Ce OONOMOZMU Y 8CIll 2aNY3i BUSHAYUMU PIBEHb PO3BUMKY, HeO0OXiOHUl
ona peanizayii konkpemmnoi pospooxu «Indycmpii 4.0». Yacmkoge cmeopenns meopemuunux ocHog ¢
Memoto 0aHoi nyonikayii no cmeoperHio makoi cucmemu oyinku spinocmi 6 oonacmi «Inoycmpii 4.0x.
V' nybnikayii npedcmaenena eadxciugicmo xonyenyii «Indycmpii 4.0» 6 obracmi eupobnuymea i
nocicmuxu. Taxooc cmano sicho, wjo usHayenHs comosHocmi i 3pinocmi «Inoycmpii 4.0» mae
supiuianbHe 3Ha4eHHs Ol opeanizayii npoyecy cb0200Hi. Bionogiono 00 yb020 MaxKoxdc nepepaxoeami
OesKi munogi Mooeni Olisl BUSHAYEHHS. 20MOBHOCN, a4 MAKOXC IX BUSHAYANbHI Xapakmepucmuku. Y
opyeitl wacmuni nyonixayii niocymoseani memu i GUCHOBKYU, 5Ki HEOOXIOHO npuitHAmu 00 yéazu, ujoo
BUBHAYUNU He3ANedCHUIl HADIp Kpumepiig, AKi MOICYymMb cmamu 8ionpagHoio moukoio Oid po3poodKu
Memoody oyinku, sKko2o wje He icnye. Cmeopiorouu HO8Ull Memoo, Memol agmopie 6yio naoamu
opeanizayisam yHieepcanbHull IHCMpyMenm, AKull ModcHa 0Y10 6 GUKOpUCHOBY8aAmMuU Ol 6U3HAYEHHS
eomosnocmi i spinocmi «Inoycmpii 4.0» 6 6y0b-axomy cepedoguuyi, 6KuouaOqU 1o2icmuyni 0o0amxu. 3
00H020 OOKY, MONCIUBI HANPAMKU MAIOYMHIX 00CTIOHNCeHb NOBUHHI OYMU 30CepedHCceH] Ha BU3HAYEHHI
OCHOGHUX emanieé Memody, wjo 00360umb po3pobumu 6inbuws demanvhi npoyedypu. 3 iHu020 OOKY,
8AHCIUBOI0 OOCTIOHUYBKOIO MEMOI0 MONHCE OYMU MOYHE BUSHAYEHHS MONCIUBUX 2PYN KOPUCHTY6aUis, SKI
MOJHCYMb 8 NOOATLULOMY OONOMOSIU 8 YIMOUHIO8AHHT cneyugixayii po3pobiiosanux npoyecie.

Karouosi cnoBa: «/ndycmpis 4.0»; owadnusicms,; yughposizayis,; asmonomis, 3pinicn.
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3D METHODOLOGY OF RESEARCH OF
DIAMOND-ABRASIVE MACHINING PROCESS

Abstract. Subsystem of computer-generated determination of conditions of manufacturing of defect-free
diamond wheels and grinding of superhard materials on the base of 3D simulation of deflected mode of
elements of the "SHM crystal grain — metal phase — grain — bond" system at process of diamond wheel
sintering and grinding is developed.

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

1. INTRODUCTION

Superhard polycrystal materials (SHM) and superhard composites on the
diamond base (DC) becomes more and more widely used both as a tool material
(especially in precision machining processes) and as constructional materials.
Laboriousness of their processing is comparable with natural diamonds processing
laboriousness.

Now diamond grinding is the most manufacturable process of SHM
machining. However, available processes of diamond grinding by means of wheels
on organic and metal bonds do not solve in full measure a problem of low
productivity (which in 10000 times below, than when processing, for example,
alumina ceramics), significant specific consumption of diamond grains (which
sometimes is 30 carats of grains on 1 carat of removed allowance) and essential
percent of a spoilage because of occurrence of microcracks grid on machined SHM
surface. Development of expert system of manufacturing process of diamond-
abrasive tool and grinding process of SHM is made on the following algorithm:

e Three-dimensional (3D) simulation of sintering process of diamond-
bearing layer for determination of conditions at which integrity of diamond grains
is kept;

e Determination of parameters of 3D topography of SHM surface to be
machined;

e Determination of parameters of 3D topography of wheel working
surface;

e Determination of the actual area of contact in the system "Wheel working
surface (WWS)-SHM";
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e Simulation of thermo-force deflected mode (DM) of cutting region when
processings by means of single-point tools made of SHM;

e 3D simulation of thermo-force deflected mode (DM) of the system
"SHM-grain-bond" (determination of the conditions excluding a spoilage owing to
SHM cracking);

e Calculation of process intensity of thermoactivated lapping of SHM
surface to be machined.

2. THREE-DIMENSIONAL SIMULATION OF DIAMOND-BEARING
LAYER SINTERING PROCESS

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

Contrary to available ideas, proposed to consider the model of diamond-
bearing layer of wheel as perfect one, we have stated, that the structure of diamond
layer of the wheels contains initial defectiveness in the form of damaged diamond
grains, which can be quantitatively defined by dimensionless value of a damage
rate of diamond grains [1].

It is established in N.V.Novikov’s work [1], that the particle-size analysis of
synthetic diamond grains AC50 400/315, extracted by recuperation from tvesal
sample, has shown that during sintering only about 10-20 % of grains remain
undamaged. So it is shown, that diamond grain concentration influences deeply on
damaging rate of diamond grains when sintering DC. The increase of concentration
from 50 up to 150 % raises damageability of diamond grains during sintering
process in 2.8 times.

Since the technology of sintering of diamond-bearing layer of the wheel, for
example, on hard-alloy bond such as BK, is practically identical one with the
technology of sintering of DC, it is objectively to expect, that some part of grains
at sintering of diamond wheels are damaged too.

Authors [2] have shown that during of diamond wheel sintering the
percentage of the basic fraction (coarse grains) is diminished by 20-30 %.

Moreover diamond grains of various strength, obviously, will be destroyed
during sintering in different ways. There is no doubt that structure of metal bond
and therefore technological parameters of sintering of wheels will essentially affect
a degree of damageability of diamond grains.

Our experimental investigation of diamond grains carried out by means of
electrochemical opening of new diamond wheel is shown, that part of diamond
grains destroys as early as diamond wheel sintering (fig. 1).
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Crack in
diamond grain

Figure 1 — Diamond grain on the surface of the wheel out of operation

Process of sintering of the diamond grinding wheels was simulated by means
of finite element method (FEM) in software package Cosmos-M. At 3D simulation
of sintering process the fragment of diamond-bearing layer of wheel was presented
as a cube dimensioned 300x300x300 pm, in midpoint of which a diamond grain as
an octahedron dimensioned 100x100 um was placed, that corresponds to 100 %
concentration of diamond wheel. At simulation of 50 % diamond grain
concentration wheel the size of the cube was redoubled and so on. Metallic phase
in diamond grain was simulated as an interlayer of 5-10 um in thickness and of
various form and length. The model was loaded with stress and temperature
appropriate to the real process of diamond wheel sintering. It is accepted, that if the
reduced stress in diamond grain exceeds ultimate strength it will be considered as
destroyed (defective) diamond grain. Sintering process of diamond-bearing layer
was simulated for various metal bonds from aluminium up to hard-alloy ones,
using diamond grains with various strength from AC2 up to AC160T.

Results of 3D simulation of DM of sintering zone of diamond wheels are
presented on fig.2.

Varying combination of diamond grain strength and grain concentration in
the wheel for various metal bonds one can determine such their combinations, at
which retention of diamond grain integrity was provided i.e. the grains should not
be fractured during sintering. It is established, that not all of commercial wheels
with usable combination of brand of diamond grains and brand of metal bond can
be manufactured with standard concentration of diamond grains without failure of
their integrity. So, for example, at sintering of wheel on bond M6-14 with diamond
grains of brand AC6 the grain concentration in the wheel should not exceed 7 %,
otherwise grains will be fracture as early as wheel sintering. It is shown, that for
guaranteed retention of diamond grain integrity practically in all commercial
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wheels, their concentration should be much less than applied one. Such tendency
coordinates well with possibility and necessity of lowering of diamond grain
concentration for wheel up to level of 10-15 % at grinding of superhard materials
[3, 4, 5].

phase

d)ACI5 f) AC32 2) AC80

Figure 2 — Influence of grain brand on 3D DM of the system "diamond grain — bond":
sintering composition — bond M2-09, graininess 200/160;
a — 3D model of the system "bond — grain — metal phase"; b — energy of deformation;
¢,d,f —reduced stress, g — strain energy density

It is established, that for retention of diamond grain integrity during sintering
of the wheels one must observe combinations of brand of diamond grains and
brand of metal bond. Analysis of theoretical computation allows to determine
diamond-metal compositions, which ensure integrity of grains in the wheel during
the process of its manufacturing (table 1).

Suggested values of concentration in such wheels are less than ones used in
commercial wheels, that is important factor of reducing of cost both the diamond
wheels and grinding processes.

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

Table 1 — Diamond-metal compositions suggested for sintering

Grain brand Coefﬁmgg;gyfélsztlmty of Graininess, um Concentration, %
AC2 40-52 50/40-63/50 5-7
AC4 44-70 50/40-80/63 5-10
AC6 77-95 50/40-100/80 10-16
AC15 86-100 80/63-100/80 15-21

AC32 98-110 80/63-125/100 18-25
ACS50 102-119 100/80-160/125 25-28
ACS80 143-173 125/100-250/200 25-34
ACI100 165-210 125/100-315/250 30-37
ACI125 190-260 200/160-315/250 30-40
AC160 210-320 250/200-500/400 35-45

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

3. DETERMINATION OF PARAMETERS OF 3D TOPOGRAPHY OF
SHM SURFACE TO BE MACHINED AND WWS

The parameters of 3D topography of WWS were studied by means of laser
scanning device "Perthometer S8P" with laser sensor of FOCODYN model, range
of vertical resolution of which is +250 pm, that it is quite enough for measurement
of height parameters of WWS for the wheels of graininess up to 630/500. The
device allows simultaneously to fix 9 parameters, selected from 86 possible
parameters of WWS topography. To estimate topography of diamond grains
submicrorelief the scanning pitch of WWS was accepted to be equal 1 um, i.e. the
ray passes some dozens times on each diamond grain [6].

Determination of parameters of 3D topography of SHM surface to be
machined was carried out with using the profilograph of "Hammelwerke"
corporation, "Turbo Roughness V3.32" model, needle radius is 2 pm.

The examples of 3D topography of SHM and WWS surfaces are shown on fig.
3. The outcomes of study of the parameter of the relative reference area of the
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profile tps are used at experimental determination of the actual area of contact in the
system "SHM-WWS" [7]. Since at diamond grinding of SHM the hardness of
material to be machined is practically equal (without taking into consideration
anisotropy of diamond crystallite properties) to hardness of diamond grains and
their intrusion in material to be machined infinitesimally small, the measurement of
parameter tps was realized only at level 0.1-1 um from a line of peaks.

TraRmUEL RCcORBIG

Figure 3 — 3D topography of the surface
a) WWS; b) SHM

Mean value of parameters t,s for WWS and SHM are accepted as actual area
of contact (Ar).

Bl E NG 1
tps + tps
2

Theoretical computation of actual area of contact in the system "SHM-WWS"
is carried out using dependences of N.B.Demkin and 1.V.Kragelskiy [5].

Ar =

4. THREE-DIMENSIONAL SIMULATION OF DEFLECTED MODE
OF GRINDING AREA

Having determined actual area of contact, let’s go on to simulation of
deflected mode (DM) in the system "SHM-grain-bond". As there is an opinion [1],
that the cause of SHM destruction can be the essential difference in coefficients of
thermal expansion (CTE) of diamond and metal phase of SHM, DM of studied
system was investigated. Theoretical analysis of thermo-force DM of system
"Crystallites-metal phase-grain-bond" by means of finite element method (FEM)
was carried out in software package of bundled software such as "Cosmos" with
application of eight nodal elements SOLID (1847 nods, 1640 elements). The
package allows to decide the problem in three-dimensional measurement (3D-
simulation), that favourably distinguishes the given technique from used one
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earlier by other authors [8,9]. SHM was simulated as set of crystallites of cubic
form of dimensions 0.2x0.2x0.2 mm with the metal phase interlayers of
dimensions 20x200x200 pm, arbitrary located in it. Calculation scheme of
interaction of the system components simulates the most unfavorable grinding
variant with mass formation of wear platforms on diamond grains. Calculation
scheme of model and 3D stress in the system "SHM-grain™ are shown on fig. 4.

lubrico

Figure 4 — Finite element calculation scheme of interaction of system "Crystallites-metal
phase-grain-bond" (a) and reduced 3D stress in grain and SHM

Advantage of the proposed technigue is the possibility in three-dimensional
variant (3D-model) to evaluate separately the influence of cross-feed (Sc«), value
of normal pressure in contact "WWS-SHM" (P,), physical-mechanical properties
of SHM, diamond grains and bond, temperature in grinding area (in contact
"Grain-SHM™"), temperature of lubricoolant (or its absence) on temperature fields,
value of main and reduced stresses caused by both separately force and thermal
factors, and their general effect (thermo-force stress). The package allows also to
evaluate strain energy, according to which it is possible, using the Griffith’s theory,
to determine possibility of formation and development of microcracks both on
SHM surface and diamond grains (if they are polycrystallic ones), and
development of internal microcracks.

Advantage of the proposed calculation technique is three-dimensional (3D)
solution of the problem, obtaining of three-dimensional temperature fields, three-
dimensional fields of reduced and main temperature and thermo-force stress in a
grain, bond, metal phase and polycrystal.
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Possibility of determination of main and reduced thermo-force stress, and also
energy of deformation in any point of system " Crystallites SHM-metal phase-
grain-bond " allows to use both energy criterion, and force criterion of brittle
failure of materials. Using, for example, technique of computer-aided finite
element method for prediction of defective layer development at simulation of DM
of surface to be machined [9], but, taking into account thus also the thermal factor,
is possible to analyze influence of physical-mechanical properties of system
components, conditions of grinding and performances of wheels on probability of
defect-free machinig of various brands of SHM, including newly created ones.

From the carried out calculations we determine grinding conditions (Sc-f, Pn,
number of grains in contact, performances of wheel, availability of lubricoolant), at
which the probability of formation of defective layer, i.e. reject is eliminated at
sharpening the tool made of SHM.

The developed subsystem "Defekt" allows to analyze not only condition of
defect-free machining of SHM, but also as the subsystem of the common
theoretical expert system allows to optimize process of allowance removal taking
account of thermal factor, as it is made, for example, in the work [10], with
reference to grinding of glassceramics.

5. CONCLUSIONS

Developed subsystem of theoretical expert system of diamond grinding
allows to determine the conditions of defect-free manufacturing of diamond
wheels and defect-free machining of SHM at sharpening of tools made of
superhard materials.
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3D METOAOJOI'TA JOCJIKEHHS ITPOLECY
AJIMA3HO-ABPA3UBHOI OBPOBKH

AHoTanist. 3anpononosana 3D memooonocis KOMN'IOMEPHO20 GUSHAYEHHS. YMOG GUSOMOGICHHS
be30eqhexmHuux armasHux Kpyzie ma winipysanns Haomeepoux mamepianie (HTM) sxa epynmyemobcs Ha
OCHOBI  MPUBUMIDHO20 MOOETIOBAHHS HANPYHCEHO -0ehOPpMOBAHO20 CMAHY eNeMEeHmI6 CUcmemu
«06pobnenuti mamepian - memanesa ¢gasza - 3epHo - 36'3kay. Ha nepwiomy emani Oocniodcens
6CMAHOGNIIOIOMbCA ONMUMANLHI NOEOHAHHA MIYHOCI Memanegoi 36'A3Ku i aIMA3HUX 3epeH 3 Medcero iX
MAKCUMAnbHOI KOHYeHmpayii 6 Kpysi, wo 3abe3neuye 30epexnceHHs YiniCHOCMI aiMA3HUX 3epeH npu
8U20MOBNEHHI AIMA3H020 Kpyaa. OnmumanvHe cnig8iOHOWEHHST MIYHOCMI 36'A3KU, AIMA3HUX 3epeH |
KOHYeHmpayii 3epen, ompumane Ha YbOMy emani, € Juuie 0OMedCYIoUuUMU napamempamit i NOGUHHI
b6ymu  eusHaueni 6ilbwt MOuUHO ONsi Npoyecy aIMA3HO20 WINIQDYSAHHS 3ANEJNCHO 6I0 MIYHOCHI
obpobosanoeo mamepiany. Ha opyeomy emani ciio usHayumu onmumaibHe NOEOHAHHA MIYHOCMI
06pob0BaH020 Mamepiany, 36'A3KuU, aIMA3HUX 3epeH | KOHYenmpayii 3epHa 6 Kpysi, ujo 3abesneyye
MakcumanpHy —egexmusnicmo npoyecy wiigpyeanns. B mpoyeci excniyamayii  eusnauaemocs
onmumanbHe NOEOHAHHS MIYHOCMI 36'5I13KU, AIMA3HUX 3epeH | KOHYeHmpayii 3epen 6 3aneicHOCmi 6i0
MiyHOCMI 06pobosano2o mamepiany. Hapamempu mpusumiproi monozpaghii poboyoi nosepxui Kkpyea
(PIIK) Oocnioxcysanucs 3a O0OROMO20K JIA3EPHO20 CKAHYIOYo2o npucmpor «Perthometer S8P» 3
nazeprum oamuuxom modeni FOCODYN, dianason po3oinenuss no 8epmuxaii K020, cmanogums + 250
MKM, WO YiTKoM 00CMAmHb0 0N UMIpo6anHa eucomuux napamempie PIIK. Busnauenus napamempis
mpusumipnoi monogpagii 06pobmosanoi nosepxui HITM euxonysanocs na npoginozpagpi gipmu
«Hammelwerke» moodeni « Turbo Roughness V3.32», 3 padiycom conku 2 mxm. Pospobrena niocucmema
«Heghexmy Odozsonsac ananizyeamu ne minvku cman 6e30epexmmnoi obpooxu HTM, ane i 6ymu ax
nidcucmema €Ounoi meopemuyHoi ekcnepmHol cucmemu, wo 00360JA€ ONMUMIZY8AMU NPOYEC 3HAMMSL
NpUnycKy 3 ypaxyeawHsiM menioso2o gaxmopa. Pospobnena niocucmema meopemudHoi ekcnepmuoi
cucmemu  aIMazHO20 WNIQYSanHs 00360JA€ BUIHAUAMU YMOSU OEe30eeKmMHO20  6UC0MOBACHHS
anmasnux Kpyeie ma besdeghexmuoi 06podku HAOMEepOUX Mamepianie npu 3amouyeanti iHCmpymMeHmy
3 HUX.

KarouoBi cinoBa: mooeniosanns; cucmema “poboua noeepxusi kpyea - HTM™, wunighysanns;
pyiinysannsi; cucmema "nonikpucman - 3epHo - 36'a3xa’.

23



ISSN 2078-7405. Cutting & Tools in Technological System, 2020, Edition 93

UDC 621.923.6 doi: 10.20998/2078-7405.2020.93.04

A. Grabchenko, V. Fedorovich, 1. Pyzhov,
Y. Ostroverkh, Kharkiv, Ukraine

INCREASE OF EFFICIENCY OF DIAMOND GRINDING
SUPERHARD OF MATERIALS

Abstract. The analysis of algorithm of expert system of process of diamond grinding superhard of
materials (SHPM) is given. For realization of the offered expert system the ways of grinding with the
combined control of parameters of a working surface of diamond circles are developed.The designed
ways of superhard polycrystallic material diamond grinding basing on control of a grinding wheel
surface with usage of simulation of destruction processes of the system "polycrysta-grain-wheel bond"
considered.

Keywords: superhard polycrystallic materials; destruction processes; diamond grinding; wheel
working surface; combined direction; system "polycrystal - grain - bond".

1. THE EXPERT SYSTEM OF THE SHPM GRINDING

A wide spectrum of different brands of superhard polycrystallic materials
(SHPM) and nomenclature of diamond wheels hamper experimental definition of
optimal conditions of SHPM grinding. It is connected with a great number of
experiments and their high cost price. For definition of a range of such conditions
the theoretical expert system, permitting to simplify this task, is created. The
SHPM diamond grinding is process of mutual controlled destruction of system
components "SHPM-grain-bond", and "grain-SHPM™" can destroy mainly by friable
microdestruction (productive process) or by the thermal-activated processes (ultra
precision grinding).

The theoretical description of destruction processes of system units "SHPM-
grain-bond" is extremely difficult, and practically it is impossible at raising on new
output parameters of grinding. However estimated expert system permitting to
narrow down a range of experimental researches for definition of optimal
conditions of machining different SHPM by different wheels, can be created. The
scheme of such expert system is represented on fig.1.

That the grinding process was steady, it is necessary, that the intensity of
grain protrusion height was equal to speed of forced bond deleting (VB). Thus
working grain protrusion height from bond (hp) should eliminate fallout of non-
working grains, i.e. the capacity coefficient of grains should be more than 1 (Kc>1).
Thus h, should be not less maxheight of bond microroughness (h;) for exception of
contact it with processed SHPM. At such working grain protrusion height it is easy
to define number of grains in contact with processed SHPM.

© A. Grabchenko, V. Fedorovich, I. Pyzhov, Y. Ostroverkh, 2020
24



ISSN 2078-7405. Cutting & Tools in Technological System, 2020, Edition 93

Grinding p
a=f(Pg, N, ) |
Productivity grinding ‘ Precision grinding
Sclection of working Eliminating of
grain hight h, for macrodestruction @ [©)
participation of all ' (cracking) of SHPM
grains in gperation O <Our . . .
K21 Pthr < Plim Pg 2 Pss Pg < Pss
ey h, <h <2aler Calculation of Ioad on single grain for its
2 P destruction at th Ittrition
£ 5 Pss=f(Vw, Pn(Str), 7, grain brand, S, f, a)
: NG
hy | 2NN
— NN
T ENN
EDY et N Number of grains
g ‘-—._._:r-\ N in contact Calculation
: Z [y E— o |_=f(Pg, bond)
S e m ¢ an e0 129 B0 200 Ne Othr _ Pthr «®
Working grain height h, jim Working grain height h,, jim A Pg
® thr-threshold temperature
@ 1-50/40  7-150% Plim - limited load on SHPM
2-80/63 8-100% Pg - load on a single grain, N
Ensuring of value h, by 3-100/80  9-50% Pss -load on a single grain, ensuring its self-sharpening or attrition
selection of intensity 4-125/100 10-25% Vw - wheel speed
of bond removing 5-160/125 Pn (Str) - normal pressure or transversal feed h_- height of bond microroughness
Vi=Vg - £- frequency of ultrasonic action on grains V- s of bond remorin s
6 - 200/160 a- amplitude of ultrasonic action on grains » - Speec 0} bond removing

V' - speed of grain height reducing

2- graininess "
e 1,0 - critical value of grain deepening

§ - area of contact spot of grain and SHPM

Figure 1 — Scheme of calculation algorithm of optimal SHPM grinding conditions
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where a=hp/lg; Ip - maximal value of a grain; S - single square; K - coefficient of
diamond concentration in a wheel; d., - average grain size.

If the number of grains in contact for serially manufactured wheels is too
great (that will not allow to put on each grain load, sufficient for friable self-
sharpening of grains and for reason of cracking of a SHPM processed surface), it is
necessary to decrease the concentration (for example, till 1-10%).

When we selected the number of grains in contact and received the load on a
single grain, we solve the task of definition of diamond grain destruction intensity
Vg in case of friable microdestruction in contact (productive grinding) or attrition
of grains on wear platforms (ultra precision grinding). Thus the intensity of linear
destruction of grains is caused both by contact with processed SHPM (V1) and
ultrasonic effect in a direction zone (V). Besides, according to physical-
mechanical characteristics of bond, we define intensity "deepening™" of grains to
bond due to ultrasonic effect in a direction zone (Vg3). Then for stability of the
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grinding process the speed of bond deleting in a direction zone (Vg) should be

equal:

Ve=Ve1+Ve2-Vas

The algorithm of such expert system represented on a fig.2.

Initial data: Phy sical-mechanical
properties of SHPM and grains, B,
V, z, K%, grain brand

> I

in off-line zone.

3. In contact grain-SHPM.

Calculation of tension:
1. In grain: a) in contact with SHPM; 6) dut to ultrasonic action

2. In SHPM: a)for fragile microdestruction; 6) during attrition.

Definition of conditions
eliminating cracking of SHPM

surface

Determination of intensity of
productive SHPM removing

Determination of intensity of
precision SHPM removing

Determination of intensity of linear
grain wear and deep ening grains
into bond

Definition of modes for grinding
and combined direction of WWS

Figure 2 — The block-scheme of expert system
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The algorithm of definition of optimal conditions of SHPM diamond grinding
(expert system) can be as: analytically we consider the contacting task of a single
grain and SHPM surface and define, what conditions for the given SHPM brand
will be optimal from the point of view of intensity tolerance removing. It is a grain
brand (i.e. its physical-mechanical characteristic, size, orientation of grain to
SHPM surface by a "hard" or "soft" plane), speed, contact pressure. Having
received load for a single grain, we are set in working grain height hg<hp<2a-lcg,
and having calculated a common maximum safe load, not causing cracking of
polycrystal surface, we define maximum safe number of grains in contact. In
accordance to assigned hp and number of grains in contact, we assign optimal
concentration in a wheel.

The special ways of diamond grinding are necessary for realization of the
developed expert system.

2. WAYS OF SHPM GRINDING WITH COMBINED CONTROL OF A
WHEEL CUTTING RELIEF

At the Kharkov State Polytechnic University the ways of diamond grinding
with combined direction of a metal-bonded wheel cutting relief have been worked
out [1,2,3,4,5].

These ways allow to realize controlled bond removing in an off-line zone (for
example, by electroerosional or electrochemical ways) and to realize ultrasonic
effect on tops of diamond grains, thus to control character and intensity of their
microdestruction. These ways provide double effect on a working surface in an off-
line zone. To guarantee constant fragile microdestruction of a diamond grain
working surface and to avoid forming of grain wear platforms, the grains are
treated by the means of continuous vibrational-shock dressing [6] with required
intensity. For continuous and successive introduction of new diamond grains
instead of worn out, in an off-line zone the electroerosional or electrochemical
removing of bond with intensity, which equals intensity of decrease of grain height,
is carried out. Besides, vibrational-shock influence on diamond grains is
characterized by effect of deepening of the grains in the bond with intensity Vp,
that helps more long-lived holding of grains on a WWS surface. On the basis of
such combined direction of wheel cutting relief, we propose three ways of grinding.
For all of them the ultrasonic control of developmentness of submicrorelief of
diamond grains (fig.3) is proper.

The vibrational influence on the grains is carried out by the means of a plane
tool — shocking tool (4) with dimensions 25x25x15, which working surface is
equipped by the "tablets" (5) of a superhard material, for example by SKM-R.
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Figure 3 — The scheme of vibrational-shock influence on a wheel working surface
in an off-line zone: 1 — diamond wheel, 2 — magnetostrictive vibrator, 3 — ultrasonic
oscillator, 4 — working tool, 5 — "tablet" from SHPM, 6 — concentrator

This tool (4) is attached to the concentrator of oscillation (6) of
magnetostrictive vibrator (2). The operation of the vibrator is actuated by means of
the ultrasonic oscillation generator (3). The calculation of the form and dimensions
of the concentrator (6) and the way of the mounting of the shocking tool is realized
according to the known method [7]. An oscillation frequency f and amplitude a are
defined experimentally depending on required intensity of grain microdestruction.

For SHPM processing based on nitride of boron, when the intensity of a
linear wear of diamond grains is rather insignificant, and consequently the intensity
of bond removing should also be corresponding, the most simple way of grinding
with vibrational-erosive control of WWS by means of the source of a direct current
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(fig.4b) can be applied. Electroerosive spark (bond removing) between a metal
surface of the shocking tool and the bond takes place owing to the varying gap at
vibrations from hmax up to hmin.

_—

g 1 I diamond

o rain
< Aa 9

bond
a) B)

Figure 4 — The ways of grinding with vibrational-erosive control of WWS:

1 — grinding area; 2 — zone of vibrational - erosive control of WWS; 3 — diamond wheel;
4 — current-collector; 5 — pulsing oscillator IIT'1-40-440; 6 — source of a direct current;
7 —to the generator of ultrasonic oscillations; 8 — device of ultrasonic dressing;

9 — machined sample; 10 — shocking tool-electrode

During SHPM processing based on the diamond, when the intensity of a wear
of diamond grains is extremely high, and consequently the same intensive directed
action on the wheel bond is required, use a source of direct current is not enough.
In this case pulsing oscillator IIIT'1-40-440 (fig.4a) is applied to erosive control of
parameters of WWS. The modes of operations of this generator are defined
experimentally, depending on required intensity of directed influence on the wheel
bond.
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This way has more wide opportunities in comparison with the first one, but it
iS more expensive.

The way of electrochemical bond dissolution in a control zone has the
greatest intensity of bond removing from wheel working surface [8]. Therefore, the
way of grinding with vibrational-electrochemical direction of a wheel cutting
surface (fig.5) will be the most effective in case of sharpening cutters from SHPM
together with steel holder, when besides removing bond, it is also required to
remove waste of grinding (metal chip).

In this case there are three zones on the wheel working surface:

e grinding area;

e zone of vibrational control of diamond grain maturity;

o zone of electrochemical control of WWS maturity.

The worked out ways of grinding with combined direction of wheel cutting
relief allow to stabilize the process of grinding at any level in a range from
productive one up to ultra precision. These ways provide:

e directed microdestruction of tops (wear platforms) of diamond grains due

to vibrative-shock influence by means of the shocking tool in an off-line
Zone;

e deepening of grains into the bond in an off-line zone by means of the

ultrasonic shocking tool, that prolongs action period of grains on WWS;

e directed bond removing to ensure entrance of new diamond grains in

exchange of worn ones and ones, dropped out from the bond, in operation.

In this case stability of grinding process, that is extremely important in
automatized productions, is achieved under condition of:

VB=V1+V2+V3 3)

where Vg - linear speed of bond removing; V1 — linear grain wear intensity in a
grinding area; V2 - intensity of destruction of grains in a zone of control; V3 -
intensity of bond "ramming" in the bond in zones of direction and grinding.

Such combined ways of control of a state of wheel working surface allow to
use wider potential cutting properties of diamond grains and to increase efficiency
of SHPM grinding. In case of disconnect of controlling influences on wheel
working surface, on diamond grains in the mass order the wear platforms will be
derivated and the process is transformed practically to the process of friction
"diamond - diamond" with the removal value on a nanolevel. When using precision
equipment under these conditions it is possible to realize ultraprecision grinding of
superhard materials.
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Figure 5 — The way of grinding with vibrational — electrochemical direction of WWS: 1 —
grinding area; 2 — zone of electrochemical direction of WWS; 3 — zone of ultrasonic
direction of WWS; 4 — diamond wheel; 5 — current-collector; 6 — source of a direct current;
7 — cathode device; 8 — device of ultrasonic dressing; 9 — to the generator of ultrasonic
oscillations; 10 — machined sample
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HNIIBUIMEHHSA EOEKTUBHOCTI AJIMA3ZHOI'O IIVII®YBAHHSA
HAATBEPAUX MATEPIAJIIB

AHoTtauis. /s peanizayii 3anponoHosanol ekcnepmuoi cucmemu po3pobneni cnocoou wiigpyeanns 3
KOMOIHOBAHUM YNPAGIIHHAM napamempamu pobo4oi nogepxHi aimasHux kpyzie. Pospobneno cnocoou
AIMA3HO20 WINIQYBAHH HAOMEEPOUX NONIKPUCMANIMHUX MAMEPIANié 3 YAPAGIIHHAM POOOHOI0
noGepxHer0 WNigyeanrbHO20 Kpyea HA OCHOBI MOOENO8AHHS Npoyecie PyUHY8aHHS 8 30Hi 0OPOOKU.
Pospobneni paniwe cnocobu winiyyeanns 3 a6MOHOMHUM YRPAGIIHHAM DIJCYUUM PETbePom Kpyeie
(PPK) icmomHo po3uwuproioms mexHOIOSIUHE MONCIUBOCH AIMA3HO20 uiniysants. OOHaKk HeOONiKoM
Yux Memooig, 0coonUe0 Npu WAIQYSaHHi HAOMEEPOUX NOMIKPUCMANIYHUX MAMepianie, € me, wo npu
macosomy eunukHenHi Ha PIIK niowaoox 3HOCY, AKI cmaromes 00MedlCylouuM @Gaxmopom npoyecy
wnighyeanus, maki 3epHa npumycoso euoararomecs 3i 36'asku. Takuil npoyec iCMOMHO 3HUIICYE
KoeqhiyieHm BUKOPUCMAHHS NOMEHYIUHO BUCOKUX DIJICYYUX BIACMUBOCIEN AIMAZHUX 3ePeH | 30L1buLye
ix numomi eumpamu. Omoice, nocmae 3a860aHHs YNPAGIIHHA NPOYECOM YMEOPEHHS NIOWAOOK HA 3EPHAX,
mobmo 3abesnevumu ix Kpuxke MiKpOPYUHYBAHHA 3 YMBOPEHHAM CYOMIKDOKPOMOK. 3anponoHosawi
agmopamu cnocobu nepedbavaionv NOOGIUHUL 6NIUE HA POOOYY NOGEPXHIO 8 ABMOHOMMIU 30Hi. [[ns
3abe3neuents NOCMIlIHO20 KPUXKO20 MIKPOPYUHYBAHHS POOOUOI NOBEPXHI AIMAZHUX 3epeH | BUKNIOUEeHHS
VIMEOPEHHs HA HUX NIOWAOOK 3HOCY oMU NIOOAIOmMbCs be3nepepsnill gibpayitinill npasyi 3 HeoOXiOHoI0
inmencugnicmio. A 0na be3nepepsroco NOCII008HO20 68edeHHs 8 POOONTY 6Ce HOBUX AIMAZHUX 3EDeH
3amicmy  3HOWEHUX, 6 AGMOHOMHIL 30Hi 30IiCHIOEMbCS  eNeKmpoeposiline abo  elekmpoximiune
BUOANEHH s 363K 3 THMEHCUBHICMIO, PigHOIO iHmMeHcugHocmi 3nocy 3epen. Taxi kombinoeani memoou
VIPAGNIHHA CIAHOM POOOYOI NOBEPXHI KpY2ié 003601510Nb OLIbUL NOBHO GUKOPUCHIOBYEAMU NOMEHYIUHT
PIdCYUl  61ACMUBOCHI]  AIMAZHUX 3¢peH [ NIOGUWUMU  eheKmuHicms  WaiQyeants HAOMEEPOUx
mamepianis. Ilpu 6i0KAI0UeHHT YNPABTAIOUUX 6NAUGIE HA POOOUY NOBEPXHIO KPYed, HA AIMA3ZHUX 3€PHAX 6
MACOBOMY NOPAOKY YMBOPIOIOMbCS NAOUAOKU 3HOCY [ NPpOYec MpaHchOpMy€eEmbCsa NPAKMU4HO 6 npoyec
mepms «aIMA3-aamas» 3 BelUYUHOI0 3HIMAHHA HA HAHOpIeHi. [Ipu euxopucmawHi npeyusiiHozo
(Haomouno2o) 06AAOHAMHA 8 YUX YMOBAX MOJICHA peanizyeamu yavbmpanpeyizitine witighysanns
Haomeepoux mamepianie.

KurouoBi ciioBa:  Haomeepoi nonikpucmaniuwi  mamepianu; npoyecu pyUHY8AHHA,  AIMA3HE
wiighysanns; poboua nosepxms kpyaa, Komoinoeana cxema,; cucmema "noaikpucmarn - 3epno - 36's3xa”.
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MATHEMATICAL MODELING OF TRANSMISSION START
WITH AN ASYNCHRONOUS ELECTRIC MOTOR

Abstract. The most difficult moment in the work with an asynchronous motor is the launch. And the
more powerful drive is the more difficult launch. This is due to certain features of the asynchronous
motors: a limited starting torque and starting throws of the current of the stator motor chain.

The mathematical modeling of oscillating process of actuation of the actuator with an asynchronous
motor, which includes an elastic coupling with nonlinear mechanical feedback, is carried out. The
influence of the type of elastic characteristics of the coupling on the magnitude of the amplitude and
frequency of the oscillation process and its time was studied. A single-mass rotational system model
was used for the studies. According to the Runge-Kutta method, the oscillation processes of starting the
transmission of a machine unit with an induction motor were investigated. To determine the coefficient
of vibration isolation, a system with an elastic coupling having a linear elastic characteristic was
calculated. A study was also conducted in the case where the coupling determines the elastic
characteristics of the Duffing type "soft" and "hard" type.

Keywords: elastic coupling; mechanical feedback; elastic characteristic; oscillation process;
rotational mass; starting torque.

1. INTRODUCTION

In modern machine-building, elastic couplings with metal elastic elements
have become widespread. This is facilitated by the ability of these devices not only
to transmit torque, but also to prevent negative oscillations in the technical system.
This is achieved by introducing into the design an elastic coupling of mechanical
feedback, which provides a wide range of elastic characteristics, including also
nonlinear. Studies in this direction have shown that the nonlinearity of the elastic
characteristics of one of the components of the machine aggregate can significantly
change the nature of the oscillating processes, which occur.

2. PROBLEM STATEMENT

Studies using mathematical model proved that elastic couplings with a
nonlinear elastic characteristic show the most positive results [1]. However,
already existing elastic couplings do not fully meet the stated requirements due to
their narrow working range [2-4]. Up to now created potential designs of elastic
couplings that implement a nonlinear elastic characteristic are not widely used due
to the small number of their actual mechanical constructions.

© V. Kurgan, I. Sydorenko, V. Litvinov, V. Vaysman, K. Kirkopulo, V. Kulik, 2020
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3. ANALYSIS OF RECENT RESEARCH AND PUBLICATIONS

At this stage, most of drives use asynchronous motors. The features of their
operation, specifically the startup of the engine, cause the considerable oscillatory
load on the drive, this is due to the large and short-term starting torque. Because of
this, there is a significant number of works devoted to oscillating starting torque.
Because of this, there is a significant number of works devoted to oscillating
processes in technical systems [5-8]. A mathematical modeling of the start of an
asynchronous electric motor was carried out by using software packages [9,10].
Developed the promising designs of nonlinear elastic couplings, which reduce the
load on the drive and prevent negative oscillations [11]. The following studies
show the feasibility of using elastic couplings with nonlinear mechanical feedback.

4. OBJECTIVES AND PROBLEMS OF RESEARCH

Mathematical modeling of oscillatory process of transmission starting of a
machine assembly with an asynchronous electric motor, which consist of an elastic
coupling with nonlinear mechanical feedback and studying the effect of elastic
characteristics on the magnitude of the amplitude, frequency of the oscillatory
process and its time.

5. RESULTS OF THE STUDY

The chosen aim of the research is based on the fact that the results of the
researches carried out in the field of nonlinear oscillation mechanics indicate that
the nonlinearity of the elastic characteristics of one of the components of the
machine assembly can significantly change the nature of oscillatory processes.

In the given research area it is believed that the starting torque Mgt Of the
asynchronous motor shaft is a torque that advances on the shaft of an asynchronous
electric motor under the following conditions: the speed of rotation is equal to 0,
the current has a constant value, the electric motor windings are connected to rated
supply frequency and voltage, the winding connection corresponds to the rated
operating mode of the electric motor.

In mathematical modeling of the oscillatory processes of the machine
assembly, the starting torque Ms(t) is modeled by a function of time characterized
by two time intervals: the build-up time t; to the maximum value and the time of
decrease to the rated value to. In order to calculate the maximum starting torque the
following expression is used

Mmax:Mr’ktr’ 1)
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where M, — rating moment on the electric motor shaft; ki — starting torque ratio.
The value of this parameter varies within 1,5...6 for different types of engines and
loads.

Duration of the starting torque is determined experimentally, depending on
the type of engine and the type of its load. Usually the value of this parameter
varies within 0,5...1,6 s.

In order to achieve this goal a two-mass rotatory mechanical system (J; —
main rotating mass, subject to protection against the negative demonstration of the
starting torque), which includes the proposed passive elastic coupling with a
nonlinear mechanical linkage (J, — the second rotating mass, which is the mass of
the coupling) should be subject to mathematical modeling. In this case the system
of differential equations has the following form
{31¢1+b1¢1—b2(¢2—¢1)+01(P1—02((P2 —¢1)=0 @

J202 +02 (P2 — 1) +C2 (92 — 1) = M(t)

However, the rotating mass of the J.coupling in several cases is less than the
rotating mass of Ji transmission objects (J, >> Ji1) and the stiffness of the shaft
sections, which determines the torsion angle ¢1, is several times greater than the
stiffness of the elastic coupling, which determines the torsion angle oi(2>> @y).

Taking this into account it is advisable to carry out mathematical studies of
the process of transmission starting of a machine assembly with an asynchronous
electric motor, which includes the proposed elastic coupling, using a mathematical
model of a single-mass rotatory system. In this case, the model treats the rotating
mass J; as an object to be protected from the negative demonstration of the starting
torque, and the elastic coupling is considered as an elastic linkage between it and
the engine. Then the corresponding differential equation will have the following
form

Jp+ Mg (0) + M (¢) = M (1), 3

where J — moment of inertia of the rotating mass; Me(¢) — elastic characteristic,
which depends on the stiffness of elastic elements applied in the coupling; M(¢ ) —

moment of dissipation, which determines the irreversible energy dissipation;
¢ and ¢ — corresponding derivatives of the angular displacement in time t.

Initial conditions are as follows
9(0)=0, $(0)=0, M5(0)=0. @

On the basis of the equation (3) mathematical modeling of the oscillatory
processes of transmission starting of a machine assembly with an asynchronous
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electric motor AIR112MV6 with the following characteristics was carried out:
P =4 kW, n = 1000 rpm; rating moment M = 34,5 NOOm; starting torque ratio
kir = 1,8; time of the starting torque t; = 0,8 s.

t =0..0,26s, M mot = Mg (t) =162299t2 + 63121t +3,4857 ;
tsp =0,26..0.8s, Mmot = Mgy (t) =16229t% — 45121t —2,5734;  (5)
t; >08s Mumot =M, =345N-m

In calculations the starting torque is presented in the form of two non-linear
sections associated with time and has a maximum Msmax(0,026)=61 NOOm  (fig. 1,
a).

For the possibility of conducting a comparative analysis in order to determine
the appropriate efficiency ratios the calculation of the accepted conditions of the
system, which containsan elastic coupling with a linear elastic characteristic, was
carried out (fig. 1, b). Using the Maple 18 mathematical package, where the
corresponding function implements the Runge-Kutta method, the solution of
equation (3) was carried out in numerical form taking into account the initial
conditions (4) and external load (5), which made it possible to state the following.
Emerging at the process of starting a transmission of a machine assembly with an
asynchronous electric motor, the oscillatory process is fading and low frequency
with a constant frequency T = 2 Hz (fig. 1, c¢). Oscillatory processes with the
frequency of the first frequency octave, that is T = 2, 4, 8, 16, 31,5 and 63 Hz, refer
to the low-frequency oscillatory process. The response of the system to external
disturbance in the form of Mj = 59,3 NIIm occurs with the delayafter the
appearance of the maximum external load equal to t* = 0,18 s, which is due to the
presence of an elastic linkage. Oscillation decay time under condition of My = M,
equalst=6,7s.

M A N%n l\jlvrln t*
| 6 6 7
:51 4 4 .', /\/\x_wmx/\/\ -
IR erars N/ AV vi s,
0’% to 01 02 03 O4orad 0 05 1 15 2 ts

a) b) C)

Figure 1 — Modelling of oscillatory processes of transmission starting of a machine
assembly: starting torque (a); linear elastic characteristic (b); oscillatory process of
transmission starting of a machine assembly with a couplingthat possesses linear elastic
characteristic
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The coefficient that determines the efficiency of using an elastic coupling
with a linear elastic characteristic is the coefficient of vibration isolation
_Mo

A

where Mo — amplitude of the moment behind the coupling; Ao— amplitude of the
moment of disturbance.
In this case the coefficient of vibration isolation is

kr (6)

Numerical solution of the equation (3), taking into account the general
parameters of the system, the initial conditions (4) and the external load (5), is
carried out in cases where the elastic characteristic of the coupling is nonlinear.

In the first case the coupling determined an elastic characteristic of a "soft"
Duffing type. The value of the elastic torque at a certain nominal torsion angle of
half-couplings ¢ = 0,2 rad was equal to the value of the elastic torque of the
previously considered linear characteristic M = 34,5 NOOm (fig. 2, a).

Emerging at the start of the transmission of the machine assembly with an
asynchronous electric motor, the oscillatory process is fading and low frequency
with frequency T, which increases over time (fig. 2, b).
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a) b)
Figure 2 — Oscillatory process of asynchronous motor starting: elastic characteristic
of a “soft” Duffing type coupling (a); oscillatory process (b)

The response of the system to external disturbance in the form of M;; = 57,23
NOm occurs with the delay after the appearance of the maximum external load
equal to t* = 0,38 s, which is defined by the value of the elastic torque, that is less
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than the similar one in the linear system, and lays in the range of the torsion angle
of the half-couplings equal to ¢ = 0,2...0,6 rad. Oscillation decay time, which is

determined by My = My, equals t* = 3,8 s. The coefficient of vibration isolation kg
in this case is

:%:%’?:0,94. (8)

In the second case the coupling determined an elastic characteristic of a
"hard" Duffing type. The value of the elastic torqueat a certain nominal torsion
angle of half-couplings ¢ = 0,2 rad was equal to the value of the elastic torque of
the previously considered linear characteristic M = 34,5 NUm (fig. 3,a).
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Figure 3 — Oscillatory process of asynchronous motor starting: elastic characteristic of a
“hard” Duffing type coupling (a); oscillatory process (b)

Emerging at the start of the transmission of a machine assembly with an
asynchronous electric motor, the oscillatory process is fading and low frequency
with a frequency T decreasing over time (fig. 3, b). The response of the system to
external disturbance in the form of Mj; = 59,16 NJm occurs with the delay after
the appearance of the maximum external load equal to t* = 0,16 s, which is defined
by the value of the elastic torque, that is higher than the similar one in the linear
system, and lays in the range of the torsion angle of the half-couplings equal to
¢ = 0,2...0,6 rad. The decay time of the oscillatory process is determined by
Mj1 = My and equals t = 3,4 s. The coefficient of vibration isolation k; in this case is

Mg 5913 o0 o)

A 6l

Results of mechanical studies conducted to optimize the oscillatory process
during the starting of transmissions with an asynchronous motor show that the use
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of nonlinear couplings with elastic characteristics of a "hard" Duffing type can
reduce the time of the oscillatory process, however itdetermines the transmission
load close to the starting torque. Application of nonlinear couplings with elastic
characteristics of a "soft" Duffing type allows slight reduction of the transmission
load, at the same time it lengthens the time of the oscillatory process. Taking this
into account it is proposed to use nonlinear couplings with a combined
characteristic in order to solve such a problem. The basis for such a proposal is the
results of research done by professor G.V. Arkhangelskiy [12]. It has been
established that optimization of the oscillatory process occurring at the start of
transmission with an asynchronous motor can be obtained by applying a nonlinear
elastic coupling in the transmission, which implements a combined characteristic
with two sections, determined by the value of the rating rotary moment. The first
section (M = 0...M;) must correspond the elastic characteristic of the "soft"
Duffing type and the second section (M = M;...1,3M;) must relate with the elastic
characteristic of the "hard" Duffing type. The researcher has proposed a specialized
design of an elastic coupling that implements a similar characteristic, but because
of structural constraints its elastic characteristic corresponds to the target
characteristic with a compliance coefficient equal to ke = 0,89 and is fragmentarily
linear (line 1, see fig. 4, a).

From this perspective the calculations of the oscillatory process during the
start of the transmission with the asynchronous motor, while applying the proposed
coupling both with mentioned above elastic characteristic (combined, type 1) and
with the synthesized target characteristic with the coefficient of compliance k. =
0,99 (hereafter combined, type 2) have been carried out. The synthesized elastic
characteristic consists of the corresponding nonlinear sections that share borders at
a certain value of the elastic torque and determine the rating rotary moment of half-
couplings ¢ = 0,2 rad. (curve 2, fig. 4, a). Emerging at the start of the transmission
of a machine assembly with an asynchronous motor in two calculation cases the
oscillatory process is fading and low frequency with the frequency T, which varies
over time (fig. 4, b).
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Figure 4 — Oscillatory process of asynchronous motor starting: combined elastic
characterictics (a); oscillatory process (b)

The response of the system to external disturbance in the form of My =
56,26 NJm occurs with the delay after the appearance of the maximum external
load in the first case equal to t*) = 0,18 s and in the second M2 = 56,26 NTIm
with the delay equal to t*)=0,21s.

Thus it is established that the average value of the elastic torque lays in the
range of the torsion angle of the half-coupling ¢ = 0,2...0,6 rad, which is higher
than in the linear system and less than in a system with a "hard" Duffing type
characteristic. The decay time of the oscillatory process is determined by My =
M and in the first case t@1) = 3,18 s, while in the second case ti) = 2,8 s, being the
smallest indicators in the performed calculations. This is due to the fact that at high
amplitudes of oscillations elastic characteristics cause an increase in their
frequency. This, in turn, indicates the presence of high velocities and the greater
effect of dissipative forces than in the previously considered variants. In this case
the coefficient of vibration isolation kg for the first calculation is as follows and for
the second calculation

kg = Mo _56.79 _gq1, (10)
A 6L

kg =Mo 5613 59y (11)
A 61

Table 1 — Coefficients of vibration isolation kr and oscillation decay time at the start of the
transmission with asynchronous motor with an elastic coupling

Type of elastic cr_]aracteristic Coeff!cient_of vibration Oscillation decay time t, (s)
of coupling isolation kr
Linear 0,98 6,7
"Soft" Duffing type 0,94 8,3
"Hard" Duffing type 0,96 34
Combined, type 1 0,93 3,2
Combined, type 2 0,92 2,8

The results of the conducted analytical studies are presented in the table 1.
6. CONCLUSIONS

Implementation of elastic characteristics of the "soft" Duffing type of the
40
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coupling in comparison with the case of implementation of a linear elastic
characteristic of the coupling enables reduction of negative demonstrations of
oscillations by 3...4%, however it leads to an increase in duration of oscillatory
process 1,5..2 times. Implementation of elastic characteristics of the "hard"
Duffing type of the coupling in comparison with the case of implementation of a
linear elastic characteristic of the couplingallows to reduce the negative
demonstrations of oscillations by 2...3% and leads to a decrease in duration of
oscillatory process 1,5...2 times.

Results of research of prof. G.V. Arkhangelskiy conserning optimization of
oscillatory process in case of start of transmission of a machine assembly with an
asynchronous motor using elastic coupling with a combined nonlinear elastic
characteristic have been confirmed. Mathematical modeling of the system starting
with the proposed coupling structure, which implements the target characteristic in
the form of a fragmentarily linear characteristic with a compliance coefficient
ke = 0,89, resulted in a decrease of negative demonstration of oscillations by 5...6%
and reduction of the time of oscillatory process 1,5...2,5 times, comparing with the
case of realization of a linear elastic characteristic by a coupling.

Mathematical modeling of the system starting using an elastic coupling with a
mechanical feedback that implements a nonlinear target combined characteristic
with a compliance coefficient k.=0,98 caused a decrease of negative demonstration
of oscillations by 7...10 %, and reduction of the time of oscillatory process 2,8...3
times, compared with the case of realization of a linear elastic characteristic by a
coupling.
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BixTop Kypras, Irop Cunopenxo, Bonogmmup JliTeiHoB, Biagucias Baiicman,
Karepuna Kipkomnyno, Bonogumup Kymik, Oneca, Ykpaina

MATEMATHYHE MOJIEJTIOBAHHS ITYCKY TPAHCMICII
3 ACHHXPOHHUM JIBUT'YHOM

AHoTanis. Haiickiaoniwum momenmom 6 pobomi npusooy 3 ACUHXPOHHUM eNeKMPOOSUSYHOM € 3aNYCK.
1 yum nomyoschiwuil npusio - mum yet 3anyck ckiaouiwuil. Lle nog'szano 3 nesHumu ocoboaugocmsamu
ACUHXDOHHUX OBUSYHIG. OOMEJICeH020 NYCKO8020 MOMEHMmY i NYCKOSUX KuOKi@ CMpyMy Ianyrd
cmamopa Odsueyna. B pobomi npoeedeno mamemamuyne MOOENOBAHHS KOIUSBHO20 NPOYECYy NYCKY
npueody 3 ACUHXPOHHUM eleKMPOOBUSYHOM, 00 CKIAOY SKOL 6X00Umb NPYICHA Mydma 3 HeMiHIHUM
MEXAHIYHUM 360POMHUM 36'513KOM. JOCTIONCY8ABCS 6NIUE UOY NPYHCHUX XAPAKMEPUCIUK MyGmu HA
SeUNUHI AMIIIMYOU MA YACMOmMU KOIUBHO20 npoyecy ma tio2o yac. /s 00cuiodceHb 8UKOPUCIAHA
Mooenb 00Homacoeoi obepmanvhoi cucmemu. 3a memoodom Pymnee-Kymma npogedeno docriodcenns
KOAUGHUX NpOYecie NycKy MpancMicii MAWUHHO20 azpe2amy 3 ACUHXPOHHUM eneKmpoosucyHom. s
BU3HAYEHHS Koeqhiyienmy eghekmusHoCcmi 8iOPOI30NAYIl SUKOHAHO PO3PAXYHOK CUCMEMU, WO MAE Y
CBOEMY CKNAOI NPYdCHY Mydmy 3 JiHIUHOW RPYHCHOIO Xapakmepucmukoto. Takodxc nposedeno
00CIONHCEHHS Yy BUNAOKY, KONU MYma oOyMoenoe npyxcui xapakmepucmuru J{ypinzoscvkozo muny
"m'axoeo" i "acopcmroco” eudy. Pezynbmamu po3paxyHKig¢ NOKA3ylOmv, WO OOYITbHUM €
BUKOPUCIMANHS HENTHIUHOT Mydmu 3 KoMmOiHo8aHo0 xapaxmepucmuxoio. Ha niocmagi ybo2o nposedeno
cunmes YinboBoi NPYUCHOI XapaKmepucmuxi i O0CHIONCeHHs KOIUBHO20 Npoyecy npu 3aCmoCy8aHHi
3anponoHo8aHol npyxcHoi myghmu. Pesynomamu 00CHioxHceH s NOKA3YIOMb, Wo SUKOPUCAHHS Mydm 3
NPYHCHUMU XApaKmepucmuramu "»#opcmxo2o " muny 003605€ CKOPOMUMU 4ac KOIUBANbHUX NPOYECS,
OOHAK BUKTUKAMU HABAHMANCYBATbHI nepedadi, OIu3bKi 00 NYCKOBO2O MOMEHNY, [ 3 NPYHCHUMU
xapakmepucmukamu "M'siko20" muny, 0036015810mb MPOXU 3MEHUUMU HABAHMANCEHHS. HA nepeoayy,
npome nOO0BAUCYIONTb 4aC KOTUBANLHO20 NPOYecy .

KarouoBi caoBa: npyoicna mypma, mexamiunuii 360pomuuil 36's130K, NPYJICHA XAPAKMEPUCTNUKA,
npoyec KoIuBaHb, 00ePMAIbHA MACA, NYCKOBULL MOMEHI.
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THE EFFECT OF A SHOCK WAVE IN AN OSCILLATING WORKING
MEDIUM DURING VIBRATION FINISHING-GRINDING PROCESSING

Abstract. The propagation of a force pulse in a working medium is considered as in a pseudo-gas, that
is, the speed of sound. The movement of parts in the working medium is determined. The mechanism of
the appearance of a weak shock wave, that is, a jump of the compaction in a pseudo-gas from abrasive
granules is considered. The nature of the interaction of the surfaces of vibrating processed parts with
granules of the working medium has been established. The characteristic of the Hugoniot adiabatic
curve for pseudo-gas from granules of the working medium is given. The influence of the occurrence of
a shock wave on the vibration treatment process is determined. The adequacy of theoretical and
experimental studies has been established.

Keywords: vibration treatment; working medium; processed parts; force impulse; shock wave; kinetic
energy; thermodynamic parameters.

The application of the kinetic theory of gases and the equations of gas
dynamics to describe the process of vibration finishing-grinding processing of parts
made it possible to explain the movement of the working medium granules
circulating in the reservoir of the vibrating machine. The speed of sound as the
speed of propagation of disturbances in gas is one of the main characteristics of a
gas [1].

With multi-energy technology of vibration treatment, the working medium
made of abrasive granules is influenced not only by the walls of the vibrating
machine reservoir, but also by the surface of the processed parts [2, 3]. Such a
combined effect not only increases the mobility of abrasive granules, but can also
lead to interference propagating from the walls of the vibrating machine reservoir,
pseudo-waves and pseudo-gas disturbances from the moving surfaces of parts.

When a body moves in gas at a speed to close or exceeding the speed of
sound, a phenomenon occurs that is associated with the impossibility of
transmitting a force impulse caused by the movement of the body at a speed greater
than the speed of sound. This phenomenon is called a weak shock wave or shock
wave [4].

To describe the processes accompanying the supersonic motion of processed
parts in reservoir, we introduce the Mach number for pseudo-gas from abrasive
granules — M, :

My =4 w;/C= Ay wy/Cyp0.745 Aw . 1)

© A. Mitsyk, V. Fedorovich, A. Grabchenko, 2020
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Here Ay, @4, @ are the amplitude and frequencies of vibrations of parts and
walls of the vibrating machine reservoir.

Continuity equations — %’0+div(p\7)=0 when a jump occurs in the one-
dimensional case can be written as follows:
PLVL=pP2 V2. )

Here p;, oo, V4, V» are the densities and velocities before and after the shock

wave. This means that on the shock wave surface the values of density and gas
velocity undergo a discontinuity. However, their production is continuous. At the
same time, in the regions before and after the jump, the values of pressure and
speed of movement are also continuous.

Neglecting viscosity and mass forces (gravity), we can write the Navier —
Stokes equation in the one-dimensional case before and after the shock wave in the
following form:

R+aVi =Py +ppV5. ©)
The total energy of a small volume of pseudo-gas for abrasive granules of the
working medium is equal to p (V2/2+g) dU . Here ¢ is the internal energy of the

gas.

The change in the total energy of the gas is equal to the heat flux passing
through the surface of the selected volume due to thermal conductivity, as well as
to the work of surface forces acting on the volume, and due to the work of mass
forces. Based on this, we can write the equation for the change in the total gas
energy in the form:

Ll p(V2/2+g)dU =—[Quds+ [ pFVdu+[RVds. (4)
dt

U S u S
Here Q, is the heat flux perpendicular to the surface of the small volume. For an

ideal gas, the internal energy isequalto e = pCp T .

Neglecting heat fluxes and mass forces, it is possible, using equation (3), to
write expressions for the total pseudo-gas energies of the medium granules before
and after the shock wave in the following form:

2 2
LY DY WE YIS SO 3 ©)
7, 2 u 2

Here u isthe molar mass of the gas. Equation (5) can be converted to:
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2 2

r AM_rv B Vo (6)
r=1pm 2 y-1p 2

Here py, pp,V1,V5, R, P, T, To — pressures and temperatures before and after

the shock wave, g, Cp7v - molar mass of gas, isobaric heat capacity, Poisson

adiabatic exponent. For pseudo-gas from abrasive granules (monoatomic gas)
7y =5/3.

Combining expressions (3) — (6), we obtain a dependence connecting the
pressure and density of the pseudo-gas in the volume of the oscillating working
medium being in undisturbed and disturbed by the movement of parts. In the
theory of shock waves in gas, this dependence is called the Hugoniot adiabatic
curve [5]:

P _(r+)p-(r-9a;
R (7+)a-(r-1)p;,

()

The densities of the pseudo-gas after the shock wave and before it are related
to the Mach number by the following relationship:

pr_ (r+YM? | @
A (r+)M2 42

The relationships between the temperature and pressure before and after the
shock wave with the Mach number are:

P2_2)/M2—(7/—1)_

CE ¥
1 o ) ok o
L (7+1)° M2

Unlike gas molecules, the impact of an abrasive granule on the surface of
parts is not absolutely elastic. Part of the energy of the abrasive movement is spent
on surface deformation and metal removal. The amount of kinetic energy loss can
be estimated by the recovery factor. With this in mind, expression (5) can be

written as follows:
2 2
1 i a )
—CpTy+—=—=—Cp T4y +—=. 11
P lot = Crlg2 ™) (11)
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Taking into account the correction for energy loss due to friction, the basic
equations (7) — (10) take the following form:
Hugoniot adiabatic curve or shock adiabat:

Poa__ (r+Ypga-(r-Yrg 12
Py1 ()/(20(2 _1)+1)pgl —(y—l)pg 2
Pressure ratio before shock and after shock wave:
2 2 2
@ e y{a -M [7(0: —1)+1}}+
Py1 [7(20{2 —1)+1]
; (13)
7> M? (aZ _1) 72 {az -Mm?2 [;/(az —1)+1:|}
+ . + >
[7(206 —1)+1} [7/(20!2 _1)+1}
The ratio of the densities of the pseudo-gas before and after shock wave:
2 2 2
Pyt {a -M [y(a —1)+1}}
— =1+ _
Pg2 MZ[}/(ZaZ —l)+1}
(14)
{ -m? [}/(a —1 +1}} zy(a2 _1)
2 2
Temperature ratio:
E:—sz Pyl (15)

Tg2 IDgl Pg2 ,
where Ty, Tqo — the temperatures before and after the shock wave in pseudo-gas

—f
1+f

where f —the dry friction coefficient (all variables with index 1 correspond to the
values before the shock, with index 2 after the shock wave).

from abrasive granules, « — the reciprocal of the recovery factor — § =
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Figures 1 and 2 show the graphs of the above ratios (12) — (15) compared to
the ratios for ideal gas (7) — (10).
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Figure 1 — Dependences of ratios of the pressure, density, and temperature of the gas
after and before the shock wave as a function of the Mach number
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Figure 2 — Dependences of the ratios of pressures, densities and temperatures of pseudo-
gas and ideal gas before and after the shock wave in inelastic collision on the Mach
number: (a) - a« =1.03; (b)- ¢ =1.066; (c) - =11

In all the graphs in Figure 3, the pressure and density ratios at the beginning
of the coordinates (with the Mach number equal to one) exceed a value equal to
one, as should be in the case for an ideal gas. This is due to the fact that inelastic
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collisions of granules with the surface of the part lead to a loss of the kinetic
energy of the granules after the collision. Pseudo-gas “cools" near the surface of
the parts. This leads to a decrease in the speed of sound in this volume and,
therefore, a shock wave occurs on the surface of the parts at a speed lower than the

speed of sound in the pseudo-gas of abrasive granules (C ~0.745 Aa)). It can be
seen from the figure that the ratio Ty /Tg - is less than unity at the speeds of parts
less than the speed of sound.

PfR__
Pa, [Pay 5.5
P2/PL s
pay/pay _._
1§ -
Tay(Ta, .,

Figure 3 — Ratios P, /P,

abrasive granules at a considerable distance from the surface of the part, « =1.06

. pgz/pgl, ng/Tgl at Mach numbers in pseudo-gas from

When the processed parts exceed the speed of sound in the pseudo-gas, it is
necessary to enter into the formula for calculating metal removal during vibration

processing a correction directly proportional to the ratio pa, / palﬂfiaz /Teaq . The
obtained dependences of the values of the correction factor
K =pa2/pa1,fia2/Ta1 on the Mach number, which is equal to the ratio of the

speed of movement of the processed parts to the speed of sound in the abrasive
granules pseudo-gas, for various coefficients o are presented graphically in Fig. 4.
The obtained dependences of the values of the correction factor

K =pa2/pa1,fia2/Ta1 on the Mach number, equal to the ratio of the speed of

movement of the processed part to the speed of sound in the abrasive granules
pseudo-gas, for various factors « are presented graphically (Fig. 4).
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M
Figure 4 — Dependences of the correction factor K on the Mach number:
Kl —a=1;K2-0=1,03; K3 —a=1,06; K4 —a=1,1

Then, the curves of metal removal during vibration processing of parts,
calculated using the above formulas, were obtained, depending on the amplitude of
the reservoir oscillations (Fig. 5). The curve marked with letter Q is constructed
without taking into account the occurrence of a shock wave in the pseudo-gas of
abrasive granules. Curves Q,Q,,Q;,Q, are constructed taking into account the
appearance of a compressed layer on the surface of parts for different coefficients
a:oq=Lay,=10303=106a, =1.1.

A, mm

Figure 5 — Dependences of metal removal on the amplitude of reservoir oscillations at an
oscillation frequency of 30 Hz without and taking into account the occurrence of a shock
wave in the pseudo-gas of abrasive granules (Ql,QZ,Q3,Q4)
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The above formulas were used to calculate metal removal curves during
vibration treatment of parts depending on the oscillation frequency of the reservoir
(Fig. 6). The curve denoted by letter Q is constructed without taking into account
the occurrence of a shock wave in the pseudo-gas of abrasive granules. Curves
Q.Q,,Q3,Q, are constructed taking into account the appearance of a compressed
layer on the surface of parts for different coefficients «
oq =Ly =1.03,03 =1.06;c04 =1.1.

20 25 30 35 40 45 50 55 60 65 70 75 S0
®, Hz

Figure 6 — Dependences of metal removal on the oscillation frequency of the reservoir at
an oscillation amplitude of 2.5 mm without and taking into account the occurrence of a
shock wave in the pseudo-gas of abrasive granules (Ql,QZ,Q3,Q4)

In the course of experiments according to multi-energy technologies for the
vibrational processing of body brass parts of hydraulic-pneumatic systems the parts
were processed "with fixation" in an appliance performing autonomous movement
independent of the reservoir [6, 7]. In this case, the following pattern was
discovered. In the case of exceeding the amplitude of oscillations of the processed
parts, which are oscillating, like a reservoir with an amplitude of 2.5 mm and a
frequency of 34 Hz, a noticeable increase in metal removal is fixed. That is, the
curve of the dependence of metal removal undergoes a break (Fig. 7). The graph
shows that the curve has a break, which cannot be explained by the experimental
error. The experimental error is shown with crosses.

An experimental dependence of metal removal on the vibration frequency of
brass parts in the appliance, which performs an autonomous movement
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independent of the reservoir, has been also obtained. In this case, the oscillation
frequency of the reservoir is 43 Hz, the amplitude of the reservoir oscillations is
2.5 mm (Fig. 8).

——
[
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2
0, mg-h/cm'
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Figure 7 — Dependence of metal removal during vibration treatment of brass parts on
the amplitude of their autonomous movement: "+" — the value of the experimental error

mg -h/cml

o,

16 215 27 325 38 435 49 545 60 655 71
®, Hz

Figure 8 — Dependence of metal removal during vibration treatment of brass parts on the
frequency of their autonomous movement: "+" — the value of the experimental error

Obviously, at a vibration frequency of parts exceeding 43 Hz, the curve of
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metal removal dependence on frequency, as in the previous case, undergoes a
break. This behavior of both curves corresponds to a significant change in the
metal removal mechanism with varying parameters of the autonomous movement
of parts independent of the reservoir. It is possible to explain this phenomenon by
the fact that the abrasive granules are concentrated near the treated surfaces of
oscillating parts. This is due to the impossibility of transmitting the force pulse to
the working medium layers remote from the parts, since the speed of the parts
exceeds the speed of propagation of the power pulse in the abrasive granules
pseudo-gas. Under these conditions, the speed of the chaotic movement of the
working medium and their concentration near the surfaces of the processed parts
increases sharply. As a result, it leads to the intensification of their processing.

Comparison of the calculated dependences (Fig. 5, 6) with the experimental
(Fig. 7, 8) indicates the validity of the hypothesis about the possibility of shock
waves of an oscillating working medium in the pseudo-gas from abrasive granules,
despite the fact that the behavior of the curves (Fig. 5, 6) and (Fig. 7, 8) is rather
qualitative than quantitative.

Conclusions

1. During vibration treatment using multi-energy technology, parts move
autonomously under the influence of additional energy action. However, an effect
similar to a shock wave can occur in an oscillating working medium. For such a
physical situation, an analogy is carried out between the ratios of the
thermodynamic parameters of the pseudo-gas before and after the shock wave,
which are described by the Hugoniot adiabat.

2. One of the main differences in the behavior of pseudo-gas from abrasive
granules is that the collisions between the abrasive granules and the surface of the
parts are inelastic. When the abrasive granules collide, the power impulse is lost.
These losses are forced and have a negative effect on the vibration treatment
process, since the collisions of granules with the surface of the processed parts
cause metal removal, and they are a practical result of vibration treatment.

3. Modeling of the compressed layer of the oscillating working medium near
the surfaces of the processed parts installed in the device and moving
autonomously from the reservoir was carried out taking into account the losses of
the power impulse of the granules when they collide with the parts. The
introduction of the recovery factor into the equation of conservation of the total
energy of the gas in combination with the Navier-Stokes equations and the
continuity equation refines the expression for the Hugoniot adiabat as applied to an
abrasive granules pseudo-gas. This makes it possible to obtain expressions relating
the pressure in the pseudo-gas, its density and temperature before and after the
shock wave. The obtained ratios make it possible to explain the experimentally
established regularity of an increase in metal removal when the frequency and (or)
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the amplitude of autonomous vibrations of parts during vibration processing are
exceeded.

4. Analysis and experimental studies of the appearance of an effect similar to
a shock wave in an abrasive granules pseudo-gas allow:

— To intensify the process of vibration treatment of parts by using multi-
energy technologies.

— To optimize the amplitude-frequency characteristics of oscillations of the
vibrating machine reservoir and autonomously moving parts in relation to the
achievement of the required technological result.

— To optimize the amplitude-frequency characteristics of the autonomous
movements of the processed parts and the vibrating machine reservoir, depending
on the spatial arrangement of the parts in the volume of the reservoir.

— To optimize the amplitude-frequency characteristics of the autonomous
movements of the processed parts and the reservoir of the vibrating machine,
depending on the shape and number of simultaneously processed parts.
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E®EKT YJIAPHOI XBHUJII B KOJITUBHOMY POBOYOMY
CEPEJIOBUIIII ITPU BIGPALIIMHINI
03/10BJIIOBAJIbBHO-3AUYUIIYBAJIbHIN OBPOBIII

AHOTAWisI. Po327AHYMO NOWUPEHHSI CUTIOB020 IMIYIbCY 8 POOOUOMY Cepedosuwyi K y Ncegooeasi,
moomo nodibHO NOWUPEHHIO AKYCMUYHO20 30ypentst. Bcmanoieno 6i0nogioHicms Midie KiHemuyHoo
eHepeielo epanyn, iX IMRYIbCOM | MEPMOOUHAMIYHUMU NAPAMempamu memnepamypu i mucky.
Tpoananizoeano epexmu pyxy 06pobiosanux demaneti 3i WEUOKOCMAMU OAUZLKUMU 00 WBUOKOCMel
nepemiwenns epanyn abpasugy. Pozensnymo pyx oemaneti ¢ po6oyomy cepedoguuwyi. Busnaueno egpexm
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CabKoi yoapHoi Xeuni — cmpuboK YWiibHeHHs 8 ncee0o2asi 3 abpasusHux epanyi. Busnaueno enius
BUHUKHEHHs] cmpubKa YwinbHenHs Ha npoyec 6i6poobpodxu. Posenanymo mexawizm SuUHUKHEHH
crabkoi yoapuoi xeuni 6 cepedosuwji, wo Koausacmocs. 3anucano pienauus Has'e-Cmokca 6
0OHOBUMIDHOMY 6UNAOKY 00 I Nicisi cmpubka ywjinbHeHHs. Busnaueno pyx demaneii 6 po6ouomy
cepedoguyi. Pozensanymo mexanizm UHUKHEHHS C1a0Koi yOapHoi X6ui, moomo cmpubox yujitoHeHHs y
ncegdozasi 3 abpasusnux epauyi. Bcmanosneno xapakmep 63a€modii nosepxonvb pesepsyapy 3
006pobIIOsanUMY  OemaNsIMU  mMA  epanyiamu  pobouoeo cepedosuwa. Bcmanoeneno 3menuienns
Kinemuunoi enepeii ncegdocasy 3 2epaHyn abpazusy 8 pesyavbmami 3iMKHEHHA 3 NOGEPXHEI0
00pobosanux demanet, wo eede 00 3MIHU MUCKY | WilbHOCMI 8I0NOBIOHO 00 pieHsaHHA Mendeneesa-
Knaneupona. Ilpusedeno @iomowiennss memnepamyp nicisi cmpubka YwiloHeHHsI | 00 HbO20 uepes
BiOHOWEHHs mUcKie i winbHocmi. [lana xapakmepucmuka adiabamu ['1020Hb0 018 nceed02asa 3 Spanyi
pobouoeo cepedosuwya. Ompumano 3HIMAHHSA Memany npu 6i6poo6pobyi demaneil 8 3a1eHCHOCMI i0
amnaimyou ma 4acmomu KoIueamnv pesepgyapy. Buseneno sminy mexawizmy 3HIMAHHS Memany npu
8apiloeanHi napamempie asMoOHOMHO20 PYXy pezepsyapy ma obpobmosanux demanei. Pospaxosano,
Wo WEUOKICIb XAOMUYHO20 PYXY cepedosuwa nooau3y 0OpoOII06aHUx NoepXoHb pi3ko 3pocmac i
npuzeooums 00 IHmeHcugixayii 06pobku demaneu. Bcmanosneno adexeammicmo meopemuuHux i
EeKCNePUMEHMATILHUX OOCTIONCEHD.

Kuo4oBi ciioBa: 6i6poobpodka; poboue cepedosuuje; 06poOI0GaAHT Oemaii;, CULOBULL IMNYIbC, YOAPHA
X8UJIA; CMPUOOK VIWINbHEHHS, KIHeMUYHA eHepeis; MepMOOUHAMIYHI napamempu.
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DESIGNATION OF EVALUATION AREA IN MEASURING
3D SURFACE ROUGHNESS

Abstract. In the automotive industry surface topography is an important issue. The working surfaces of
the components require high precision machining. In this paper the minimum 3D roughness evaluation
areas were determined to decrease the time and cost of measuring the components.

Keywords: surface roughness; Sa, S«;, hard turning; grinding.

1. INTRODUCTION

With the appearance of super hard materials and single-point tools (turning
tools) produced from these materials, it became possible to machine hardened
materials (HRC>50). To apply these machining procedures for finishing, numerous
research projects were necessary, e.g. analyzing tool-wear [1], describing tool-life
as a function of the cutting data [2], designing machine tools with greater rigidity,
etc. These preliminary conditions facilitated the analysis methods, whose aim was
comparing the surfaces machined by the new technologies with those machined by
grinding or substituting the grinding by the new technologies. The foci of these
analysis methods were the accuracy and surface quality of the machined
components [3].

Table 1 — Examples for 3D evaluation areas

Applied technology Evaluation area [mm x mm]
Grinding 1.5x1 [4], 2.5x2.5 [5], 0.5x0.5 [11], 1.2x0.9 [13]
Turning 0.705x0.528 [6]

Hard turning 0.8x0.8 [7], 0.5%0.5 [11], 2.5x2.5 [12]
Milling 5x5 [8], 2.5x2.5 [9], 1.2x0.9 [13]
Rolling 0.7x0.525 [110]

Burnishing 2.5%2.5[12]

Direct Laser Deposition 1.2x0.9 [13]

In this paper the reliability of 3D surface roughness testing is analyzed.
Parameters for height (Sa) and area (Ssk) are measured and analyzed in different
evaluation areas, and minimum areas were determined by applying descriptive
statistical parameters. The reason for such a study was that there are many 3D
topography research studies available but there is no exact advice for the
evaluation area of the surface. Some studies are cited in Table 1 as examples; it can
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be stated that the evaluation area varies in quite a random manner and there is no
significant relationship between the area and the applied technology or the
technological data compared to the 2D roughness test, where the evaluation length
is offered by a standard.

There is another problem in 3D roughness analysis: in several studies
important data are neglected, therefore the repeatability of the experiment or
analysis cannot be realized. Some examples of poorly reported studies:

e Missing evaluation area [14],
e  Missing cut-off and filtering method [15],
e Missing cutting data, evaluation area and cut-off [16, 17].

2. EXPERIMENTAL SETUP AND THE MEASURED ROUGHNESS DATA

In the experiment the bores of two gear wheels were machined and the

surfaces of the bores were analyzed. The main data of the hardened component are:

e Material: 16MnCr5

e Hardness: 62 HRC

e Diameter (d): 38 mm

e Bore length (I): 29.85 mm

e Accuracy: IT5

e Allowance (Z): 0.15 mm

Table 2 — Cutting data of the experiment and data of the roughness test

Hard turning Grinding
Machine tool |EMAG VSC 400 DS SI-4/A
Applied tools gmgﬁ 13838387(;_2% %S?N R) 40x20x16-9A80-K7V22
VcR 180 m/min VcR 30 m/s
o | Roughing (fr 0.24 mm/rev Vw,R 18 m/s
= apR 0.1 mm ViLR 2.2 m/min
g Ves 180 m/min Ves 30 m/s
Smoothing |fs 0.12 mm/rev Vw,s 18 m/s
ap,s 0.05 mm ViLS 2 m/min
Measuring machine Altisurf 520
Standard applied for the evaluation 1SO 25178-2:2012
Axe X AxeY
Length 1.5mm 1.5mm
Evaluation area Size 1501 points 1501 points
Spacing 1 pm 1 um

The internal cylindrical surface of one component was machined by hard
turning in roughing and smoothing passes. The bore of the other was hard turned in
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the roughing pass and ground in the smoothing. The machine tool, other cutting
tools applied, and cutting data are summarized in Table 2. After machining
roughness tests were carried out by a 3D roughness measuring machine.

The main data of the setup are summarized in Table 2. As measured surfaces
2.3x2.3 mm? squares were designated on the components. Gauss filter was applied
for filtering the surface waviness. The cut-off (basis of evaluation) was determined
according to the standard 1SO 25178-2:2012. Its value was 0.8 in case of both
surfaces. This resulted in 1.5x1.5 mm? evaluation areas.
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Figure 1 — Designation of the evaluation areas (left), 3D views of the surface
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Table 3 — Data of the roughness test

Hard turning

a 15 1.45 14 1.35 1.3 1.25 1.2 1.15 1.1
Sa 0.7221] 0.7204| 0.7277| 0.7182| 0.7241| 0.7191]| 0.7272| 0.7158| 0.7244
Ssk 0.0114]| 0.0069| 0.0112| -0.0034| 0.0171]| 0.0055| 0.0128| 0.0146| -0.018
a 1.05 1 0.95 0.9 0.85 0.8 0.75 0.7 0.65
Sa 0.7128| 0.7164| 0.7229| 0.7055| 0.7303| 0.7107| 0.7217| 0.716| 0.7131
Ssk 0.0282| 0.0119| 0.0306| 0.0387| -0.0014| 0.0408| -0.007| 0.0364| 0.0254
a 0.6 0.55 0.5 0.45 0.4 0.35 0.3 0.25 0.2
Sa 0.7337] 0.7125| 0.7327| 0.6996| 0.7101| 0.7322]| 0.6739| 0.7405| 0.674
Ssk | -0.0029| 0.0125| -0.0428| 0.0534| -0.0039] 0.0534]| 0.0659| -0.0845| -0.0243
Grinding

a 1.5 1.45 1.4 1.35 13 1.25 1.2 1.15 1.1

Sa 0.2005| 0.2024| 0.1997| 0.2018] 0.2008| 0.2009| 0.2056| 0.1981| 0.1982
Ssk | -0.0334| -0.0627| -0.0497| -0.0432| -0.0615| -0.0421|  -0.08| -0.0828| -0.0583
a 1.05 1 0.95 0.9 0.85 0.8 0.75 0.7 0.65

Sa 0.1994| 0.1999| 0.2013| 0.1962]| 0.1964| 0.1945| 0.1938| 0.1919| 0.192
Ssk -0.058| -0.056| -0.0417| -0.0066| 0.004| -0.0167| -0.0215| -0.0119| 0.0036
a 0.6 0.55 0.5 0.45 0.4 0.35 0.3 0.25 0.2

Sa 0.1906| 0.1873| 0.1884| 0.1837| 0.1865| 0.1812| 0.1799| 0.1719| 0.1596
Ssk | -0.0287| -0.0682| -0.0916| -0.0867| -0.0749| -0.0734| -0.0978| -0.1569| -0.0475
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The main goal of the study is to determine the minimum evaluation area in
the case of the two chosen roughness parameters. Based on the data obtained by
scanning the original area, further smaller areas were designated and evaluated
(side lengths of the areas are from 1.5 mm to 0.2 mm). A total of 27 areas of
different sizes were evaluated. The scheme of this is demonstrated in Fig. 1. In Fig.
2 the 3D-views of the hard turned and the ground surfaces are demonstrated. In
Table 3 the Sa and Ssk 3D surface roughness parameter values are summarized.

3. RESULTS AND DISCUSSION

In Fig. 2 values of the Sa parameters of the hard turned and ground surfaces
are demonstrated. A reference value was designated for the analysis: the arithmetic
average of the first 5 roughness values. The standard deviations of these data points
for the two surfaces are close to zero: 0.0036 pm and 0.0011 pm, respectively. As
the evaluation area decreases, the difference between the actual roughness values
and the reference values increases. However, the increase in the Sa data of the
ground surface is less than in case of the hard turned surface. In addition to that,
the values show a slight decrease.

— reference reference
- AL 0722 ——— A 0.200
v _v._ —
= o717
/ average / 0.193
0.80 0.30 / average

0.60 0.10
MY ONAARRQN QYT MN WS ONAARQ N~ O 0N
o OO OO0 oOoOooo o OO OO OoOoOooo
Side length (a) of the evaluated area, mm Side length (a) of the evaluated area, mm

Figure 2 — The Sa parameter values of the hard turned (left) and the ground (right) surfaces

In Fig. 3 the Ssk roughness values of the hard turned and ground surfaces are
demonstrated. Here, the standard deviations of the first 5 data points for the two
surfaces are 0.0076 and 0.0124, respectively. As the evaluation area decreases the
difference between the actual roughness values and the reference values increases.
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The bias, which is the difference between the reference value and the average
of the 27 parameter values, was also calculated. The biases of the Sa parameters of
the hard turned and ground surfaces are -0.005 pm and -0.007 pm, respectively. In
the case of the Ssk parameter they are 0.002 and -0.004, respectively. These
relatively low values provide the information that the roughness values deviate in a
quite symmetrical manner around the reference values, which are considered as
reliable roughness values due to the area being large enough for the evaluation.
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Figure 3 — The Ssk parameter values of the hard turned (left) and the ground (right) surfaces
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Figure 4 — Absolute differences in the Sa values of the hard turned (left) and the ground
(right) surface — basis: Sa values of the 1.5x1.5 mm areas
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The roughness values of the decreasing areas were compared to those of the
1.5x1.5 mm area. The absolute values of these differences are plotted in Figs. 4
and 5. Compared to the 1.5x1.5 area in the case of hard turning, the Sa parameter
values show less than 1% difference from the areas 1.45x1.45 to 1.1x1.1. The
actual Ssk values are closer to O than the Sa values, and therefore the percentage

differences are greater.
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Figure 5 — Absolute differences in the Ssk values of the hard turned (left) and the ground
(right) surface — basis: Ssk values of the 1.5x1.5 mm areas
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Figure 6 — Standard deviations of the Sa values of the hard turned (left) and the ground
(right) surfaces

The parameter values show a less than 100% difference from the area 1.45x1.45 to
1.4x1.4. The 100% difference can be considered as normal. In the case of grinding,
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the differences of the Sa parameter values are less than 1% from the area 1.5x1.5
to the area 1.2x1.2. The differences of the Ssk parameters are less than 100% from
the area 1.5x1.5 to 1.25x1.25. It is seen that the smaller the evaluation area, the
greater this difference is. The relatively low levels of percentage differences help
in designating a limit area that can be considered as a reliable minimum for the
evaluation of the roughness areas.
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Figure 7 — Standard deviations of the Ssk values of the hard turned (left)
and the ground (right) surfaces

Similarly to the analysis of the absolute differences, the change in standard
deviations were calculated. The decreasing evaluation area leads to the distortion
of the roughness values. This phenomenon is followed by the increased deviation
of the data. If the standard deviations of roughness data of more areas are
calculated, these values show an increasing tendency (Figs. 6 and 7). The deviation
data correspond to the percentage differences data in the designation of minimum
evaluation areas, because the first few deviation values can be considered as low
enough. This finding is summarized in Table 4. In the case of grinding, the
standard deviation limit is significantly greater than that of hard turning but it is
still acceptable.

Table 4 — Data of the roughness test

Sa Ssk
Hard turning %A, Area 1%, 1.5x1.5-1.1x1.1 100%, 1.5x1.5-1.4x1.4
St. dev., Area 0.005, 1.5x1.5-0.95x0.95 0.005, 1.5x1.5-1.4x1.4
Grinding %A, Area 1%, 1.5x1.5-1.2x1.2 100%, 1.5x1.5-1.25x1.25
St. dev., Area 0.005, 1.5x1.5-0.5x0.5 0.02, 1.5x1.5-0.9x0.9
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4. SUMMARY

Hard surfaces were machined by hard turning and grinding and evaluated
after 3D surface measurement in order to determine a minimum roughness
evaluation area which is still acceptable based on a designated reference value.
This reference can be the first or the first few measurement on surfaces which are
considered large enough for technical evaluation. The reliability of the
measurements was demonstrated by calculation of the standard deviation of the
values of various (smaller and smaller) evaluation areas When precision
components are machined in the automotive industry, surface topography and
within that surface roughness are determining parameters whose measurement
requires a considerable amount of time by the measuring organizational unit,
particularly if 3D parameters are required for the qualification of the surface. The
size of the measured area is in a nearly linear function with the measuring time.
Therefore, finding the minimum evaluation area is crucial. It was found that in the
case of the surface finished by hard turning, the minimum ‘a’ side length of the
evaluation area is 1.1 mm and 1.4 mm based on the Sa and the Ssk roughness
parameters, respectively. The minimum length in case of the surface finished by
grinding is 1.2 mm and 1.25 mm, respectively. An important limitation of the study
is that only two parameters were analyzed. In further studies the remaining 20 or so
parameters have to be analyzed. Furthermore, other typical surfaces and machining
operations would be useful to analyze.
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Biktop Mosbhap, Mimkosbl, YropiiynHa

IHO3HAYEHHS OBJIACTI OHIHKU ITPU TPUBUMIPHOMY
BUMIPIOBAHHI IIOPCTKOCTI ITIOBEPXHI

AHoTauis. B demansix 015 asmoMOOIIbHOI NPOMUCIOBOCHI 8adciuga monozpagis nosepxwi. Poboui
nosepxui demaineti 8UMAa2aOmMy BUCOKOMOYHOI 06pobKu. Y yiti cmammi Oynu 6usHayeHi MiHIMANbHI
obnacmi oyinku 3D wopcmkocmi, wob 3smeHwumuy 4ac i 6apmicms 6UMIPIOBAHHS KOMNOHEHmMis ma
aHanizyemvest HAOMIHICMb MPUSUMIDHUX UNPOOYeans uiopcmkocmi nogepxui. Ilapamempu sucomu (Sa)
i naowi (S¢) eumiproromecs i ananizylomecs 6 pisHUX 001ACMAX OYIHKU, 4 MIHIMAIbHI Naowi
GUBHAYANUCSL [3 3ACMOCYBAHHAM ONUCOBUX CIMAMUCTNUYHUX napamempis. Bumipsani nogepxti cmanosunu
2,3 x 2,3 mm? [na hinempayii xeunscmocmi nogepxui 3acmocosyeascs inomp Iaycca. Ipanuune
3HauenHs (niocmasa 0na oyinku) 6yno 0,8 0na 06ox noeepxous. B pezynvmami 6yau ompumari oyinoyHi
naowi 1,5%1,5 mm?. Ocnoéna mema 00CniodNCeHHs - GUIHAUUMU MIHIManbHY 001acmeb OYiHKU 8 paszi
06ox obpanux napamempie wopcmkocmi. Ha ocnosi danux, ompumanux npu cKamy8amui 6uxionoi
obnacmi, 6yau susHaueri i oyineHi nooanvuli Mmenuti obaracmi (008x4cuUHa cMopin obracmeti CMaHo8UIA
6i0 1,5 mm 0o 0,2 mm). Bevoco 6yno oyineno 27 Oinamok pisHoeo posmipy. Konu npeyusitini
KOMnoHeHmu 00poOasIombcs, monozpagis nosepxui i 6 Medcax Yici wWoOpCmKocmi NOGepXHi €
BUBHAYATLHUMU NAPAMEMPAMY, BUMIPIOBAHHSA AKUX 6UMA2AE 3HAYHO20 KINbKICMb 4acy, nHeobxione Ons
Nnpo6edeHHs BUMIPIOBAHb OP2AHIZAYIUHO0 0OUHUYEI0, 0COOUBO AKWO OJid OYIHKU NOBEPXHI NOMPIOHI
3D-napamempu. Posmip eumipioganoi obracmi maudice NHIHO 3aneACUMb 6I0 YACY GUMIPIOBAHHS.
Tomy Oydrce 6axciuso 3Haumu MiHIMANbHY niowy oyiHku. bByno euseneno, wo 8 pasi nosepxi,
00po6IeHOI 20CMPIHHAM, MIHIMATILHA 00BHCUHA CIMOPOHU «ay» obracmi oyiHku cmanosumy 1,1 mm i 1,4
MM Ha ochogi napamempig wiopcmkocmi S i Sy 6i0nogiono. Minimanvna 006dxcuna nosepxmi npu
winighysanni cmanogums 1,2 mm i 1,25 mm 6ionogiono.

KuarouoBi cinoBa: obnacmi oyinku 3D wopcmrocmi; cmamucmuuni napamempu, monozpagis
NOGepxHi; MIHIMANbHA NIOWA OYIHKU.
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INFLUENCE OF MEASUREMENT SETTINGS ON AREAL ROUGHNESS
WITH CONFOCAL CHROMATIC SENSOR ON FACE-MILLED SURFACE

Abstract. Roughness measurement is of highlighted importance in production for describing the quality
control of manufacturing processes for the functional, tribological, etc. properties of the surfaces of
parts. In the last 15 years or so the areal roughness studied on topographies has also become more
common, as it provides a more accurate and detailed characterization of the surfaces. However, with
relatively little experience and different technical conditions, topographies are analyzed differently.
Sometimes 3D topography is used only as an illustration; however, spatial roughness measurement can
provide much more information. The effect of measurement speed and point density during roughness
measurement on the areal roughness was investigated using a confocal chromatic sensor.

Keywords: surface roughness; areal roughness; confocal chromatic sensor.

1 INTRODUCTION

Surface roughness is the most commonly used indicator to describe surface quality [1];
therefore, roughness measurement has an emphasized importance in production, which,
serves as a tool to describe operational, tribological, and other properties in addition to
maintaining quality control of production processes. In the products, the connecting
surfaces must perform predictably, due to the functional or application properties
prescribed for the components. This is important, for example, regarding sliding
friction phenomena and thus wear. A clear definition of the relationships between the
technological and application properties of surfaces is complicated, so it is difficult to
infer the functional properties of surfaces directly from the profile and spatial roughness
parameters of the surfaces [1].

The study of the measurement conditions is also justified by the fact that more and
more complex surfaces can be produced, and the increase of productivity and the
kinematic solutions applied on machine tools and the technological settings also require
more accurate analysis. For example, greater feed rates [2] increase productivity but
significantly affect roughness, which increases the difference between roughness values
measured in different directions in face milling [3,4].

The roughness of a surface along a profile has been studied for more than 100 years [5],
and various methods have been developed to perform the measurements. Based on
many years of experience, agreements have been established to unify recording settings
in measurement operations, which have been incorporated into various national and
international standards.

In the last decade and a half, the areal roughness studied on topographies has also
become more widespread, as it provides a more accurate and detailed characterization

©A. Nagy, 2020
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of the surfaces than profile examination. However, information obtained from
topographies is still not handled in a professional manner [6]. In the following, the
overview shows the parameters along which the surfaces can be examined on the
measuring device(s).

Klauer et al. [7] examined topographies produced by micro milling on a brass alloy
where the tilt angle of the tool axis was changed. The surfaces were analyzed at several
locations with a confocal microscope and Gaussian filter was used to evaluate the
roughness measurements. Furthermore, based on the distance of a period on the
machined topography, two standard L-filters (A;=80 and 25 pm) were set and an S-filter
(A =5 pm) was used for the latter to remove the noise of the measurement signal. With
the two settings, they examined which filter values have a better correlation with the
roughness of the surfaces. The values of S, and S, were examined.

Topographies of mono- and polycrystalline ceramics machined by grinding and lapping
were studied by Niemczewska-Wojcik et al. [8]. The surfaces were measured with a
white light interferometry microscope. Height, spatial, and functional parameters of
areal roughness were examined along with R, average roughness. For the roughness
test, an S-filter was used to eliminate the measurement noise and a threshold to
eliminate irrelevant valleys and peaks.

In high-speed face milling of magnesium alloy with a PCD tool, the effect of
machining parameters (vc, f, a,) on the surface roughness was investigated [1]. The
surfaces were measured with a stylus gauge, the main direction of which was
adjusted perpendicular to the edge traces. In the evaluation a Gaussian filter was used,
but no information was reported on other steps. In the article, height roughness
indices were investigated, and the Abbott-Firestone curve was also analyzed in
relation to Sg and Sy, parameters.

Wojciechowski et al. [9] studied the effect of change of cutting speed while grooving
with a diamond dispersed cemented carbide tool. Here the topography of the surface
was not influenced by the feed rate, but mainly by the microprofile of the cutting edge,
the vibrations of the machining system and the decohesive mechanisms of the material.
The roughness of the machined surfaces was measured with both stylus and optical
devices. The profiles were examined with L-filter (2.5 mm) and Gaussian filter, though
the method of evaluation of the topography was not reported. Height areal roughness
indices were examined in correlation with the cutting speed.

To achieve the required surface quality in Wire EDM, Mouralova et al. analyzed the
effect of cutting speed and determined the optimal value [10]. Topographies were
measured with a contactless 3D profilometer. The primary and roughness profile
parameters and the areal roughness S,, S; and Sy of the S-F surfaces were analyzed.
Methods of measurement and evaluation were not reported.

Most of the publications dealing with the determination of surface roughness
parameter values do not justify the choice of the values set on the roughness measuring
instrument. Furthermore, the literature review also shows that topographies are
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examined in different ways in terms of size of measured areas, measurement settings
and evaluations, so it is not possible to accurately compare machined surfaces.

2 EXPERIMENTAL METHOD AND CONDITIONS

In this paper, the aim of the study is to analyze the effects of the roughness
measurement setting options on the values of the areal roughness parameters with the
confocal chromatic sensor of the roughness measuring device. In doing so, | vary the
measurement speed and the distance between the measured points to examine how and
to what extent they affect the roughness values.

2.1 EXPERIMENTAL METHOD

Information on the measurement of areal roughness of the topography is given in
the international standard ISO 25178:2012. A part of this, 1ISO 25178-3:2012 [11]
gives a recommendation for measurements, which are briefly the following. The
tested topography should be square, the main test direction should be the same as
described in the relevant standard for profile measurement. The shape deviation on
the measured surface should be removed according to the nominal shape, and the
S-filter separating the micro-roughness and the cut-off length of the L-filter
separating the roughness from the waviness should be used as Gaussian filtering in
both X and Y directions. The value of the L-filter can be selected from the attached
table in [11], which may be the same as the corresponding value in 1ISO 4288:1998.
The measuring length should be five times the length of the L-filter in the main
direction. I conducted my studies in compliance with these.
The following parameters can be set during roughness measurement:

e Distance between the points in the main measuring direction (X direction)

e  Measuring speed in the main measuring direction

e Distance between the points in the perpendicular measuring direction (Y

direction)
e Measured area size; start, center and end point
e Type of sensor used for the measurement and the associated configuration
data

e  Brightness of the emitted light beam.
However, not all of these parameters affect the accuracy of the measurement. The
brightness of the light beam has no effect if the sensor can read all the points examined
on the surface. Therefore, | set it based on a scan on the entire surface in advance; there
was not too little or too much reflected light to the detector. Then | pre-selected the type
of sensor used for the measurements; in this respect it does not affect the result.
Furthermore, the size of the measured area may determine the accuracy of the
roughness, but | selected it in advance based on the above recommendations, and | also
defined the measurement positions, so | will not examine their effect now. So, I
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determined the measurement setting parameters — the density of the point and the
measurement speed — by changing factors that can influence the accuracy.

First, 1 examine the effect of measurement speed. The measuring program limits this in
the main direction by the product of the point distance in the discussed direction and the
sampling frequency. On the other hand, if the height value of the points is read equally
as often or less frequently than the set frequency of an optical sensor, this theoretically
has no effect on the accuracy of the measurement. To prove this, | measured area B
(see Figure 1) at different velocities and examine the effect of the speed on roughness.
The point distances in X, Y directions were the same. Next, | analyze the effect of the
density of the Y-direction points on the roughness in the three measurement areas (see
Figure 1). Here, I did not change the other two setting data; the X-direction velocity and
the main-direction point density. Finally, | examine the effect of X-direction point
density, where | kept the X-direction velocity and the Y-direction point distance
constant. The set data is summarized in Table 1. In each case, | compare the values of
some frequently used areal roughness parameters defined by 1SO 25178-2:2012.

Table 1 — Values set during measurement

Examined parameter Fixed values

Velocity in vx=200,300,400,500,600, _ _
direction X 700,800,900,1000 /s X=1 pm, Y=20 pm
Point distance in Y | Y=1,2,5,10,15,20,25 ym v,=1000 um/s,  X=1 um
Point distance in X X=1,2,3,4,5,6,7 um Vx=1000 pm/s, Y=10 um

2.2 EXPERIMENTAL CONDITIONS

For the topography examination, a specimen was machined on a Perfect Jet MCV-M8
vertical CNC milling machine. A Sandvik R252.44-080027-15M face milling head
with a Sandvik R215.44-15T308M-WL type, GC4030 grade coated carbide insert in
only one nest was used, with the geometry «=90°, k,’=1.5° y,=0°; as=11°; r.=0.8 mm.
The workpiece was made of normalized C45 non-alloy steel (1.0503) with a machined
surface of 50x58 mm?2. The cutting data were as follows: cutting speed vc=300 m/min,
depth of cut a,=0.8 mm, width of cut a.=58 mm, feed rate per tooth f,=0.1 mm/rev.
Due to the tool axis position perpendicular to the working plane, double cutting marks
formed on the surface.

An AltiSurf 520 three-dimensional roughness measuring instrument was used for the
measurements on the specimen. | measured the surface with a CL2 confocal
chromatic sensor with a MG140 magnifier, which has the vertical measurement
range 300 pm and its sensitivity 0.012 pm. The sampling frequency of the gauge is
1000Hz. The position of the measured areas is illustrated in Figure 1, their size was
chosen to 1.25x1.25 mm?, based on the recommendation of 1SO 25178-3:2012 [11].
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| repeated each measurement setting three times, and their arithmetic mean values
were used for the examinations.
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Figure 1 — Positions of the measured areas

There are different tools for measuring surface topography with variable measuring
range and vertical accuracy, e.g. coordinate measuring machine, stylus profilometer,
interference microscope, confocal microscope, SEM, AFM, STM, etc. Although
contact measurement techniques can map topographies with high resolution over a
wide measurement range, they are relatively slow and can damage samples. Contactless
procedures are used to avoid this. Optical instruments became popular when it was
realized that the information obtained from profile measurements was not sufficient for
the functional properties of machined parts, but could be satisfied by topographic
measurements, and optical instruments could quickly evaluate the surface texture of the
area [6]. The measuring range of the confocal chromatic sensor | used is relatively
small; however, its vertical resolution is below pum, which is suitable for the
examination of surfaces machined with defined edge tools.

The evaluation of the measurements was executed in AltiMap Premium v6.2 software.
In each case, | applied different filters on the S-L surfaces, first eliminating the shape
defect, which means leveling on a flat surface. Then, with the Threshold function, I cut
off the faulty parts on the topographies, and finally I set a Gaussian filter and with it an
L-filter (Ac=0.25 mm) too.

3 RESULTS AND DISCUSSION

First, | analyze the effect of X-direction measurement velocity on roughness. For this, |
summarize the results in Table 2 and plot them in Figure 3, in which | bound the range
of deviation of each parameter value and indicate its value.
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Table 2 — Roughness values according to X-direction measurement speed

Speed | 550 1300 400 |500 |600 |700 |800 |900 | 1000
[um/s]

Sq[um] | 0.490 | 0.488 | 0.486 | 0.488 | 0.486 | 0.485 | 0.485 | 0.484 | 0.485
Sa[um] | 0.419 | 0.417 | 0.415 | 0.416 | 0.414 | 0.415 | 0.413 | 0.413 | 0.415
Sz[um] | 2761 | 2.743 | 2.702 | 2.752 | 2.658 | 2.669 | 2.679 | 2.653 | 2.640
Ssk [-] 0481 | 0479 | 0482 | 0.481 | 0.479 | 0.461 | 0.468 | 0.466 | 0.466
Swl-] |2129 | 2136 | 2140 | 2131 | 2121 | 2113 | 2.123 | 2.111 | 2.095

The values of each parameter change slightly, each has a deviation within

0.5-4.5%. Among the parameters S, total height shows maximum fluctuation.
Furthermore, regarding Sq and S,, the values do not show monotony, they occupy
random places in their deviation zone. However, the values of S;, S, and Sy, appear to
decrease at higher velocities for the most part in the studied range. Considering the
values of the parameters together, it can be stated that any value can be used in the
speed range between 700 and 1000 pwm/s can be used, in which case only minimal error
should be expected.
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Figure 2 — Roughness values as a function of measurement speed
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Table 3 — Roughness values according to Y-direction point density

Distance | Area 1 2 5 10 15 20 25
[um]
A 0.493 | 0481 | 0.471 | 0464 | 0.465 | 0.419 | 0.422
Sq[um] | B 0.483 | 0484 | 0483 | 0475 | 0.477 | 0487 | 0477
C 0518 | 0516 | 0.498 | 0469 | 0.475 | 0.422 | 0.430
A 0.413 | 0403 | 0394 |0.393 |0.394 | 0360 | 0.356
Sa[um] | B 0.415 | 0416 | 0.415 | 0409 | 0.410 | 0417 | 0.410
C 0.422 | 0421 |0.407 [0.390 |0.390 | 0352 | 0.353
A 2764 | 2671 | 2546 | 2376 | 2450 | 2.289 | 2.393
S;[um] | B 2782 | 2770 | 2562 | 2431 | 2481 |2.646 | 2.326
C 2717 | 2712 | 2524 | 2434 | 2524 | 2318 | 2.398
A 0563 | 0.552 | 0.546 | 0.500 | 0.506 | 0.402 | 0.450
Sex [-] B 0.458 | 0.448 | 0.443 | 0427 | 0.433 | 0465 | 0415
C 0.632 | 0.622 | 0.603 | 0536 | 0.555 | 0.453 | 0.546
A 2.223 | 2184 | 2157 | 2079 | 2126 |2.018 | 2.208
Sk [-] B 2.041 |2016 |1.988 |1.946 | 1971 |2.096 | 1.946
C 2474 | 2434 | 2369 |2229 |2318 |2218 | 2447

Next, | analyze the effect of the Y-direction point spacing on the roughness in the three
measurement areas (see Figure 1), for which | give the results of the roughness
parameters in Table 3 and plot them in diagrams (Figure 3).

On the specimen surface, the value pairs of the side areas are always similar, but
the value of area B differs to a greater extent in some cases. However, here the
smallest derivation of the values is observed. The nature of the change in the
values of each area as a function of distance is random, it cannot be determined
exactly. By observing the development of the roughness values together in all three
planes, | find that by setting the distance between 5 and 15 um, roughness results
can be obtained with the smallest error.

The effect of the setting of X-direction point density is shown in the following. For this,
the roughness values in the three measurement areas are gathered in Table 4 and plotted
in Figure 4. The changes in the values measured on the surface in all three areas are of
the same nature and magnitude as a function of distance. One case is an exception; for
the index S; in area B, the values decrease more significantly as the distance increases.
The values of the parameters S and Siy change very little, so by setting any spacing
value within the examined range, we obtain almost the same roughness parameters,
with minimal error. Regarding the values of Sy, Sa and S, it was found that for the
setting parameter in the range of 1 and 3 um there is a little difference between the
values, so any value in the range can be used with minimal error.
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Figure 3 — Roughness values as a function of Y-direction point density

Table 4 — Roughness values according to X-direction point density

Distance [um] | Area | 1 2 3 4 5 6 7
A 0.464 | 0.458 | 0.457 | 0.445 | 0.443 | 0.442 | 0.438
Sq [pm] B 0475 | 0.469 | 0.469 | 0.461 | 0.456 | 0.448 | 0.447
C 0.469 | 0.462 | 0.460 | 0.449 | 0.447 | 0.438 | 0.434
A 0.393 | 0.388 | 0.386 | 0.377 | 0.375 | 0.375 | 0.373
Sa [um] B 0.409 | 0.405 | 0405 | 0.402 | 0.395 | 0.391 | 0.391
C 0.390 | 0.384 | 0.383 | 0.375 | 0.375 | 0.367 | 0.363
A 2376 | 2346 | 2.363 | 2.276 | 2.275 | 2.242 | 2.168
Sz [um] B 2431 | 2404 | 2378 | 2149 | 2159 | 2.016 | 1971
C 2434 | 2422 | 2394 | 2.368 | 2.363 | 2.170 | 2.132
A 0.500 | 0.498 | 0.494 | 0.473 | 0.459 | 0.460 | 0.450
Ssk [-] B 0.427 | 0.418 | 0.418 | 0.403 | 0.380 | 0.361 | 0.354
C 0.536 | 0.533 | 0.530 | 0.511 | 0.506 | 0.492 | 0.484
A 2.079 | 2.065 | 2.063 | 2.024 | 2.010 | 1.992 | 1.978
Sku [-] B 1946 | 1.908 | 1904 | 1.845 | 1.880 | 1.803 | 1.788
C 2229 | 2201 | 2194 | 2150 | 2139 | 2.101 | 2.086
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Figure 4 — Roughness values as a function of X-direction point density

4  CONCLUSIONS

The roughness of a topography is a topic increasingly often being studied in industry
and in different research areas; however, areal roughness is examined differently in
terms of measurement settings and method of evaluation. In the present paper, the
effect of three roughness measurement setting parameters on the areal roughness was
investigated on a face milled specimen, measured with a confocal chromatic sensor.
During the analysis | drew the following conclusions.

Changing the measurement speed in the main direction resulted in small differences in
the roughness values in the area aligned to the plane of symmetry, and there was a
4.5% maximum deviance of the values. With the increase of the velocity, there was a
random change in S,, Sq values, and a decrease in S;, S, and Sk. | found the smallest
differences within the studied range at higher speed values. The measurement was
performed in a speed range where the measurements read from the detector were equal
or less than the value of the sensor sampling frequency during the measurements, so the
observations are valid only in this range.
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The distances of the points taken along the main direction were examined at three
different locations on the surface: in the plane of symmetry of the workpiece and at
equal distances in two directions from it. There was a slight decrease in roughness
values with increasing distance. The skewness and kurtosis values hardly changed, the
parameters S;, S;, Sq showed the least change at the smaller values of the examined
range (1-3 um).

Analyzing the distance of the points taken perpendicular to the main direction, the
variance of the values in each measurement area was small, but it was random/scattered.
Overall, minimal deviations were measured per area in the middle part of the studied
range (5-15 pum).

Ranking the examined areal roughness parameters in ascending order according to their
overall sensitivity to the changed setting parameters, the smallest differences were
found in S, kurtosis and Ss skewness. These are followed by the S, root-mean-square
average, which had a smaller deviation than the S, average roughness. The greatest
variability was given by the values of S; total height.
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Amntan Hags, Mimkonem, YropmuHa

BII/IUB HAJTAIITYBAHb KOH®OKAJIBHOI'O XPOMATHYHOT' O
JATUYUKA HA PE3YJIBTATH BUMIPIOBAHBb IOPCTKOCTI
®PE3EPOBAHOI ITIOBEPXHI

AHoTaniss. Bumipioeanus wopcmKocmi Mae ocooau6o 8adiciuge 3HAYeHHs y eUpOOHUYMEI 051 ONucy
KOHMPOAO ~ AKOCMI  8UPOOHUHUX Npoyecie w000  (YHKYIOHATbHUX, MPUOONOZIYHUX |  THUUX
enacmusocmeti nosepxons demaieil. Ilosepxunesa wopcmrkicmo, sika susyanacs Ha monozpagii, cmana
OinbW NOWUPEHOI0, OCKINbKU 60HA 3a0e3neyye Oinbul MOYHULU | OOKIAOHUN ONUC NOBEPXOHb. s
BUMIPIOBANDL 3PA3KIE BUKOPUCTOBYBABCS NPUNAO OJsI MPUBUMIPHO20 6uguenHs. wopemkocmi AltiSurf
520. Bumiprosanacs nosepxisi KongpoxanoHum xpomamuurum oamuuxom CL2 3 nynoo MG140, wo mae
sepmukanvru oianazon eumipy 300 mrm i uymausicms 0,012 mxm. acmoma ouckpemuszayii damuuxa
cmanoeuna 1000 T'y. Posmip eumipiosanux obnacmeii 6yeé obpanuii 1,25 x 1,25 mm? euxodsuu 3
pekomendayii ISO 25178-3:2012. Hanawmysanns npoyecy UMIpIOBAHHA NOSMOPIOSATUC MPuyi, i ix
cepeonvoapupmemuuni  3HavenHs Oyau  GuKopucmaui 0ns  docniodcenv.  Oyinka — GUMIPIOGAHD
sukomyeanacs 6 npocpami AltiMap Premium v6.2. V kooicnomy pasi 3acmocogyéanucs pizmi pinempu na
S-L-nosepxusx, cnouamxy ycyeaiouu oegexm popmu, wjo 03Ha4an0 uUPIi6HIOBaHHs HA NIOCKI NOGEPXHI,
nomim 3a 0donomozor yuryii «Ilopiey eupizanucs depexmui yacmunu Ha monocpagii i, Hapewmi,
ecmarosiogascs Qinemp Tayca, a pasom 3 wum i L-pinemp (Ac = 0,25 mm). 3mina weuoxocmi
BUMIPIOBAHHS 8 OCHOBHOMY HANPAMKY NpUBend 00 Heselukux po3oidcHoCmell 6 3HAYeHHAX WOPCMKOCNII
6 obaacmi, cymiujeHoi 3 NIOWUHOIO cuMempii, | MakcumaibHe GiOXuneHHsa 3HaueHs ckaano 4,5%. 3i
30LIbWEHHAM WBUOKOCMI 8I00ysanacs 6unadkosa 3MiHa 3HaueHnb Sa, Sq | 3meHuienHst Sy, Sg i Sk
Haiimenwi giominnocmi 8 0ocnioxHcy8aHomy O0ianazoHi 6yau euasieHi npu Oilbul 8UCOKUX 3HAYEHHAX
weuoxocmi. Bumiprosanns npogoounocs é dianazomni wieuokocmet, 8 AKOMY GUMIPIOBAHHS, 3HAMI 3
Odemexmopa, Oynu pieni abo MeHule 3HAYEHHA HACMOMU  OUCKpemusayii cencopa, momy
cnocmepesicentsi OICHI MITbKU 6 YbOMY Olana3oni.

KurouoBi cioBa: wopcmkicms nosepxui; 30HANbHA WOPCMKICMb, KOHQOKATbHUL XPOMAMUYHULL
damyux.
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ON THE MACHINING OF ALUMINUM
ALLOY AL6063 WITH EDM

Abstract. Electrical Discharge Machining (EDM) is a non-conventional machining process, which
allows the machining of any electrical conductive material, regardless its mechanical properties, with
high dimensional accuracy, and in complex shapes and geometries. EDM widely utilized by modern
industry, taking advantage of its unique inherent capabilities. Aluminum alloys find extensive use in
numerous applications, and their machining consist an interesting topic, with tangible industrial
interest. The current study presents an experimental investigation of machining Al6063 alloy with EDM.
A full scale experiment was conducted, with control parameters the pulse-on current and time. The
productivity of the process calculated based on the Material Removal Rate (MRR), while the Surface
Roughness of the machined surfaces was estimated in terms of Ryand R.. For these performance indexes
Analysis Of Variance was performed and semi-empirical relations that correlate machining parameters
with obtained results were proposed. Finally, the cross sections of the specimens were observed in
optical microscopy, in order the formation of the White Layer to be studied.

Keywords: Electrical Discharge Machining; Aluminum alloys; Material Removal Rate; Surface
Roughness; pulse-on current and time; White Layer; Analysis of Variance.

INTRODUCTION

Electrical Discharge Machining (EDM) is classified as a non-conventional
machining process, which utilizes repetitive rapid sparks to remove material from
the workpiece. A pulsed voltage difference is applied between the working
electrode and the workpiece, both of which been submerged into a dielectric
medium. Under specific conditions of voltage difference and gap distance between
electrode and workpiece, the insulating effect of the electric fluid breaks down,
resulting a single spark to be discharged. This spark forms a plasma channel
between the electrode and the workpiece, with reached temperatures in the range of
6000-12000K. Thermal energy from this plasma channel is absorbed by the
electrode and the workpiece, causing material to melt and ablate. At the end of the
pulse, the plasma channel collapses, and the electrode - workpiece system returns
to its initial state. From every spark, a tiny crater is formed, with the removed
material volume been in the range of 10 - 10 mm3; the total material removal is
resulted by thousands, even millions of consecutive sparks [1], [2]. Although EDM
is a multiparameter process the most significant control parameters are the pulse-
on current (Ip) and the pulse-on time (Ton) [3]. EDM is widely used in modern
industrial environment, since it is a non-contact material removal process,
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capable to handle any electrical conductive material, regardless its mechanical
properties.

Moreover, by utilizing EDM, high dimensional accuracy can be obtained, in
complex shapes and geometries. EDM finds extensive applicability in aerospace,
automotive, biomedical and die industry [4]. Finally, the process performance is
mainly measured in terms of Material Removal Rate (MRR), Tool Wear Ratio
(TWR), and machined Surface Roughness (SR), by often employing the Ra and Rt
indexes [5].

Aluminum alloys are widely employed in numerous of industrial applications,
hence, in addition to the conventional machining methods, EDM is utilized in their
machining, especially where high quality standards are required. In the work of
Khan [6] the MRR and the electrode wear were studied during machining
aluminum and mild steel with EDM by using copper and brass working electrodes.
It was verified the dependence of the machining performances from the electrode
and workpiece material, and the pulse-on current. Gatto et al. [7] conducted
research concerning the performance optimization in machining aluminum alloys
for moulds production with EDM. Namely, the Al2219-T6, AI7050-T6, and
Al7075-T6 alloys were studied, in roughing, semifinishing and finishing
machining operations, while the machining performances were estimated in terms
of dimensional accuracy and surface roughness. According to the relevant
literature, the aluminum alloy 6 series gathers research interest. Arooj et al. [8]
studied the effect of pulse-on current in machining AI6061-T6 with EDM, focusing
mainly on the MRR and the obtained surface roughness and morphology. Al6061
was also studied by Pramarik et al. [9] in its machining with EDM, by employing
graphite electrode and two different dielectric mediums, paraffin oil and distilled
water. Again their research was mainly focused on the MRR, the electrode wear,
and the surface quality. The surface quality was estimated in terms of surface
roughness, and Average White Layer Thickness (AWLT). The machining of
aluminum alloys with EDM becomes even more interest topic considering that
aluminum alloys are utilized as metal matrix in composite materials, and EDM
consist a feasible and efficient method in machining these kind of materials [10]-
[12]. For example, Radhika et al. [13] presented a study regarding the optimization
of EDM parameters in machining aluminum hybrid composites by using the
Taguchi method. The experiment control parameters were the pulse-on current, the
pulse-on time, and the dielectric fluid flushing pressure, while the machining
performances were estimated in terms of MRR, TWR, and R .

The current paper presented an experimental investigation of machining aluminum
alloy 6063 with EDM. Al6063 is one of the most commonly used aluminum alloys,
with a wide range of applications. The experiments were carried out to investigate
how the pulse-on current and time affect the MRR and the machined Surface
Roughness. The SR was estimated in terms of Ra and Ry, while the surfaces' cross
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sections were observed through optical microscopy in order the formation of White
Layer to be studied. Finally, for the aforementioned machining performances
indexes Analysis of Variance (ANOVA) was performed and semi-empirical
relations that correlate machining parameters with results were proposed.

EXPERIMENTAL PROCEDURE

Experiments were carried out on an ANGIETRON EMT 1.10 die sinking EDM
machine using plates of aluminum 6063 as workpiece material. Chemical
composition and basic thermo-physical properties of Al6063 alloy are presented in
table 1. In the experiments a copper electrode with nominal dimensions of
38x23mm was utilized, while the electrode was cleaned between the experiments
in order to avoid any depositions accumulation on its surface. Highly purified
synthetic hydrocarbon oil was applied as dielectric medium that was properly
channeled into the working tank for efficient debris removal. Finally, in order a full
surface morphology to be formed a nominal 1mm cut depth was set. A full-scale
experiment was carried out for pulse-on current and time from 15 up to 24A and
from 100 up to 500us respectively. In table 2 the machining parameters are listed
in details. The machining voltage was kept constant, specifically, 100 and 30V the
open and close circuit voltage respectively. The Duty Factor (n) was automatically
adjusted by the machine, and could be indirectly estimated based on the mean
current. Taking in mind that voltage pulses can approximated by square pulses, the
Duty Factor is calculated based on eq. 1:

¥ kel

n= 1)
with I, with the ammeter indication of the mean current intensity in A and I, the
nominal pulse-on current in A.

The MRR is defined as the volume of the removed material per minute, and
calculated based on eq. 2:

MRR == in @)
Ptm

with MRR the material removal ratio in gr/min, Ws., Wisin the workpiece weight
before and after machining, respectively, in gr, p the workpiece material density in
gr/mm?3 and t, the machining time in min.
The average (Ra) and the maximum (Ry) surface roughness were calculated as the
mean value of five consecutive measurements on each machined surface.
Furthermore, the machined surfaces cross sections were grinded, polished and
chemically treated with proper etchant, being composed of 92ml distilled water,
6ml nitric acid and 2ml hydrofluoric acid and the etched surfaces were observed in
optical microscope. Finally for all the aforementioned measured and/or calculated
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indexes, ANOVA was performed and semi-empirical correlations between
machining parameters and results were proposed.

Table 1 — Al6063 chemical composition and thermo-physical properties

Component | Al (max) | Cr Cu Fe Mg Mn Si Ti Zn
Wit% (max) | (max) | (max) (max) (max) | (max)
97.5 0.1 0.1 0.35 0.45-0.9 0.1 0.2-06] 0.1 0.1
Physical Electrical Specific Heat Thermal Melting Point
Properties Density (g/mm?®) Resistivity Capacity Conductivity (Ig)
(ohm/m) (kdlkgK) (W/mk)
0,0027 3.32e-4 0.9 200 908
Table 2 — Machining parameters
Machining Conditions Level 1 Level 2 Level 3 Level 4
Discharge current I (A) 15 18 21 24
Pulse on-Time Ton (us) 100 200 300 500
Dielectric Synthetic Hydrocarbon Fluid
Dielectric Flushing Side Flushing
Open circuit Voltage (V) 100
Close circuit Voltage (V) 30
RESULTS AND DISCUSSION
Table 3 — Experimental results
Ip (A) Ton (us) MRR (mm?min) Ra (um) Rt (um)
15 100 125,66 8,10 53,40
18 100 189,49 9,30 62,40
21 100 148,15 9,10 64,80
24 100 211,64 10,30 77,60
15 200 139,65 11,20 67,80
18 200 189,30 12,40 88,60
21 200 194,00 11,80 83,40
24 200 233,92 13,40 85,80
15 300 129,63 14,20 89,20
18 300 161,62 14,20 96,40
21 300 189,30 13,80 101,00
24 300 219,91 15,00 94,00
15 500 133,10 13,70 94,80
18 500 177,13 16,00 101,40
21 500 170,37 13,60 85,80
24 500 202,82 16,70 110,20
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In table 3 — the experimental results are presented, based on which the following
ANOVA was performed.

Main Effects Plot for MRR Interaction Plot for MRR (mm?¥min)
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Figure 1 — Main Effects Plot and Interaction Plot for MRR

In figure 1 the Main Effects Plot and the Interaction Plot of MRR are presented. As
it is clearly deduced, the pulse-on current has the main and major effect on MRR,
while pulse-on time slightly and vaguely affects the MRR. More specifically, as
the 1, increased from 15 to 18A the MRR for all pulse-on times increased, while a
further increase up to 21A resulted a stabilization, even a slight reduction, in MRR.
The increase in pulse-on current to 24A was followed by an increase in MRR, with
the mean MRR for 24A be 64.4% higher than for 15A. On the other hand, the
pulse-on time seems to have a fuzzy and insignificant influence on MRR. Based on
a non-linear regression model, the MRR is correlated with pulse-on current and
time according to eq. 3:

MRR = 11.373 1372771000 ®3)

with MRR in mm®min, 1, in A and Ton in ps.

The correlation level is considered adequate, with S-value 18.31; moreover, in figure 2
the MRR experimental results and those predicted from the regression model are
juxtaposed, confirming the sufficient correlation. Finally, the major effect of I, on
MRR is also confirmed by the eq. 3, where the exponents of pulse-on current and time
differ orders of magnitude indicating the significance of I,.

On the contrary of MRR, for SR the major parameter is the pulse-on time. In figure
3 the Main Effects Plot and the Interaction Plot of R, are presented. It is clear that
increase in Ton results an increase in Ra, while the pulse-on current does not affect
the Ra in a consistent way. Namely, as the Ton increased from 100 to 500pus the
mean R, increased 63%, from around 9um to 15um.
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Plot of MRR vs. MRR pred.
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Figure 2 — MRR experimental results vs. predicted ones

On the other hand, increase in I, resulted both increase and decrease of Ra,
depending on the combination of pulse-on current and time. By a more detailed
analysis, and based on the Interaction Plot diagram, the constant increase of MRR
for higher pulse-on times is confirmed, with only an exception for 15A and 21A
and for pulse-on time 500us, where a slight different behavior is observed.
Nevertheless, this does not affect the general rule, namely, that the Ra is mainly
affected by the Ton, increase of which results an increase in Ra.
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Figure 3 — Main Effects Plot and Interaction Plot for Ra

Again, it is of extreme interest the capability to predict the Ra based on the
machining parameters, i.e. the pulse-on current and time. Thus, a semi-empirical
relation is proposed, based on the Response Surface Method (RSM). Considering
the linear, quadric, and interaction terms, eq. 4 was emerged:
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Ra = 7.68 — 04711, + 0.0473T,,, + 0.01671% — 0.000054T2, —
0.0000131,T,, (4

with Ra in um, I, in A and Ton in ps. The correlation is adequate, with R-sq 92.05%
and S value 0.87. Moreover, the good fit of the model is confirmed by the
juxtaposition of experimental and by the model predicted values of R, in figure 4.

Plot of Ra vs. Ra pred.
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Figure 4 — Raexperimental results vs. predicted ones

Similarly to R,, the Rt follows the same general rule, namely, it is mostly affected
by the pulse-on time, while the pulse-on current seems to have a vague affect on it.
In figure 5 the Main Effects Plot along with the Interaction Plot for R, are presented.
An important observation is that plots of R, and R; follow almost the same pattern,
implying and confirming the existed strong correlation between them. As the
pulse-on time increases from 100 to 500us, the mean R; increases too, by almost
52%. The Interaction Plot corroborates this trend, with only one exception, and
specifically, for 21A and 500us the Rywas slightly decreased. On the other hand,
the increase in I, results both increase and decrease of R;, depending on the
combination of the machining parameters, thus, any safe and reliable conclusion
concerning the affect of pulse-on current on R;can not be deduced.

The capability to predict the resulted R;depending on the machining conditions is
extremely important and helpful, since R; is straight related with quality and
functionality issues. To correlate the R;with the pulse-on current and time, for once
more, the RSM method was employed. By adopting a model that includes linear,
quadric and interaction terms, the semi-empirical correlation of eq. 5 was emerged:

Rt = —36.4 + 5.411,, + 0.3525T,,,, — 0.076/% — 0.000329T2, — 0.003591,T,,  (5)
with Ryin pm, Ip in A and Ton in ps. The fit of the proposed model is considered
adequate, with R-sq 86.05% and S Value 7.25. The good correlation it is further
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confirmed by the juxtaposition in figure 5 of the experimentally measured and the
predicted values of R:.
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Figure 5 — Main Effects Plot and Interaction Plot for Rt
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Figure 6 — Rt experimental results vs. predicted ones

During machining with EDM, and as it has already been mentioned, the occurring
sparks melt and/or ablate material from the workpiece, forming tiny craters.
Nevertheless, only a proportion of the molten material is finally removed by the
workpiece, with the rest of it remaining on the workpiece, being re-solidified
forming a layer of amorphous material. Additionally, removed and/or ablated
material that remained in a close approximation on the surface, it may re-
condensed and being deposited on it. This way, a layer of material is formed, well
known as White Layer, having different properties from the mother material. WL
is differentiated in its thickness and characteristics depending on the machining
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parameters, and namely the pulse-on current and time. The machining power, and
the per pulse energy significantly affect the WL thickness, with the more intense
machining conditions to lead in a thicker WL. Because of the high gradients in
temperature and pressure that being developed on the surface, the WL is not
always uniform and continuous. In figures 7 and 8 the cross sections of the
workpiece for different machining conditions are presented.

Figure 7 — Machined surface cross sections for 24A and pulse-on time
a) 100ys, b) 200ps, c) 300us, a) 500us

The dependence of the WL thickness and its characteristics on the machining
conditions is confirmed by the cross section microscopy images that been
presented in figure 7. With pulse-on current to remain constant, as the pulse-on
time increases the WL becomes thicker, while, some new characteristics are
appeared. For Ton 100us the WL is very thin, with some randomly placed
formations along its length. For pulse-on time 200us the WL remains thin, but
some hollow formations are emerged. For To, 300us, a thicker and more uniform
WL is formed, while these hollow formations become denser and more bulky.
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Finally, for pulse-on time 500us, a thick continuous WL has been formed,
including hollow and bulky formations. These globules of material being shaped
because during the rapid material's re-solidification, gases are trapped inside it,
resulting these hollow formations. The more intense the machining parameters are,
the more bulky and denser these globules become.

In figure 7, the formation of the WL was depicted, as the machining power was
kept constant and the per pulse energy being increased (i.e. the pulse-on current
was constant and equal to 24A, while the pulse-on time varied from 100 up to
500us). In figure 8, both, the machining power and the per pulse energy are
changing. Similar observations can be made; namely, the WL for the more intense
machining conditions become thicker, incorporating more bulky hollow globules
For the low pulse-on currents of 15 and 18A, the WL does not have any uniformity,
but is appeared more like randomly spread formations. A degree of uniformity is
emerged for higher machining powers, where the hollow globules seems to cover
major part of the cross section.

Figure 8 — Machined surface cross sections for 500us and pulse-on current
a) 15A, b) 18A, c) 21A, a) 24A
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CONCLUSIONS

In the current paper an experimental investigation of machining aluminum alloy
Al6063 with EDM was presented. A full scale experiment was conducted, with
control parameters the pulse-on current and time. The productivity of the
machining was calculated based on the MRR, while the surface roughness was
estimated in terms of Ra and Rt. For these performance indexes, ANOVA was
performed, and semi- empirical relations that correlate machining parameters with
its results were proposed. Finally the WL formation was studied through optical
microscopy, where the specimens cross sections were observed. The main
conclusions of the current study are:

e The MRR is mainly affected by the pulse-on current, as an increase in Ip results
an increase in MRR. The pulse-on time has a vague and minor affect on MRR.

e The SR mostly depends on the pulse-on time. Specifically, increase in Ton
leads in increase in R, and Ry, On the other hand, the pulse-on time has a fuzzy
influence on SR, hence, no reliable conclusions can be deduced.

e The formation of WL is affected on the machining power, and the per pulse
energy. For higher machining power, and pulse energy the WL becomes
thicker, while in the more intense machining parameters hollow globules being
formed.
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Emanyin I1. ITamrazormy, Hikomaoc E. Kapkaioc,
Amrenoc I1. Mapxkomrynoc, Adian, I'peris,
[Manarioric Kapmipic-O6patanceki, Kpakis, [Tonpma

ITPO OBPOBKY AJTIOMIHIEBOI'O CILJIABY 6063
EJIEKTPOEPO3IMHUM CITIOCOBOM.

Awnotauisi. Enexkmpoepositina 06pooka (EDM) — ye nempaduyitinuii npoyec mexaniyunoi o6pooKu, saxui
d036015€  00poOISIMU  OYOb-AKUL €IeKMPONPOBIOHULL MAMePIa, He3ANeNHCHO 6I0 1020 MeXAHIYHUX
sracmugocmetl, 3 GUCOKOI MOYHICMIO po3mipie i ckiaoHicmio gopmu i ceomempii. EDM wuporo
BUKOPUCIMOBYEMBCAL 8 CYHACHITE NPOMUCTIOB0CI, 8PAX0BYIOUU U020 YHIKATbHI MONCIUBOCI. ANtOMIHIESI
CNIIABU 3HAXOOSIMb WUPOKe 3ACMOCYBAHHS 8 bazambox chepax, i ix 0bpobKa s6ns€e cob00 Yikagy memy,
wo mae si0uymHuil npomuciosuti pesynomam. Lla poboma npedcmasnsie cob6oio excnepumeHmanbHe
docnidncennss  06pooku  memany Al6063  enexmpoeposiiinum  cnocobom. bByno  nposedeno
NOGHOMACUWIMAOHULL eKCNePUMEHM 3 KOHMPOJIbHUMU NAPAMEMPAMU. eHePRIEl IMNYIbCis | yacom Oii
imnynscig. TIpodykmusHicms npoyecy po3paxosyeanacs Ha OCHOBL WEUOKOCMI BUOANEHHs Mamepiany
(MRR), 8 moii wac sk wopcmkicms 00pobleHUx no6epxoHsb oyiHeanacs 6 oouHuysx Rai Ri. [na
NOKA3HUKIE NPOOYKMUBHOCMI 6Y6 NpogedeHutl OUCnepCiiHull aHai3 i 3anponOHOBAHI HANIGEMNIPUYHI
3anedxcHocmi, AKi Kopenwowmv napamempu 00pooku 3 ompumanumu pesyiomamamy. Hapewmi,
nonepeuni nepepisu 3paskié 6ugHANU 3d OONOMO20I0 ONMUYHOI MIKPOCKONIL, w006 6usHavumu
BUHUKHEHHS «Oinozo wapyy. OCHO6HI UCHOBKU Yb02o OocnioicenHa maki: Ha MRR 6 ocHosHoMy
BNIUBAE IMIYTLCHULL CIIPYM, MAK AK 30ITbIEeHHA CUTU CIpYMY IMRYIbCY Ip npu3eooums 0o 36inbiuenHs
MRR. Yac 0ii imnynvcy Ton mae nesusHauvenuil i Hesnaunuil enaue na MRR. llopcmxicms nogepxui 6
0CHOBHOMY 3anedxcums 6i0 yacy Ton . 30kpema, 36invuenna Ton npuzeooums 0o soinvuienns Ry i Ry . 3
inwoeo 60ky, uac Ton Heuimxo énausac na SR, momy ne ModicHa 3po6umu HIAKUX HAOTIHUX BUCHOBKIE.
Ha ¢opmysanns «6inoco wapy» (WL) ennusaec nomyoicnicms 0bpobru i enepeis 6 imnyavci. [lns
binbwoi nomyxcHocmi 00pobku ma euepeii imnynscy WL cmae moewe, 6 mou uac sk npu Oinbu
iHMEeHCUBHUX napamempax 0opoOKU YMEopIoIombCs. NOPOAUCHI 2100y

KurouoBi cioBa: erexmpo-epositina 0bpodka; cniagu antoMiniio; wWeUOKiCmy ULYHeHH Mamepiany;
WOPCMKICMb NOBEPXHI; eHepeis IMNYbCy i wac Oii; «Oinuil wapy, aHaniz oucnepcii.
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COMPONENTS OF THE CUTTING FORCE AND THEIR SPECIFIC
VALUES AT DIFFERENT FEEDS IN ROTATIONAL TURNING

Abstract. The alteration of the cutting force is studied by the increase of the feed in rotational turning.
The time course of the cutting force components is analysed by experiments done with different edge-
geometrical tools, and the specific cutting forces are calculated. One of the findings is the possibility to
effectively lower the passive force acting on the cutting tool by the application of rotational turning.
Keywords: cutting force; rotational turning; feed; passive force; axial load.

1. INTRODUCTION

The different applied relative motions and edge geometries of the cutting
tools significantly alter the values and ratios of the cutting force and its
components. An edge with helical geometry and a tangential circular feed are
applied in rotational turning [1], with the geometrical and kinematical relations
shown in Figure 1 (n: revolutions per minute of the tool; ny: revolutions per
minute of the workpiece; va: additional axial feed rate; r:: radius of the helical
cutting edge; As: inclination angle; ry: radius of the machined surface; Ry: radius of
the to be machined surface; a,: depth of cut; aw: distance of the symmetry axes).

Workpiece
n, i
o - _3__'_'___/_ _______ . Workpiece 3
L 4] i)
== —~—— z | e | (55 2 .
. e = e :I'
ol == " 2
= n, Va l.-I zI”/ = Helical
R _._3._2—_4_ . i Cutting
L, Edge
o Tool

Figure 1 — Geometrical and kinematical relations of rotational turning

In the research of cutting forces the analysis of their specific values is
appropriate. Karpuschewski et al. [2] showed that the alteration of the chip ratio by
the application of high-feed is a possibility to lower the specific cutting force.
Kundrék et al. revealed in their experimental work [3] that the ratio of the force
components also varies by the alteration of the feed among the decrease of

© |. Sztankovics, 2020
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the cutting edge specific load. Among the different cutting force components, the
tangential component is dominant, according to Denkena et al. [4]. In the work of
Tarag et al. [5] we can see that we can achieve stable chip removal by the increase
of the feed (among others) due to the decrease of the specific cutting forces and the
alteration of the cutting force angle. It can be seen that the value of the feed plays a
significant role from the viewpoint of the cutting force. Therefore, the aim of my
experiments is to study the specific cutting forces during the increase of the feed in
turning with different cutting conditions (rotational and longitudinal turning).

2. EXPERIMENTAL CONDITIONS

The aim of my experiments was the measurement and analysis of the cutting
force during chip removal by rotational turning.

The characteristic movement conditions of the procedure are realised on a
Perfect-Jet MCV-M8 machining centre during the experiments. The experimental
workpiece was clamped in the spindle of the milling machine, whose rotation
assured the typical rotational movement of turning. The cutting tool is fixed in the
force measurement device (Kistler 9257A) which was clamped on the machine
table. The interpolated circular motion of the cutting tool with the machine table
realised the relative circular feed around the workpiece. | chose a normalized C45
steel grade with a cylindrical surface of @40 mm diameter and 12 mm length. Two
rotational turning tools were applied with different inclination angles: R1 — As =
30° (Fraisa P5300682) and R2 — As = 45° (Sandvik Coromant 1P341-1600-XB
1630. For the comparison of the measured values a standard turning tool (S) was
also applied (CNMG 120412-PM insert in DCLNL 2525 M 12 holder). | carried
out the experiments with 200 m/min cutting speed, 0.1 mm depth of cut and six
values of feed for each cutting tool (f =0.1 mm, 0.2 mm, 0.4 mm, 0.6 mm, 0.8 mm,
1.0 mm).

3. EXPERIMENTAL RESULTS

The X, Y and Z directional forces (linked to the machine table) are measured
by the device at a 1000 Hz sampling rate. From the measured values and the
momentary position of the workpiece-tool, | calculated for each case the main
cutting force (Fc), passive force (Fp) and feed directional force (Fr) in the
coordinate system linked to the rotating workpiece. From the completed results of
the three cutting tools Figure 2 shows the diagrams of the R1 tool. | also
determined the maximal values for the 18 experimental setups (Table 1).
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Table 1 — Maximal values of F¢, Fp and F¢

f [mm] 0.1 0.2 0.4 0.6 0.8 1
R1 51.63 82.50 136.49 180.23 204.30 276.17
[';IC] R2 56.06 78.80 130.43 182.38 228.27 268.85
S 55.56 82.13 130.09 178.06 230.90 280.72
R1 33.17 49.97 74.83 96.29 102.17 145.16
[if] R2 36.39 48.84 72.18 90.86 107.26 127.34
S 73.60 93.60 130.82 171.80 212.16 251.97
R1 13.52 21.28 38.62 53.15 59.51 83.93
R2 21.67 30.93 53.53 74.96 96.36 114.84
S 11.61 8.25 17.84 24.29 25.01 27.69
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Figure 2 — Cutting force measurements during machining with R1 tool (As = 30°)
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4. DISCUSSION

Several conclusions can be drawn from the force measurement results in
Figure 2. In the experiments with different feeds the highest force component was
the main cutting force (Fc), which was followed by the passive force (Fp) and feed
directional force (Fr). The constant section of the cutting forces shows the removal
of constant cross-sectional area of the chip (Ac), where the rotational turning shows
traditional turning-like characteristics. The run-in and run-out phases [6] can be
seen clearly in the figures, which is specified by the increase and decrease of each
cutting force component. These sections have a significantly longer part than in
traditional turning due to the high inclination angle of the helical cutting edge. For
the cases in Figure 2.a-b the passive force is nearly 60%, the feed directional force
is nearly 25% of the main cutting force. For the cases in Figure 2.d-f (where the
feed was much higher) the F; is nearly 50%, the Fr is nearly 30% of F.. Therefore, |
conclude that the ratio of the cutting force components alters with the increase of
the feed, and moreover with the direction of the resultant cutting force.

From the values of Table 1 the specific cutting forces (ki) of F¢, F, and Fr were also
calculated according to Equation 1. The calculation results are shown in Table 2.

Fi=ki-Ac — ki=Fi/Ac (i=cpf ;Ac=a-f) (D)

Table 2 — Values of the specific cutting forces

f [mm] 0.1 0.2 0.4 0.6 0.8 1
R1 | 5163.36 | 4124.76 | 3412.35 | 3003.83 | 2553.77 | 2761.74
S » | R2 | 5605.99 | 3940.18 | 3260.72 | 3039.72 | 2853.43 | 2688.51
[N/mm?]
S | 5556.39 | 4106.48 | 3252.35 | 2967.67 | 2886.28 | 2807.17
R1 | 3316.67 | 2498.67 | 1870.78 | 1604.87 | 1277.17 | 1451.63
ko
[N/mm?] R2 | 3639.15 | 2442.00 | 1804.48 | 1514.27 | 1340.72 | 1273.39
S | 7359.85 | 4680.19 | 3270.60 | 2863.32 | 2651.95 | 2519.72

R1 | 1352.19 | 1063.82 965.56 885.80 743.90 839.28
R2 | 2166.64 | 1546.47 | 1338.32 | 1249.27 | 1204.45 | 1148.43
S 1161.45 412.38 445.96 404.75 312.64 276.88

It can be seen in Figure 3 that | obtained nearly the same specific main cutting
forces (kc) with the three cutting tools in different feeds. Also, the load on the
specific cross section decreases with the increase of the feed due to the increase in
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the chip height. The load reduction is higher in low feeds (0.1 mm-0.4 mm) than in
high feeds (0.6 mm — 1.0 mm). Figure 4 shows the specific values of the passive
force, which decreases with the feed increasement, similarly to the k.. The k;
values become nearly constant after reaching 0.4 mm feed. The specific load of the
traditional turning tool (S) was nearly twice as that as of the machining with
rotational tools (R1, R2). Thus, | can conclude that the shape error can be lowered
by the application of rotational turning, due to the decrease in the radial force. The
lowest values of the specific feed-directional force were yielded with S, while the
highest values were obtained with R2. The ks can be considered constant after 0.2
feed.

6000 =R 1 R2 =S
'_|5000 \
£.4000
'MU
3000
2000
0O 01 02 03 04 05 06 07 08 09 1 1.1
feed [mm]

Figure 3 — Alteration of the specific main cutting force
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Figure 4 — Alteration of the specific passive force
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Figure 5 — Alteration of the specific feed-directional force

SUMMARY

The effect of the feed rate on the specific cutting forces was analysed in
different turning procedures during experiments. | carried out the experiments at 6
feeds with 2 rotational turning tools with different inclination angles and 1
traditional turning tool. Calculation of the specific cutting forces showed that the
specific main cutting force is nearly the same in rotational and traditional turning.
However, the specific passive forces are significantly lower in the rotational
procedure (nearly half as much as the traditional), while higher values were found
during rotational turning (2-4-fold increase) for the specific feed-directional forces
than the results of traditional turning. Accordingly, with the same cutting power
requirement the force trying to move a workpiece away from a tool will be lower
and the axial load on the spindle and tool holder will be higher in rotational turning
than in traditional procedure. Hence, we can expect a decrease in workpiece-
deflection related errors because the elastic deformation of the dynamical system
will be lower. The different axial force must be taken into account during the
construction or selection of the tool holder.
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IrrBan CrankoBuY, Milikosisl, YTopiiuHa

KOMIIOHEHTHU CUJIH PI3AHHS I IX IUTOMI 3HAUEHHS
IIPU PI3BHUX ITIOJJAYAX B YMOBAX POTAIIIMHOI'O TOYIHHA

AHoTauis. YV cmammi 00cnioxicyemvcs 3MIHA Cunu pi3aHHs npu  30inbuweHHi nodayi 8 npoyeci
pomayitinoeo mouinHA. Juuamika 3MIHU CKIA00BUX CUNU DI3AHHA AHANIZYEMbCA 34 OONOMO2OI0
EKCNEePUMenni6, NPOBeOCHUX PIHUMU IHCMPYMEHMAMU 3 PIi3HOK 2eOMEmpIEr pi3aIbHUX KPAuoK i
DPO3paxo8yIombcs nUmMoMi cunu pisanna. OOHUM 3 8IOKPUMIMIE € MOJCTUGICIL eheKMUBHO20 ZHUICEHHSA
nacusHoi cunu, wo Oi€ Ha pixcyuull iHCMpyMeHm, 3d OONOMO20I0 POMAYiliHO20 MOYiHHA. B x00i
excnepumenmie Ha 06pooHomy yenmpi Perfect-Jet MCV-M8 6yau peanizosani xapakmepHi 015 0aHo20
npoyecy pyxy. Excnepumenmanvha 3azomiens sasicumanace 6 wnuHoeni @pesepHozo eepcmama,
obepmaHHa AKO20 3abe3neuysano munoge 00epmMaibHUll pyx MoKapHoz2o 00pobnenus. Pixcyuuil
iHcmpymenm 6ye 3axpinienuil 6 npucmpoi eumiprosanns cunu (Kistler 9257A4), sike posmiwyeanocs na
cmoni éepcmama. Inmepnonboeanuil Kpy20suil pyx pidicyuo20 iHCIMpYyMeHny 30 CHMOIOM 8epcmama
3a6e3neuysano 8iOHOCHY Kpy2o8y nooayy HA6KOI0 3a20MosKu. B excnepumenmax 3 pisnumu nooasamu
Haueuwoi cknadoeoi cuau Oyra ocnosna cuna pizanns (Fc), 3a sxoio cridysanu nacusna cuna (Fp) i
cnpamosana cuna nooadi (Ff). Po3paxyHok numomux cun pi3anHs noKaszas, wo NUMOMI OCHOSHI cuiu
pi3anna matisce 00HAKO8I npu pomayiunomy i mpaouyitinomy moyenuu. OOHaK nUMOMI NACUBHI CUTU
3HAYHO HUdICHe NPU POMAayiliill npoyedypi (Maiidice 806IuI MeHwie, HIdC npu Mpaduyilitiii), 8 moii yac
SK npu pomayitinomy modyinni 6ynu eusgieni Oinbus 6UCOKI 3HauenHs (30invuenna @ 2-4 pasu) ons
NUMOMUX CUNl HANPSAMKY NOOAYI, HIdC Npu Mpaouyitinii moxkapHiti 06pobyi. BionosioHo, npu 00Hakosux
BUMO2aX 00 NOMYIUCHOCII PI3AHHS 3YCUTIAL, WO HAMALAEMbCS BIOCYHYMU 3A20MOBKY 610 THCIPYMEHNY,
Oyoe Hudicye, a 0CbOBA HABAHMANICEHHA HA WNUHOETb | Oepacaska iHcmpymenmy 6Oyoe euwe npu
obepmanHi, Hixc npu mpaduyitinii npoyedypi. Omodice, MONMCHA OHIKYEAMU 3MEHUIEHHSI NOMUIOK,
nogs3anux 3 nposuHoM Oemari, OCKLIbKU npyicHa degopmayis ounamiynoi cucmemu Oyoe menute.
Pisna ocvose 3ycumns HeoOXiOHO 6paxogyeamu npu 6ucomoeieHHi abo eubopi Odepoicamens
IHCmpyMenmy.

Kurodosi cioBa: cuna pisanns; pomayiiine moinns,; nooava; nacusha ckiaoosa CUnu Pi3ants; 0cbose
3yCUNIA.
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EDM GAP MODELING AT ELECTRICAL DISCHARGE
GRINDING WITH CHANGE OF ELECTRIC POLARITY

Abstract. The paper presents an experimental study and modeling in the Simulink graphical
environment of the EDM gap at electrical discharge grinding (ED grinding) with change of electric
polarit of difficult-to-machine materials. Based on the experimentally obtained oscillograms of currents
and voltages in the cutting zone, an EDM gap model has been developed, which implements the
nonlinear dependence of the active resistance of the electroerosion gap on its value, which makes it
possible to take into account the effect of the interelectrode environment on the parameters of electric
discharge pulses. Comparison of the calculated oscillograms obtained in the Simulink model with the
experimental ones has shown that during ED grinding, the developed EDM gap model adequately
reflects the real electrical processes occurring in the electroerosion gap.

Keywords: EDM gap; oscillogram of currents and voltages; equivalent circuit; electrical processes.

Introduction. The process of interaction of the cutting tool with the surface
of the processed material under the conditions of electrical discharge grinding with
change of electric polarity has not been studied, and the cutting zone of combined
processing has not been investigated [1, 2]. In this regard, the modeling of the
process occurring in the cutting zone has been carried out, and the features and
patterns of interaction of the cutting tool with the surface of the processed material
have been defined in the paper.

Literature Review. The machining zone for ED diamond grinding is a
complex electrophysical system [3, 4]. At the same time, it is the place of
microcutting and discharge activity in the electroerosion gap. When a voltage is
applied, an electric current, which passes through the conductive bridges, the
hydraulic fluid, which has a certain electrical conductivity, bridging the
electroerosion gap, and through the channel of the resulting discharge during its
action, arises in this zone.

The size of the machining zone is determined by the front width of the
grinding wheel and the EDM gap value, i.e. the distance between the wheel binder
and the surface of the processed material.

In the machining zone, along with chip formation and discharge activity, the
complex mechanical and electrophysical processes occur: contact-frictional,
thermal, electrical, plasma-chemical, and electrohydraulic ones; high-frequency
vibrations and cavitation of the liquid medium take place. The main, dominant
effect of electrical energy in the machining zone is manifested in electroerosion
processes and phenomena of a combined nature of various duration and intensity.

©R. Strelchuk, O. Shelkovyi, 2020

95



ISSN 2078-7405. Cutting & Tools in Technological System, 2020, Edition 93

They occur in the areas of contact and contactless interaction of the wheel
with the cut off chips and the processed material, where the surfaces of these
electrodes come close to each other and where the contact, the formation of
intermittent or tight contacts and their rupture are possible. Thus, the zone of ED
diamond grinding is characterized by contact and contactless electric erosion [5].

Research Methodology. The EDM gap model characterizes the
electrodynamic processes therein and it is determined by the type and parameters of
the equivalent circuit. In order to make a reasonable choice of the type and
parameters of the EDM gap model, oscillograms of currents and voltages of
technological pulses have been experimentally obtained at various values of this gap
(Fig. 1).
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Figure 1 — Oscillograms of currents (1) and voltages (2) in the EDM gap of size:
a— 7um; b — 14um; ¢ — in case of a short circuit

Experimental studies have been carried out on the basis of a 3J1642E machine
tool. Additional energy was supplied into the cutting zone from a HO 6506 pulse
generator, which converts 380V alternating current into a unipolar pulse current. The
voltage, discharge current amplitude, frequency and relative pulse duration have been
controlled from a pulse generator.

An end-face grinding method has been used, which was carried out with conical
cup wheels 12A2-45° 150x10x3x32 on a binder M1-01 with diamond grains AC6
with a grain size of 100/80 and a concentration of 4. Before the experiments, the
diamond wheels have been pre-straightened and run-in for 5-10 minutes. The
processed material was VK6 carbide plates with dimensions of 14x14x5mm.

Electrical modes of the technological pulse generator: voltage pulse amplitude—
50V, technological pulse frequency—44KHz, relative pulse duration—1.

The oscillograms have been recorded with a GOS-6050 oscilloscope (Good
Will Instrument Co), which was connected according to the diagram shown in Fig. 2.

The size of the electroerosion gap has been recorded by a dial indicator with a
graduation of 0.001mm. Analysis of the electrical circuit of the NO 6506 pulse
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generator and the oscillograms of currents at different EDM gap values makes it
possible to go just with the T-shaped equivalent circuit, which takes into account the
reactance of the technological pulse generator and the EDM gap.
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Figure 2 — Oscilloscope connection diagram

Since the current in the EDM gap has a pronounced oscillatory component, the
equivalent circuit includes the oscillatory RLC circuit shown in Fig. 3.

L

L

Figure 3 — The equivalent circuit of electroerosion gap

The active resistances of the technological pulse generator R; and the load
(electroerosion gap) R, can be found by the established values of the voltage drop U,
across the resistance R, and the current I, at a known value of the amplitude of the
no-load pulses of the generator U:

R= , 1)
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As a result of oscillograms processing, the values of active resistances R; and
R2 have been obtained for different EDM gap values (Table 1).

Table 1 shows that the resistance of electroerosion gap R. nonlinearly
depends on the EDM gap value S. Since at a given generator voltage U, there is a
limiting value of the electroerosion gap S, at which an electric discharge does not
occur, the indicated dependence R.=f (S) can be approximated by the expression:

Ry =— @3)

where k to t approximation coefficients found by the least square method [6],
depending on the amplitude of the operating pulse generator and the electrical
parameters of the equivalent circuit.

Table 1 — Active resistance values

EDM gap S, um R1, Ohm Rz, Ohm
14 4.85 2.21
7 4.85 0.35
Short circuit 485 0

In order to determine the remaining parameters of the equivalent circuit,
namely, Ly, Lo, and C, the coordinates of several characteristic points have been
found on the experimentally taken oscillograms of the transient process of a single
electric discharge. Parametric identification of the oscillogram (Fig. 4) was
digitized in the GetDataDigitizer program.

dr
S tRiL+Uc=U

dl
de_:‘Fszz:Uc : (4)
dUe

BTk

Ly

A measure of the adequacy of the experimental data and the calculated values
obtained as a result of solving a system (4) is the square of the distance between
the experimental and calculated points [7].
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Figure 4 — An example of digitizing a current pulse

F(Ly, Ly C) = X72(t; — tpi)z +X2(L - fpz')z ()

Calculated points are also selected at the extreme values of the resulting
solution (4). By minimizing F(L,,L,,C) over the variables L;, L, and C, we can
determine their value. The minimization has been carried out in the Matlab system
using the simplex Nelder-Mead method [8]. As a result, the following values of the
sought parameters of the equivalent circuit averaged over the entire series of
experiments have been obtained: Ly = 173uH, L, = 173uH, and C = 18yuF.

Results. Fig. 5 shows the calculated curve obtained as a result of minimizing
the solution (4) by criterion (5) and the experimental curve taken from the graph
Fig. 1b, confirming good agreement between the calculated and experimental
results.

Based on the accepted type and the found parameters of the EDM gap
equivalent circuit, the EDM gap model has been developed for ED diamond
grinding in the Simulink graphical simulation environment. The block diagram of
the model is shown in Fig. 6.

Simulink model of EDM gap includes two blocks “Bl” and “B2”. Block 1
(“B1”) reproduces the dependence of the EDM gap resistance on its value, block 2
(““B2”) simulates the operation of the equivalent circuit (Fig. 7.).
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Measured and simulated model output
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Figure 5 — Calculated and experimental values of current change in EDM gap
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Figure 6 — Block diagram of a Simulink model of EDM gap
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Figure 7 — Blocks of the Simulink model of the EDM gap
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Fig. 8 shows oscillograms of currents and voltages obtained in the developed
Simulink model of the EDM gap.

Mt fv"« T
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Figure 8 — Oscillograms of currents and voltages obtained in the Simulink model
of the EDM gap at: a— 7um; b — 14um; ¢ — in case of a short circuit

Emergence of a current pulse at the initial moment of time on the calculated
oscillograms is due to the capacitance of the gap between the diamond wheel and
the surface of the processed material before the discharge occurs. The presence of
this capacitance in the experiment is not taken into account, since it practically
does not affect the ED grinding process.

Conclusions. Thus, as a result of the analysis of the experimental
oscillograms of the operating pulse currents, it was found that the electrical
processes occurring in the EDM gap during ED grinding are of an oscillatory
nature. The environment in which these processes take place can be represented
with sufficient accuracy in the form of a T-shaped equivalent circuit, which
includes active resistances, inductances, and capacitance. It was found that the
active resistance of the EDM gap nonlinearly depends on its value. The root-mean-
square deviation between the calculated and experimental pulses of current and
voltage, referred to its established value, does not exceed 12-15%.

The found values of equivalent circuit parameters made it possible to obtain
the Simulink model of the EDM gap for ED grinding.

The good agreement of the calculated oscillograms obtained in the Simulink
model with the experimental ones has shown that the developed EDM gap model
for ED grinding adequately reflects the real electrical processes occurring in the
EDM gap.
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Poman Crpenpuyk, Onekcanap llenkoswmii, XapkiB, Ykpaina

MOJEJIOBAHHS MIZKEJIJEKTPOJJHOI'O 3A30PY
P EJJEKTPOEPO3ITHOMY IIJII®YBAHHI
31 3BMIHOIO NOJIAPHICTIO EJIEKTPOJIB

AHoTauis. YV cmammi nposedero excnepumenmanbie 00CHIONCeHH Ma MOOOBAHHS 6 CPAPDIUHOMY
cepedosuwyi Simulink medcenexmpoonozo 3azopy npu enekmpoepositiHoMy Wli(pyeanti 3i 3MIHHOIO
NOJNAPHICMIO eleKmpooie 8axckooOpobnoeanux mamepianie. IlposedeHo MoOdentosanHs npoyecy, ujo
8i00Y6AEMbCS 6 30HI PI3AHHS, [ 6CIMAHOBIEHO OCOOIUBOCHI MA 3AKOHOMIPHOCI 83AEMOOIT Pi3AbHO20
iHcmpymenmy 3 noeepxHelo  0bpobnweanozo  mamepiany — Odemani.  Pospobnena  mooens
MeXHCeNeKmpOOHO20 3a30Py 00360JI5€ XapaKmepusysamu eleKmpoepositiHi npoyecu, wo npomikams 8
30HI  WNIQYBAHHS, | 60HA GUBHAYALACSA MUNOM | NAPAMEMpamu —cXemu 3amiyeHHs. 3a
EKCNEePUMEHMATLHO OMPUMAHUMU  OCYULOZPAMAMU CMPYMI6 | HAnpye 8 30Hi pi3aHHs po3pobreHa
MOOelb  MeXCeNeKmpoOHO20  3a30py, WO Deanizye HeNiHilHy 3aNedCHICMb aKMU6HO20 Onopy
MiIDICeeKMPOOHO20  NPOMIJICKY — 6i0 11020  GeqUYUHU, AKA  O0360JAE  6pAX0EY6AMU  BHIUG
MIJICENeKMPOOHO20  cepedosuya HA  napamempu  eieKmpopospsaonux — imnyascie.  ITlopignanms
PO3paxynrogux ocyunozpam, ompumanux ¢ Simulink-wooeni, 3 excnepumenmanbHuMu, NOKA3AN0 WO
Ppo3pobrena Moodenb MedCeieKmpoOHO20 3A30py NpU  eAeKmpoeposiinomy wiighysanni  0ocums
adekeamno 6i006paxcac peanvbHi eneKmpuuHi npoyecu, w0 NPOMIKAIONb 8 MIHCeNeKMPOOHOMY
npomiscky. B pesyrbmami ananizy eKCnepuMeHmanibHux OCYui0Zpam cmpymie poboyux iMnyscig 6yio
6CMAHOGNIEHO, WO eNeKMPUYHI  npoyecu, w0 NPOMIiKaoms 6 MidceneKmpoOHOMy 3a30pi npu
eJIeKmpoepo3IHOMY WnihyéanHi Hocsimb KoaueanoHuil xapakmep. Cepedoguuye, 8 AKOMY NPOMIKAOMb
yi npoyecu Mmodxce Oymu 3 O00CMAMHLON MOYHICMIO npedcmasieno y euenadi T-nodibnoi cxemu
3amiwjents, wo KIIouaAc 6 cebe akmueHull onip, indykmugnocmi ma emnicmo. Cepednboxeadpamuune
BIOXUIIEHHS MIJIC PO3PAXYHKOBUMU | eKCNEePUMEHMANbHUMU IMIYIbCAMU CIMPYMY | HANPYeU, 8iOHeceHe
00 11020 cmanozo sHavenHs, He nepeguwyye 12-15%.

KarouoBi cioBa: midicenekmpoonuii 3a30p; ocyinospamma cmpymy i manpyeu, cxema 3aMiueHHs;
elleKmpuyHi npoyecu; 30Ha Pi3amHs.
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IMPROVING THE PERFORMANCE CHARACTERISTICS
OF HUMAN HIP-JOINT IMPLANTS BY INCREASING
THE QUALITY OF PROCESSING AND GEOMETRIC

ACCURACY OF THEIR SPHERICAL SURFACES

Abstract. In view of the fact that the endo-prosthesis heads of human hip-joint are operated in extreme
conditions, in respect of load, the selection of corresponding material and also increase of precision
and quality of machining of spherical surfaces is rather topical task.

In the submitted work are reviewed the problems connected with definition of the influence degree of
orientation of the sapphire crystal on its workability during diamond grinding with a butt of the ring
and elaboration of the perspective, original scheme of formation of the incomplete spherical surface,
particularly, of the sapphire head of endo-prosthesis of the human hip-joint.

Keywords: single crystal sapphire, anisotropy, grind ability, endo-prosthesis, precision grinding,
forming and spherical surface.

In the last thirty years, one of the current trends in the field of material
processing by cutting is the production of implants from different materials for hip-
joints with high performance properties, which will ensure their use for more than
30-40 years. This is due to the fact that the heads of the said endoprosthesis, in
terms of the nature and magnitude of the load, are operated under extreme
conditions. Therefore, in each specific case, the selection of the necessary material
with the appropriate physical and mechanical characteristics, as well as improving
the accuracy and quality of processing of the most significant part of the
endoprosthesis - spherical surfaces, is a very important task, the severity of which
has been rapidly increasing in recent years. This is due to the fact that if earlier the
need for such operations was mainly caused by the age factor of a person or
traumatic fractures, then in the last twenty years the number of patients at a young
age has sharply increased, even at 30-40 years old, both men and women, without
any injuries or fractures. According to doctors, the main reasons for this disaster
are the inactive lifestyle of young people, the composition of modern artificial
foods and metabolic disorders, as well as the intensive growth of various fractures
as a result of transport and other accidents. All of the above reasons determine the
number of endoprostheses used - several tens of millions of pieces per year and
statistics show that, unfortunately, this number is increasing annually.

Medical practice proves that the repeated prosthetics of the human hip joint is
associated with great problems. In many cases, the implementation of such

© R. Turmanidze, G. Popkhadze, K. Inasharidze, 2020
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transactions becomes almost impossible. Therefore, the service life of a hip joint
endoprosthesis until the end of life for a patient, especially after operations at a
young age, is extremely important.

This circumstance explains the fact that in such leading countries of the world
as the USA, Germany, England, Japan, France, etc., large-scale research work is
being carried out to develop optimal shaping schemes, characteristics of abrasive
tools for finishing operations and the technological process as a whole, for the
manufacture of spherical endoprosthesis heads from different materials with a
minimum form error and with high surface quality indicators.

Today, in world practice, these heads are made from various alloys,
composite materials and ceramics, which are mainly isotropic materials. Therefore,
the data of the above-mentioned works do not provide the necessary information
on the processing of anisotropic materials, in particular, an artificial sapphire
crystal.

In addition, the wear resistance of the aforementioned materials in most cases
does not meet the requirements for them. And our comparative experiments prove
that the most biocompatible with the human body, wear-resistant and durable
material for the production of the above-mentioned product is an artificial
monocrystal of sapphire.

In this regard, an international project was carried out by the Ukrainian
Science and Technology Center, the executors of which were the Georgian
Technical University (Thilisi), the Institute of Super hard Materials of the National
Academy of Sciences of Ukraine (Kiev) and the Institute of monocrystal of the
National Academy of Sciences of Ukraine (Kharkov).

The project participants solved certain scientific problems, in particular: the
Georgian Technical University investigated the effect of sapphire crystal
anisotropy on the machinability and quality of the material surface during grinding;
promising, theoretical schemes for the shaping of an incomplete spherical surface
have been developed in order to improve the geometric accuracy of the spherical
part of the endoprosthesis, which is of fundamental importance for increasing the
service life of their operation by increasing the contact area between pairs of
endoprostheses and, accordingly, reducing the load per unit area their contact
surfaces. The Institute for Super hard Materials investigated the relationship
between the friction coefficient and the crystallographic features of sapphire and
annealing modes; machinability of materials with anisotropy of properties, in
particular sapphire, according to traditional technology to assess the effect of
anisotropy on the accuracy of shaping a spherical surface; Recommendations have
been developed for the process of diamond finishing of the heads of
endoprostheses of the hip joint made of artificial sapphire monocrystal. The
Kharkov Institute of monocrystals investigated the optimal growth regimes that
ensure the maximum purification of the sapphire material, as a result of which a
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sapphire with a crystallographic direction having a minimum anisotropy was
obtained.

The aim of the presented work is: to determine the degree of influence of the
orientation of the sapphire crystal on its processing by grinding by the NSP method
created at the Department of Mechanical Engineering Technology of the Georgian
Technical University and the development of a promising, original scheme the
shaping of an incomplete spherical surface, in particular, a sapphire head of a
human hip joint endoprosthesis. A detailed description of the low-temperature
grinding process (LGP) method, the kinematic diagram of the laboratory setup and
the experimental technique can be found in previous publications [1,2,3,4].

Studies of the influence of the orientation of the sapphire crystal on the
workability of the material were carried out on sapphire samples with the
orientation (0001), (1010) and (1012). Sample sizes: 10x10x6 mm and ® 10x6 mm.

Experimental studies were carried out on a laboratory setup equipped with a
special precision head. We used diamond wheels with grain size 14/10 and 28/20
on ceramic, metal and organic bonds, form 6A2.

The output parameters of the process were: processing productivity, linear
minute material removal - q, um / min; height of surface roughness irregularities -
Rz, um; relative reference profile length at level 03 - tps, %; under-relief damaged
layer - H, um.

Process factors cutting speed - V, m / s; pressure in the cutting zone P, kPa
and characteristics of the diamond tool: grain size - ds, um; concentration bundle -
K, %.

The experiments were carried out under the following conditions: cutting
speed range - V =1 ... 12 m/s; pressure in the cutting zone - P = 100 ... 1500 kPa.
Cooling liquid - filtered running water.

Based on the analysis of the data of our complex, comprehensive
experimental studies, we can draw the following conclusion:

The nature of the influence of process factors on the output parameters for the
selected orientations of the sapphire crystal ((0001), (1010), (1012)) is constant.

All other things being equal, the most difficult to machine is the orientation
(0001). For all tested diamond wheels, the ratio of linear material removal - q is
within the range

Cooo1 / Qo010 = 0,25...0,5,
while,
Q1012/ Q1010 = 0,75 ...1.

In the studied ranges of cutting modes V and P, the processing productivity

increasesatV =...6 m/s, and at V>6 m/s - it remains constant, also at P = 100 ...
1500 kPa - it grows, at P> 1500 kPa - remains almost constant.
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Of the characteristics of a diamond tool, the grit size and bond of the diamond
tool predominantly affect productivity. The effect of concentration is negligible.
With an increase in the grain size within ds = 14/10 ... 28/20, the productivity
increases by 1.5 ... 2.5 times.

The maximum value of productivity is achieved by a tool on a ceramic bond -
SK6 - 130 ... 300 um / min, for all selected orientations of the sapphire crystal.
This increases the ratio

Cooo1 / Q1010 = 0,4 0,5.

The tool on this bond works in self-sharpening mode.

All other things being equal, processing on the (0001) orientation achieves a
higher surface quality than on the other two. The difference is in 1 ... 1.5 grades of
roughness.

The surface quality is predominantly influenced by the grit size and the
material of the tool bond. With an increase in the grain, in the investigated range,
the height of the irregularities Rz grows within 1 ... 1.5 class, and the depth of the
disturbed layer H - 1.5 ... 2 times.

a B
Figure 1 —Micrographs of surfaces of experimental sapphire samples
processed by the NSP method:
a- Orientation 1010, b- 1012. Diamond wheel - ACM 14/10, special organic bond, 50%.
Cutting conditions: V =1m/s, P =750 kPa

In terms of the quality of the treated surface, the best results are obtained by
diamond wheels on organic bonds VS-11 and organic special ones, which have
been developed by us and are in the process of patenting. Compared to diamond
wheels on metal and ceramic bonds, the Rz parameter is an order of magnitude
lower ~ 0.25 pm, the tpoz parameter is 1.5 higher than ~ 35 ... 45% and the H
parameter in 3 ... 5 is less than ~ 2...5 um.

The study of the morphology of the treated surface proved the possibility of
cutting sapphire material by plastic deformation of the removed layer at low
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cutting speeds V =1 ... 3 m /s, with the smallest depth of the damaged under-relief
layer (Fig. 1).

This result is worthy of special attention, since the processing of glassy
materials, in particular, a sapphire crystal, by plastic deformation of the removed
layer is a guarantee of obtaining a treated surface with practically no hereditary
defects - without a disturbed under-relief layer. The value of H turned out to be the
smallest in these sapphire samples.

The development of a new, or improvement of the existing technological
process of mechanical processing of a sapphire head poses an urgent task of
creating new, highly efficient shaping schemes. Optimization criteria for
technological operations, such as productivity, surface quality indicators and
processing accuracy, determine the place of new shaping schemes in the
technological process, taking into account their advantages.

The methods of abrasive processing of an incomplete spherical surface of
general-purpose products used today, as separate operations of the technological
process of machining an incomplete sphere, can be divided into two groups:
grinding with abrasive diamond wheels, finishing with a free abrasive.

Our method belongs to the first group, however, as a method for diamond
abrasive processing of flat surfaces, in contrast to existing methods, it combines the
positive aspects of the methods of the above two groups, namely: with high
processing accuracy and surface quality.

To develop a theoretical scheme for diamond processing of sapphire spheres,
taking into account the kinematic and other positive features of the NSP, the
known schemes for the formation of an incomplete spherical surface were
considered and analyzed.

The closest in kinematics to the NSP method is the method of grinding an
incomplete sphere with the end of a grinding wheel with double rotation of the part
with angular velocities 2 and oz (Fig. 2), which is taken as the basis for the
development of an original version of the theoretical scheme of diamond
processing of sapphire spheres, taking into account the kinematic and other
positive features of the NSP method.

We have developed several versions [5, 6] of theoretical schemes for the
formation of an incomplete spherical surface. One version of the original kinematic
scheme for shaping an incomplete spherical surface of a sapphire head (Fig. 3) by
an end grinding wheel is shown in (Fig. 4). The cutting tool is a special, combined
face grinding wheel with two concentric diamond-bearing layers, with cutting
surfaces in the form of internal, at point A, and external, at point B, cut off cones.

The grinding wheel rotates with an angular velocity m1. The workpiece being
machined - the ball - performs a double rotary motion with angular velocities ®2
around its own axis 4 and w3 around axis 3, which is the axis of the part's spindle.
The direction of the angular velocities ®1, @2 and w3 is the same. The workpiece 2
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to be machined is pressed against the cutting surface of the grinding wheel at two
points A and B by a spring-loaded force P. In this case, the cutting surfaces of the
grinding wheel in the axial section form an angle f.

Figure 2 — Scheme of forming an incomplete Figure 3 — Sapphire Ball Head:
spherical surface with an end diamond wheel ru is the radius of the sphere;
with double rotation of the part: v is the angle of the spherical surface
1 - diamond grinding wheel; segment

2 - work piece - incomplete sphere

Figure 4 — Kinematic diagram of shaping
incomplete spherical end face
grinding based on the NPS method:

1 - face grinding wheel,

2 - work piece - incomplete sphere;

3 - axis of rotation of the part spindle;
4 - the axis of rotation of the part
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Distinctive features of the theoretical scheme from the NSP such as the shape
of the working surface of the tool, additional movement of the workpiece - rotation
of the ball around its own axis at a speed w2, the form of contact of the workpiece
surface with the cutting surface of the grinding wheel.

To create equal processing conditions at two points A and B, it is necessary to
observe the equality of both the speeds and the cutting forces.

Cutting speed. Equality of processing conditions in terms of cutting speed
means equality of the maximum values of cutting speeds and the identity of their
laws of change in the cycle in two cutting zones.

Cutting speeds when grinding an incomplete sphere according to the
proposed scheme at points A and B are given in Fig. 4 c, ¢, and d.

Resulting cutting speed vpa- at point A

Vpa=Vg =V 1)
2 2
Vo, =y/Va+Viup —2vA-vmA - C0Sd, : )
where
vA:vKA—vozRKA-col—rmsin%-oo3 3)
Similar to point A, at point B the resulting cutting speed is
Vpg =Vg — Vs , 5)
2 2
Vey :\/vB +V ug —2Vg Vg - €0SJ, , (6)
where

Vg =Vg —V,=(Rga-2r,-sin %) s+, -sin%-cg3 (7
Linear speed of the part from rotary motion with angular speed ®;
V]_Hi =I’i ‘0)2 = w, ¥, -COSp=

@, T \/sinzZ-cosza+1-sin21(1+sin a) ©)
4 4 2

w
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Where is @ the angle of inclination of the axis 4 relative to the generatrix
of the working surface of the circle in the axial section, o is the angle of rotation of

the axis 4 relative to the axis 3 with an angular velocity @5.

The current radius of the point of the surface of the part, when you rotate axis
4 around axis 3 by 180° changes within O<r, <r_ . Thus, for a complete

description of a spherical surface during one cycle, one revolution of the part
around axis 4 is sufficient, when axis 4 is rotated about axis 3 by half a revolution,
i.e. by 180°. Consequently, under these conditions, the processed spherical surface
of the part is described twice during one cycle. Once in each treatment area.
Based on the foregoing, between the angular velocities w, and o3 we have the
dependence
®2=2 m3. (10)

. V4
V, reaches a maximum at ¢ = ;r 3/ , and therefore, 5, = 2.
PA a=r A 2 2

in Y
PAmaX:vAzRKA-oal—rm-smzco3 (11)

VPB reaches a maximum at ¢z = 77 , and therefore, d,=m.

Y 4 i Y
Py = RKa @1 =21, Sin -y, +1,,-SiN @, +1,, sin o, (12)

On condition VPAmax = ] by expressions (10), (11) and (12) the ratio of

\'
PBm

angular velocities and W3 u @,

o_ 1 (13)

1+2c0s”
4

Thus, according to the proposed scheme for shaping an incomplete spherical
surface, in order to achieve equality of processing conditions in terms of cutting
speed, it is necessary to observe the ratios of angular speeds w1, ®2 and w3,
according to expressions (10) and (13).

Clamping force. The equality of conditions at two points in terms of the
clamping force is achieved by the location of the workpiece in relation to the
grinding wheel. The spring-loaded force P passes through the center O of the
sphere and coincides with the bisector of angle B and thus passes at equal distances
from two A and B processing zones. In each zone, equal efforts on P / 2 are created,
which in turn are composed of two components, normal PN and tangential Pt (not
shown in the figure). Wherein:
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Py =E-cosl' P: :E-sin x.
2 4 2 4

The kinematic similarity of the new shaping scheme with the LPS method,
taking into account the preservation of the physics of the cutting process with the
LPS, which determined its name "Low temperature” (low compared to
conventional grinding, the cutting speed is -1.6 m / s and, as a consequence, the
low temperature in contact is -100°C ), also "Precision” (high accuracy of the shape
of the working surface of the tool is achieved during straightening and is
maintained in operation by the kinematics of the process, which ensures high
processing accuracy - plane-parallelism on a 10x10 mm <lum plate), allows the
proposed shaping scheme. The name, as coming from the first, is called Low-
temperature precision grinding of an incomplete sphere, in abbreviated form -
NPSHNS, which is in the process of patenting.

It is assumed that the NPSHNS method, in comparison with the traditional
methods of diamond grinding, which are used today in the technological process of
mechanical processing of a sapphire head, all other things being equal, will allow:
to significantly (at least twice) increase the processing productivity without
deteriorating performance surface quality and shape accuracy; to significantly
improve the quality of the processed surface and the accuracy of the shape of the
product, without increasing the productivity of processing, thereby also
significantly reducing the operating allowance, as a result, the time and cost of
processing in finishing operations (transitions).

Thus, in our opinion, the NPSHNS method can be quite competitive in
preliminary operations, up to finishing, in the technological process of machining a
sapphire head.

The long-term program provides for the organization of a European project
with the creation of the necessary equipment, tools, technological equipment and
the entire technological process for manufacturing high-precision spherical
surfaces from various brittle materials of increased strength, including sapphire.

Conclusion
As a result of the study of the effect of the crystallographic orientation of a
sapphire monocrystal on the rate of removal of the processed material, as well as

the state of the subsurface layer during surface finishing by the method of low-
temperature flat grinding, it was found that:
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1. The processing capacity of a sapphire monocrystal significantly depends
on the crystallographic orientation. The relative values of material
removal for samples with different crystallographic orientations (1010)
are in the range Qooo1 / Q1010 = 0.25... 0.5, and Q1012 / Q1010 = 0.75... 1.
Under other equal conditions of the LPS process, the highest quality of the
polished surface is achieved for the crystalographic orientation (1010).
The difference with the other two orientations of the crystallographic
plane is in the range of 1 ... 1.5 roughness class.

2. The study of the morphology of the processed surface proved the
possibility of cutting sapphire material by plastic deformation of the
removed layer without cracking at a low cutting speed. Under such
machining conditions, the smallest depth of the damaged subsurface layer
was found.

3. New kinematic schemes for the processing of incomplete spherical
surfaces have been proposed, which provide a higher geometric accuracy
of parts, in particular, the spherical heads of the human hip joint
endoprosthesis.
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Paynp Typmaninze, I'eopri [lonxanze, Toinici,
Keresan [namapinze, batymi, I'py3is

MOJINIIEHHS EKCILTY ATAIIIMHUX XAPAKTEPUCTUK
IMILJIAHTIB KYJbIIOBUX CYIJIOBIB JIIOJWHHA
JIAXOM NIZIBUIMEHHA AKOCTI OBPOBKH
I TEOMETPUYHOI TOYHOCTI iX COEPUYHHUX TOBEPXOHb

AHoOTamiA. V 36'a3ky 3 mum, wWo 20706KU eHOONPOMesie MA30CMeSHOB020 CcYyanoba NOUHU
EKCNIIYamylmscs 8 eKCMpeMalbHUX YMO8ax No HABAHMAIICEHHIO, 6UDIp 8i0N08iOHO20 Mamepiany, a
maxodc niosuweHHs MoYyHoCmi | AKOCmi 0OpOOKU CHeputHuUx nogepxoHb € O0OCUMb AKMYAlbHUM
3a60annAM. Y nooaiti pobomi po3enaHymo NUMAHHA, NOGA3AHI 3 GU3HAYEHHAM CMYNEHA 6NIU6Y
opienmayii kpucmana cangipa na 11020 06pobIOEAHICMb NPU ATMAZHOMY WTIQYEAHHI Mopyem Koaa i
PO3DO6KOIO NEPCREeKMUBHOT, OPULIHATLHOT cXeMu hOpMYBanHs HenOGHOI chepuunoi NO8epXHi, 30Kpema,
cangipogoio 20106Ku eHOONPoOme3a Kyabulogoz2o cyenoba aodutu. B pezyiomami 0oCriodicents: 6naugy
Kpucmanozpagiunoi opichmayii MOHOKpucmana cangipa na inmeHncUsHicmy 3HIMAaHHs 00POBIIOEAHO20
mamepiany, a mMaxKoxjc Cmay NOONOSEPXHOCHHO20 wapy Npu O008EOeHHI NOBEPXOHb MemOoOOM
HU3bKOMEMNepamypHo2o niockoeo winigyyeanns (HIILLI) ecmanoeneno, wo o06pabamusaemocms
MOHOKpUCMANA Can@ipa 3HAYHO 3anexcums i Kpicmanoepagiunoi opicumayii. Bionocni eeaudunu
SHIMAHHA Mamepiany npu 3paskax 3 pisnumu Kpucmanozpagiunumu opicumayiamu (1010) sHaxooamsca
6 medarcax Qooor / Qroro = 0.25 ... 0.5, i Q012 / Qaoro = 0.75 ... 1. [lpu inwux pienux ymosax npoyecy HITILI
suwa skicmy waighoeanoi nogepxni docaeacmvcs 0as Kpucmanozpagiunoi opicnmayii (1010). Pisnuys
3 080MA THWUMU OPIEHMAYIAMU KPUCANIOZPAPUYECKOU NAOUUHI 3HAXOOUMbCs 6 medcax 1...1.5 knacy
wopcmrocmi.  Busuennam  mopgonozii  0bpobrenoi  nosepxmi  006edena  MOJICTUGICL  Pi3aHHs
Mamepiany cangipa niacmuuHum 0epopMyBaHHAM Wapy, Wo 3HIMAEMbcs 6e3 Ymeopents mpiujun npu
HU3bKIU weuokocmi pisaunua. Ilpu makux ymoeax mexaniumoi oOpobku Oyna eusasieHa HaumeHuid
2IUOUHA  NOWIKOOIICEHO20 NOONOBEPXHOCHHO20 wapy. 3anponoHoeaHo HO6I KiHeMamuuHi cxemu
00poOKU HENOBHUX CcOepuuHUX NOGEPXOHL 3abe3neyyiomv Oilbll GUCOKY 2eOMEMpPUYHY MOYHICHb
demanell 3 DIHUX Mamepianie, 30Kpema CQepuyHUX 20J1060K eHOONpome3a KyibUlo8020 Cy2noda
THOOUHU.

Kuarouosi citoBa: monoxpucmaniynuii canghip; anizomponisi; noOpioHents; eH0onpome3sy8anHs; mouHe
winihyeanus; popmysanis; cghepuiHa nOGepxHs.
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EXPERIMENTAL EXAMINATION OF SURFACE
MICRO-HARDNESS IMPROVEMENT RATIO
IN BURNISHING OF EXTERNAL CYLINDRICAL WORKPIECES

Abstract. This paper deals with the experimental examination of surface micro-hardness improvement
ratio in burnishing of external cylindrical workpieces. The material of the examined workpiece was
AISI 304 austenitic stainless steel. In our experiments, we investigated the sliding frictional burnishing
of an outer cylindrical surface when the burnishing tool had a diamond material-grade spherical tip.
Using the full factorial experimental design technique, we aimed to determine how the changes in
burnishing parameters, i.e., burnishing speed, burnishing feed, and burnishing force effect on the
changes of surface micro-hardness and surface micro-hardness improvement ratio. Based on
examinations, the best burnishing parameter combination could be selected.

Keywords: AISI 316Ti austenitic stainless steel; slide diamond burnishing; micro hardness;
improvement ratio of micro hardness.

1. INTRODUCTION

Due to their increased corrosion resistance, stainless steels are widely used in
various fields of engineering practice, such as food industry, chemical industry,
and automotive industry. The most common requirements for the surfaces of parts
made of such steels are low roughness, high micro-hardness and wear resistance.
These requirements can largely be satisfied by the use of cold-plastic burnishing
technologies.

Sliding friction burnishing is kinematically similar to turning, but instead of the
insert of the cutting tool, the deforming element is a large radius sphere tip that is
moved by applying a certain amount of pressure to the surface to be machined.
This creates a plastic deformation on the surface of the workpiece and in the layers
close to the surface (Fig. 1) [1].

Burnishing improves the surface roughness, creates compressive residual stress and
increases the hardness. The implementation possibilities of surface plastic
deformation based on the work of Maximov et al. [2] are illustrated in Fig. 2.
Dynamic methods can almost always be used indefinitely to treat complex surfaces.
Static methods are more suitable for improving the surface integrity of rotationally
symmetric parts. Sliding friction burnishing was classified in detail by Maximov et
al. [3] and analysed from different perspectives. Examples of classification criteria
were: a) the object studied (surface integrity, functional characteristics of
burnished surfaces, physical nature of the process), b) the material and shape of the
deforming element, c) the method of testing, d) the machined material qualities

© G. Varga, V. Ferencsik, 2020
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(steel, non-ferrous metal alloys), e) type of machined surface (outer cylindrical
surfaces, inner cylindrical surfaces, flat surfaces, complex surfaces, discontinuous
cylindrical surface), f) examination of process parameters (ironing force, ironing
depth, feed, ironing speed, the number of passes, the lubricant, the radius of the
spherical tool, the diameter of the cylindrical tool).

Figure 1 — Schematic of sliding friction burnishing [1]
1 - workpiece, 2 - forming element, 3 - spring

Surface plastic

deformation
|
v v
Dynamical Static
* shot peening * slide burnishing
* laser peening * ball burnishing
* water cavitation peening * roller burnishing

Figure 2 — Implementation possibilities of surface plastic deformation [2]

In the analysis of surface integrity, it was found that 33% of the more than 100
dissertations examined dealt with roughness while 21% dealt with micro-hardness.
79% of the studies implemented sliding friction ironing with a diamond deforming
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part. Another interesting fact is that three-quarters of the studies used an
experimental test method. 75% of the studies analysed focused on the examination
of the external cylindrical surface. The three most commonly studied parameters
were ironing force, feed, and ironing speed. 65% of the reinforced workpieces
were made of steel, of which 28% dealt with the cold-plastic burnishing of
stainless steels. In the following, we deal with the research of the burnishing of
stainless steels.

2. COLD FORMING MACHINING OF STAINLESS STEELS

The research by Shiou et al. [4] aims to develop a new burnishing tool embedded
in a measuring cell integrated with a CNC lathe that improves the hardness of
smoothly turned AISI420 stainless steel. Based on the experimental results, the
appropriate combination of process parameters is as follows: sphere material WC,
burnishing force 650 N, feed rate 0.05 mm/rev, speed 25 m/min, coolant-lubricant
(oil/water concentration 1/20) and the number of passes is 3. The surface hardness
of the smoothly turned specimen could be increased from HRc 51 to HRc 52.5 on
average by using the appropriate process parameters. Sachin et al [5] performed
diamond burnishing in a minimal quantity lubrication (MQL) environment on 17-
4PH stainless steel. Their aim was to investigate the effect of process parameters
on surface integrity characteristics, including surface hardness, when using a new,
modified tool. With their burnishing, they achieved that the improved maximum
surface hardness of 405HV using diamond spheres with radii of 3 mm and 4 mm.
The paper of Varga and Ferencsik [6-7] deals with the analysis of hardness of
diamond burnished workpiece surfaces of low alloyed aluminium. Within the
studied parameter range, the rate of improvement in terms of surface micro-
hardness was maximized at 13.67%, which could be increased by increasing the
force and by decreasing the feed rate.

3. EXPERIMENTAL CONDITIONS

3.1. Material, specimen

Austenitic chromium-nickel stainless steel 1.4301/AISI 304, often used for
equipment in the chemical, oil and food industries, was the subject of the
experiment. It is characterized by high corrosion resistance and easy formability.
Its chemical composition is given in [7], its mechanical properties in Table 1.

Table 1 — Chemical composition of AISI 304 stainless steel (wt. %) [8]

C% Si% Mn % P % S% Cr% Ni % N %

<0.07 <1.00 <2.00| <0.045 | <0.015 | 175-195 | 8.0-105 | <0.11
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Table 2 — Mechanical properties of AlSI 304 stainless steel at 20°C [8]

Hardness 0.2% Yield Tensile strength, Elongation Modulus of
HB 30 strength, Rp Rm A5 elasticity
<HB > N/mm? N/mm? >% kN/mm?

215 190 500-700 45/35 200

The physical properties of AISI 304 stainless steel at 20°C were [8]: Density 7.9
g/cm?, Specific heat capacity 500 J/kg K, Thermal conductivity 15 W/m K, and
Electrical resistivity 0.73 Q mm?/m.

Geometrical dimensions of the specimens used for the reinforcement experiments:
5 adjacent cylindrical surfaces with a diameter of ®49.48 mm and a length of 26
mm. The machining parameters for the fine turning of the test piece before ironing
were: cutting speed ve = 90 m/min, feed f = 0.05 mm/rev and the depth of cut a. =
0.05 mm. Micro-hardness data can be found in Table 4.

Figure 3 — The technological realization of sliding burnishing process

Burnishing of outer cylindrical surfaces can be executed on conventional universal
lathe or up-to-date CNC lath. The previous one was applied because of it rigidity
as can be seen in Fig. 3.

3.2. Research methodology, measuring techniques

For the present series of experiments, we examined the effect of three factors, each
at 2-2 levels according to the method of factorial experiment design [9-10].
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The advantage of this method is that an empirical function relations can be written
between the input (independent) parameters and the output (dependent) variable.
Independent variables are called factors. The different set values of the factors are
called levels.

The burnishing experiments were performed on a renovated, sufficiently rigid EU-
400/01 type SZIM lathe at the Institute of Manufacturing Sciences of the
University of Miskolc. The material of the burnishing tool was PCD and its radius
was R = 3.5mm. Manual application of lubricant, type SAE 15W-40, was small.
The experimental design matrix of the reinforcement parameter variants is shown
in Table 3.

Table 3 — Burnishing parameter variants

No. Adjusted parameters Transformed parameters
v [m/min] | f[mm/rev] | F[N] X, X, X,

1 41.17 0.0125 30 -1 -1 -1
2 58.26 0.0125 30 +1 -1 -1
3 41.17 0.0500 30 -1 +1 -1
4 58.26 0.0500 30 +1 +1 -1
5 41.17 0.0125 40 -1 -1 +1
6 58.26 0.0125 40 +1 -1 +1
7 41.17 0.0500 40 -1 +1 +1
8 58.26 0.0500 40 +1 +1 +1

The following burnishing parameters were examined: burnishing speed, feed rate
and burnishing force, as it can be seen on Table 3. Table 3 contains the burnishing
parameters in natural dimensions and in transformed (dimensionless) way.

3.3. Measuring of micro-hardness of the surface

The surface hardness of the test pieces was measured (before and after ironing) on
an (Wilson Instruments Tukon 2100B) hardness tester at the Institute of Metallurgy,
Plastic Formation and Nanotechnology of the Faculty of Metallurgical Engineering.
The device measures Vickers hardness too. The principle of it, as is usually the
case with all hardness measurements, is to examine how the test material
withstands plastic deformation using a standard resource. During the measurement,
a 136 ° diamond pyramid was pressed with 1 N force for 10 seconds on the surface
to be measured at 3 points along a generatrix.

Figure 4 illustrates a state of the measurement process. In our investigation we
have created a dimensionless ratio (1) to make the changing of surface micro-
hardness more visible.
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HVa— HVb
IRHV = ——-100,% Q)
HVa

where

IRHv is the ratio of surface micro-hardness improvement (%).

HVb is the surface micro-hardness before burnishing process.

HVa is the surface micro-hardness after burnishing process.
The highest the value of IRHV, the greater is the improvement. The measured data
and the calculated improvement ratios are summarized in Table 4.

Table 4 — Measured values and calculated improvement ratios

HV 1
No. After Turning After Burnishing IRHV, %
1 316,00 370,33 17,19
2 341,00 360,00 5,57
3 324,00 379,67 17,18
4 319,33 381,67 19,52
5 310,67 383,67 23,50
6 308,67 365,00 18,25
7 318,67 381,67 19,77
8 313,67 384,33 22,53

IRHV [%]

Burnishing speed
v, [m/min]

Feed, [mm/rev]

Figure 4 — Changing of surface micro-hardness improvement ratios
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Application of Full Factorial Experiment Design method empirical formula (2)
could be created from the calculated values. Calculations and axonometric figure
(Fig. 4) was prepared using ,,MathCAD 15.0” software.

IRHV = 94.119 — 2419 - v — 1.746 - 103 - f —1.257 -F + 49.634 - v- f +0.049 - v F )
+28304-f-F—-0928-v-f F

4. SUMMARY AND DISCUSSIONS

The paper deals with the experimental analysis of sliding burnishing when the
material of the workpiece is austenitic chromium-nickel stainless steel.
Experimental parameters were the burnishing speed, feed rate and burnishing force.

The aim of the experiments was to determine the effect of the change of these

parameters to the surface micro-hardness.

On the base of the present research work it can be stated:

e Among the examined parameters the effect of burnishing force is the most
dominant and it is followed by the feed, and the less dominant parameter is the
burnishing speed.

e The best improvement ratio of surface micro-hardness resulted when the
burnishing parameters were as follows: F=40 N, f=0.0125 mm/rev and v=41.17
m/min.

ACKNOWLEDGEMENTS

“Project no. NKFI-125117 has been implemented with the support provided from
the National Research, Development and Innovation Fund of Hungary, financed
under the K 17 funding scheme.”

References 1. J.T. Maximov, A.P. Anchev, V.P. Dunchev, N. Ganev, G.V. Duncheva, K.F. Selimov:
Effect of slide burnishing basic parameters on fatigue performance of 2024-T3 high-strength aluminium
alloy, Wiley Publishing Ltd. Fatigue Fract Engng Mater Struct 00 (2017) 1-12.
https://doi.org/10.1111/ffe.12608. 2. J.T. Maximov, G.V. Duncheva, A.P. Anchev, N. Ganev, .M.
Amudjev, V.P. Dunchev: Effect of slide burnishing method on the surface integrity of AISI 316Ti
chromium-nickel steel, J Braz Soc Mech Sci Eng (2018) 40(194). https://doi.org/10.1007/s40430-018-
1135-3. 3. J.T. Maximov, G.V. Duncheva, A.P. Anchev, M.D. Ichkova: Slide burnishing review and
prospects. The Int. Journd of Adv. Manuf. Technology (2019) 104: 785-801,
https://doi.org/10.1007/s00170-019-03881-1. 4. F.J. Shiou, S.J. Huang, A.J. Shin, J. Zhu, M. Yoshino:
Fine surface finish of a hardened stainless steel using a new burnishing tool. Procedia Manuf. (2017)
10: 208-217. 5. B. Sachin, S. Narendranath, D. Chakradhar: Sustainable diamond burnishing of 17-4
PH stainless steel for enhanced surface integrity and product performance by using a novel modified
tool. Mater Res Express (2019) 6: 046501. 6. G. Varga, V. Ferencsik: Analysis of hardness and
residual stress of diamond burnished workpiece surfaces, GEP, LXVIIL. Vol., 4: (2017) 89-92 (In
Hungarian). 7. G. Varga, V. Ferencsik: Analysis of Surface Micro-hardness on Diamond Burnished
Cylindrical Components, REZANIE | INSTRUMENTY V TEKHNOLOGICHESKIH SISTEMAH 90:
1, (2019) pp. 146-152. 8. http://www.metalcor.de/en/datenblatt/5/ (2020.05.17). 9. G. Taguchi: System
of Experiment Design, (1984) p. 143. UNIPUB, Kraus International Publications, White Plains.

120



https://doi.org/10.1111/ffe.12608
https://doi.org/10.1007/s00170-019-03881-1

ISSN 2078-7405. Cutting & Tools in Technological System, 2020, Edition 93

10. L. Fridrik, Chosen chapters from the topics of experimental design of production engineering.
Miiszaki Konyvkiado, Budapest (1987) (In Hungarian). 11. C. Montgomery: Design and Analysis of
Experiments, 7th edn., (2009) International Student Version, Arizona State University.

Jsrona Bapra, Bikropis @eperunk, Mimkonei, YropmuHa

EKCIHEPUMEHTAJILHE JOCJJKEHHSI CTYIIEHS
MIJBUILEHHSI MIKPOTBEPJIOCTI IOBEPXHI
P BUI'JIAJIKYBAHHI 30BHILIHIX IOBEPXHOCTE
LUAJIIHAPUYHUX JETAJEMR

AHoTaniss. Poboma npucesuena eKcnepuMeHmarbHOMY —OOCTIONCEHHIO CMYNeHsi RiOGUWYEeHHs
MIKpOmeepoocmi  NOGepXHi Npu  UAOJICYBAHHI 308HIUHIX NOGEPXOHb  YULIHOPUYHUX —Oemaiel.
Buenaooicyeanuss mepmsam KOG3aHHSA NO KiHeMamuyi auaio2iuHo MOKApHill o6pobyi, ane 3amicmo
6CMABKU PI3ATIbHO20 THCIMPYMEHmY, 0eopmyloull elemMenm A61A€ cobol cheputHull HAKOHEUHUK 3
SeNUKUM PAOIYCOM, AKUU NePeMilyacmvCs WIAXOM 3ACMOCYBAHHA NPUMUCKY 3 NEBHOK CULOI0 00
06pobnosanoi nosepxwi. ILle cmeopioe naacmuuny depopmayito Ha NOGEPXHI 3a20MOBKU | 6 WAPAX,
onusvkux 00 nosepxni. Taxuil npoyec 06poOKU NOKPAWYE WOPCMKICIMb NOBEPXHI, CMEOPIOE 3ANUUKOBY
Hanpyey cmucHeHHs I 30inbuiye meepodicmv.  Mamepianom 0ocnioxcyeanoi 3azomosku  6yna
aycmenumna uepoicagiroua cmans AISI 304. 'V danux excnepumenmax 6yno 00Cuiodceno gpuxyiine
BUNIAONHCYBAHHS KOB3AHHS 3068HIUHbOT YUTNIHOPUUHOI NOBEPXHI, KOMU BULTIAONCYBANbHUL [HCMPYMEHM
Magé cheputHull HAKOHEYHUK 31 WMY4H020 aimasy. Buxopucmosyouu memoouxy nosHozo pakmoprozo
eKcnepuMenny, nepeciioyeanacs Mema eUsHAUUmu, AK 3MiHU Napamempie GuUena0dICy6anHs, Maxi AK:
WEUOKICMb  BUSNAOJICYBAHHA, NO0AYA | CUNA NPUMUCKY BUIAOJICYBAYA ENAUBAIOMb HA  3MiHU
MIKpomeepoocmi noeepxHi i Koegiyicnmy noninuwienns mikpomeepoocmi noeepxui. Ha niocmaei
Q0CHIOJCEHb MOJICHA BUOPpAmMU Kpaw)y KoMOIHayilo napamempie yvo2o npoyecy. [ns Oawoi cepii
eKcnepumenmie 6y10 00CIiONCEHO BNIUE MPbOX YUHHUKIG, KOJICeH HA 2-2 PIBHSX 8I0N0GIOHO 00 Memody
garxmopnozo nnanyeanns excnepumenmis. llepesaca yvoeo memoody noiaeac 8 MOMY, WO MidC
BXIOHUMU (He3anedCHUMU) napamempamu i 6UXiOHOI0 (3aneJCHOI0) 3MIHHOIO MOJice Oymu 3anucana
emnipuuna @yuxyis. Ha nidcmagi nposedenoeo 00CHiOdNCeHHsi MOICHA KOHCMAMysamu, wo cepeo
PO32NAHYMUX NAPAMEMPIE 6NJUE CUTU NPUMUCKY 8UTA0NCYBAYA € HAUOIIbW OOMIHVIOUUM, 30 HUM
cidye nooaua, a meHw OOMIHYIOYUM RAPAMEMPOM € WeUuoKicmy euenaddcyeanns.  Haiikpawuil
Koegiyienm noninwients Mikpomeepoocmi noeepxui 6ys Oocsenymuil, KOIu napamempu npoyecy
suenaodcysanns 6ynu nacmynuumu: F =40 H, f=0,0125 mm /06 i v =41,17 m/ xs.

KarouoBi caoBa: aycmenimua muepocagiova cmamv  AISI 316Ti;, anmasne 6uenadcysanns;
MiKpomeepOicmb; Koeghiyichm noinuents Mikpomeepoocmi.
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RELATIONSHIP BETWEEN PROCESSING TEMPERATURE
AND INTERRUPTION IN THE GRINDING PROCESS

Annotation. This article discusses issues related to the processing of grinding wheels with an
intermittent working surface and their influence on the grinding process. To solve this problem, it was
necessary to first identify the relationship between the discontinuity of the process and the shock load.
Next, determine the trajectory of movement of the forming point of the circle. A diagram of the
movement of the center of mass of the circle and the forces acting on it is constructed. Equations are
derived that determine these displacements. A system of equations describing the movement of the
spindle axis under the action of cutting forces and power imbalance of the wheel is presented. The
relationship between the frequency, amplitude of forced vibrations and displacements of the axis under
the action of a harmonic disturbing force has been established. Theoretical calculations are confirmed
by practical results. Based on the movement of the forming point of the circle, the parameters of the
profile of the machined surface are set. The influence of the discontinuity of the process on the grinding
temperature is considered.

Keywords. intermittent grinding; vibrations during grinding; trajectory of movement; hit; surface
profile; grinding temperatures.

One of the ways to improve the technical level and quality of products is to
improve existing technological processes, incl. and grinding.

It is known that the operational properties of machine parts depend not only
on the accuracy of their manufacture, but also on the high quality of surfaces
achieved in the final machining operations - grinding operations.

At the same time, one of the most common defects in these operations can be
burned surfaces and, as a result, a violation of the structure and physical and
mechanical properties of the surface layer. The solution to this problem is possible:

1) By reducing the grinding modes, and, consequently, the processing
efficiency.

2) The use of new technological methods of processing, in particular, an
abrasive tool with an intermittent working surface.

Discontinuous circles can be directly attributed to this type of tool design (a
description of the design and technological capabilities are given in numerous
works of Prof. A\V. Yakimov and his students, composite wheels, segment
grinding wheels.

However, the use of this type of abrasive tool is constrained by the presence
of tool vibrations (caused by the impact of the protrusion at the moment of contact
with the workpiece), the possibility of waviness and unsatisfactory roughness on
the work surface.

© V. Naddachyn, 2020
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For purposeful control of these parameters during intermittent grinding, it was
necessary to identify how waviness is formed on the treated surface, as well as to
determine the relationship of the formed waviness with the design of the
intermittent circle, its oscillations, processing modes and temperature dependences.

It is known that during grinding there are certain possibilities to control the
quality parameters of the processed surface. But for an effective solution to this
process, you need to know the reasons affecting these parameters.

The process of forming geometric parameters, in particular, roughness and
waviness on the processing surface.

Basically, the works deal with the formation of roughness [1, etc.].
Conditions conducive to the appearance of waviness are rarely considered [2, 3].

The choice of the optimal parameters of waviness and roughness is proposed
to be made based on the service purpose of the part and the corresponding
operating conditions of the friction pairs.

The relationship between the parameters of the shock load and the amplitude
of forced vibrations with the design of the grinding wheel.

As noted above, the oscillation parameters of the grinding wheel-spindle
system, its amplitude and frequency, are a consequence of the impact of the shock
load arising from grinding with intermittent wheels. The carried out experiments
also found that the repetition rate of shock pulses depends on the number of
protrusions and the speed of rotation of the circle. For example, for a circle with a
diameter of @250 mm and with a constant rotation speed n = 3000 rev/m, the
frequency of additional forced oscillations will be: f = 182 ... 546 Hz; (for circles
with 4 ... 12 lugs)).

This is clearly confirmed by the oscillograms of the shock load (Fig. 1). With
a change in the number of protrusions, the repetition time of shock pulses also
changes, and with a change in the design of the circle (intermittent or
compositional), the amplitude of the shock load changes.

The action of the shock load accordingly causes the grinding wheel to vibrate
with a certain amplitude and frequency. The magnitude of the vibration amplitude
is also influenced by the processing modes.

With an increase in the table speed, the relative speed of collision of the
cutting edge of the tool with the workpiece surface [4] increases, the impulse of the
force and the kinetic energy of the colliding bodies, depending on the speed (f. 1).
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At the same time, due to the closed nature of the "cutting process - EES"
system, the change in the Kinetic energy of impact (Eo), according to dependence

)
3 .1 h\/\:g
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Figure 1 — Changes in the repetition rate of the shock load and its amplitude
from the structure of the circle.
(1 - broken circle with 2 protrusions (at Vg = 0.17 m/s, t = 10 10 m, gain F, = 1 V/div,
Fy =2 V/div); 3 - circle with n = 8 pcs.; 5 - circle with n = 12 pcs.
(at Va = 0.3 m/s, t =50 10 m, gain F (Fy) = 5 V/div))

me? @

causes a change in the amplitude of oscillations (A) [4].

Therefore, it is necessary to determine the magnitude of the vibration
amplitude caused by the shock load, as well as the trajectory of the displacement of
the center of the circle and the "forming point".

It is known that the trajectory of the grinding wheel is a complex closed
cycloidal or quasi-cycloidal curve.

First, consider the trajectory of the axis of the grinding wheel in the presence
of imbalance. Then, the imbalance of the spindle assembly can be represented in
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the form of: structural imbalance (q_',‘_) (for example, a violation of the symmetry of

the location of the projections and depressions of the circle); technological (g_)
(associated with a certain tolerance in the manufacture of elements of the spindle
assembly, assembly inaccuracy, etc.); operational (q_a) (associated with a change in

the size of the grinding wheel during processing and a shift in its center of mass
due to the uneven density of its material). That is, representing as the main vector

of unbalanced forces (Q) (3).
Q=7q,+7q, +7, 3)

These imbalances will cause low-frequency oscillations (let's call them the
carrier (fundamental) frequency) of the "grinding wheel - spindle” system, the
amplitude of which depends on the value of the displacement of the center of mass
of the grinding wheel Aq = f(E), (that is, its imbalance), and vibration frequency -
from the angular speed of rotation of the spindle @ = f (n). When additional
counterbalancing forces are introduced into the system, opposite in sign, the main
vector of unbalanced forces can be reduced to the minimum permissible, in terms
of technological capabilities. That is, by balancing the grinding wheel or the
spindle unit as a whole.

§=—§g—»min

Taking into account additional forced vibrations, associated with the specific
features of grinding with these wheels, we will compose a differential equation of
motion of the center of mass of the wheel and the relative rotations of the spindle
axis about the center of mass.

Let's make a number of assumptions:

1). When recording an oscillogram during grinding, oscillations are clearly
visible associated with the presence of cutting forces and imbalance of the wheel,
the frequency of which corresponds to the spindle rotation speed, with the
superposition of a higher order harmonic on the fundamental component, caused
by the action of impact forces Fy, the frequency of which corresponds to the
frequency of change of these forces (the number of protrusions on the circle) (Fig.
2,3).

That is, system vibrations will occur due to imbalance of the grinding wheel
and impact forces caused by the intermittent cutting process.

2). There is no damping in an elastic technological system.

3). Studies carried out on a surface grinding machine (type 3G71) showed
that the rigidity of the magnetic table, and, consequently, of the part installed on it,
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is approximately 2 orders of magnitude higher than the rigidity of the spindle
supports. That is, it is assumed that the part has absolute rigidity and table
vibrations can be ignored.

4). The spindle of the machine, together with the grinding wheel, is
considered rigid, mounted on flexible supports, since the bending stiffness of the
spindle significantly exceeds the stiffness of the supports.

5). The spindle axis is aligned with the geometric center of the circle.

Let's find the equation of motion of the circle, taking into account its
imbalance.

Figure 3 — Oscillograms of vibration displacements (a) sweep
(circle with 4 protrusions); (b) with 12 projections

Let yi1, Yo, 71, 2o represent small displacements of the spindle axis in the
supports during vibrations in the radial and tangential directions (on the 1st and
2nd supports, respectively) (Fig. 4).
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We find the displacement of the center C of the grinding wheel mass through
the movement of the spindle in the supports (Fig. 5) (in the vertical and horizontal
planes).

Figure 4 — Diagram of the radial movement y.. of the center of mass
of the grinding wheel depending on the movement of the spindle axis in the supports

Figure 5 — Scheme of the acting forces of an unbalanced cantilever spindle
with a grinding wheel

Iﬁp+xq Iﬁp+xq
Vo =V, Ty =2,
Yex1 — M1 cK
I Xy

where x, — is the point of intersection of the beam axis with the horizontal line
under equilibrium conditions.

Let's designate Cq1, Ce2, C.1, Co2 stiffness of supports. Bearing reactions in the
Y and Z directions caused by small displacements yi, Y2, z1, z2, Will be Ce1-y1,
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Co2'Y2, Ca71, C2'Z2. The disturbing factors for an ordinary circle, taking into
account its imbalance, will be the cutting force Py, and the unbalanced centrifugal
force Pys. (fig. 5).

The equation that determines the displacement of the center of mass in
projections on the Y and Z axes has the form (4)

P
E-jim—l— Cor "V, —Coa" ¥V, + Ppes " Sind + P = Py g - sin wy,t;

— B +Cyzy —Cy 2y + Ppes cosd = Pyg - COS W t,
g

(4)

where P —is the force of gravity.

To fully determine the movement of the spindle axis, it is necessary to
compose differential equations describing the rotations of the spindle axis x;
relative to the fixed axes X and Z. According to the law of change in the angular
momentum, the time derivative of the total angular momentum of a moving system
about a fixed axis is equal to the moment of forces about the same axis. As a result
of elastic deformations, the axis of rotation x; makes small angles a and $ with the
fixed coordinate planes XY and XZ. The angles of rotation of the spindle axis in
the vertical and horizontal planes through the movement of the spindle in the
supports will be

-, Za—I4

=T g =R ()

The components of the angular momentum about the axes xi, yi, z1 are
determined

L.rlz_f'wﬁp: L}'lz_fl'ﬁ: LzJ.:IJ. 'ch

where I — is the moment of inertia of the grinding wheel relative to the x; axis;

1; — moment of inertia of the grinding wheel relative to the axes oy: and oz.
We find the angular momentum relative to the fixed axes X and Z by
designing the moments L,4; L.4; L,y on these axes.

Ly =Ly + Ly o=—I"B—1 wg x;
LZ=L21+L11'1€ =_Il'&_f'wﬁp'ﬁ'

Based on the law of changing the amount of motion, the moments of external
forces are defined as (6)
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d d

_Ll,r: MZ L‘,-
dt dt ©)

Taking into account (5) and (6) the differential equations describing the
rotations of the spindle axis can be written

Ml,r:

Mz"‘cal'3’1'IHP_CBZ'3’2'(I+‘T’Kp)=03

: O
My —Coy 2y by + Crp 2 - (14 L) = 0

The system of differential equations describing the movement of the spindle
axis of the grinding wheel in space under the action of cutting forces and
imbalance of the wheel has the form (8):

P [ .Eﬂp+xuL . .
5' v, - . + Co1 ¥, —Coa ¥V, + Pp " SINE+ P = Py sinwgt;
I

P { Iﬁp+xq
— |2 ——— | +Cr 2y —Cra~Zy + Ppe;-€0s8 = P COS Wt

g Xy
i, — i -1,
I - ZI l+f'wﬂp' I +Cal'3}l';‘ﬂp_caz'3}g'[I+Exp)=0:
Z)— 2y y, =y
L= +bwm-ll2—qfq¢m+qf@-0+%)=a ©

The system of equations (8) is compiled for the power imbalance of the
circle, at which the vibration amplitude is 2 ... 3 times greater than the vibration
amplitude caused by momentary imbalance.

In the presence of gyroscopic moments, vibrations in the YOX and ZOX
planes are interconnected, that is, plane vibrations of the shaft are impossible and
represent "direct” precession with an angular velocity equal to the spindle rotation
speed.

A particular solution of the system of differential equations (8), which are
oscillations of a spindle with a circle under the action of cutting forces and the
presence of an imbalance, has the form (9)

yl=ym—|—Bl-sincqut; y?=y20+32-sinwﬂpt;

Zy = Z1p + Ay - COsSwt; Zy = Zyp+ Ay COSwt, 9)

KEp
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where y, v, . Z1q, 259 — are the displacements of the points of the spindle axis

lying in the plane of the supports caused by the action of the cutting forces Ppes
and the gravity force of the circle P (Fig. 6).

Ay, 4,, By, B, — vibration amplitudes of the grinding headstock supports
(horizontal and vertical).

Yoa. ] 1}0 Ym

Figure 6 — Surface described by the spindle axis in space under the influence
of imbalances of the grinding wheel

After transforming equations (9) and substituting in (8), taking into account
the representation of the cutting force Ppes in the form of a permanently acting
force changing according to a sinusoidal law, and the force of gravity P as a
uniformly distributed mass over the entire volume of the circle, we find the
determinants of the A system, and on the first support AA4;, and AB,;. And after
excluding the parameter t from equation (9), we obtain the canonical equations of
ellipses (10) with the origin at the points O1 (y ,, z1) and Oz (¥,, Z20),

respectively.
2

(}}l - }}m)d (zl - zlo)z -1

]

B A
10
, , (10)
(J'}g - }}20) (Zz - ZZD) -1
B: A )

Consequently, under the action of unbalanced forces, as a result of the
addition of gyroscopic vibrations in the vertical and horizontal directions, the end
of the spindle axis describes an elliptical trajectory.
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As studies have shown, on the main component of wheel vibrations (Fig.3a)
associated with its imbalance, another harmonic of a higher order is superimposed,
arising under the action of a disturbing force F, (i.e. shock load), associated with
the specific conditions of processing these circles (Fig. 7).

Representing the disturbing force F, in the form of two components F,, and
F.;, expanding them in a Fourier series and considering certain harmonics, then

F., = B -sinw;t;
F..=A-sinwt,
where A and B are the amplitude values of the forces F,; and F

By

Figure 7 — Oscillograms of the shock load arising in the process of grinding
(z1 — is the time of passage of the protrusion, 72 — is the time of passage of the groove)

Equations of motion of the center of a circle under the action of a shock load
in the YOZ plane
i+ w?y =B -sinw,t; (11)
Z+w'z=A sinwt.

Making the appropriate transformations, we find the displacement of the axis
under the action of a harmonic disturbing force F,

. B
¥y =—F—— sinwt;
w* — wy
A
Z =—F—— sinwt.
w? — w (12)
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That is, under the action of a harmonic disturbing force, the spindle axis
relative to the ellipsoidal curve will also perform harmonic sinusoidal oscillations.

Thus, based on the principle of superposition when grinding with intermittent
wheels, the center of mass of the wheel will describe in the section plane YOZ,
perpendicular to the spindle axis, a complex closed curve described by expression
(13) which determines the position of the center of mass of the wheel at a given

time t, relative to the fixed coordinates O'Y and O'Z.
Y =B sinwyt, + U, - sinwgt, - sin wgtc;} 13
Z =A, coswgt, + U, -sinwgt, - coswyt,, (13)

where 4. and B, — are the amplitudes of horizontal and vertical (respectively)
oscillations associated with the imbalance of the circle;

U, and U, — are the amplitudes of forced radial and tangential oscillations
associated with the action of the forced disturbing force;

wy, and w, — are the frequencies of the fundamental and high-frequency
components of forced oscillations (respectively).

That is, a system of equations (13) was obtained, which determines the
coordinates of the movement of the grinding wheel axis, taking into account the
amplitude and frequency of its oscillations under the action of the emerging forces
in the section plane perpendicular to the spindle axis, along which the trajectory of
the wheel center movement was calculated (Fig. 8).

Figure 8 — Estimated trajectory of movement of the center
of the circle in the plane (YOZ), for one revolution, with different
processing modes (the circle is intermittent with 12 projections)
1) at Vo =0.05 m/s, t = 10 106 m; 2) at Vo = 0.03 m/s, t =50 10 m
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The figure shows that under the influence of the above factors, the center of
the circle describes a rather complex trajectory. Moving along the ellipsoidal curve
(a), it also performs sinusoidal displacements relative to this curve. With an
increase in processing modes, the amplitude of sinusoidal displacements increases.
The theoretically calculated trajectory is similar to the trajectory of displacement
obtained experimentally (Fig. 9, 10).
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Figure 9 — Oscillograms of vibration displacements of the circle center.
a) displacement during idle rotation as a result of imbalance;
b) vibration displacement when working in a circle with 10 projections;
c) part of a circle with 10 projections

During idle rotation (Fig. 9a), as a result of imbalance, the center of the circle
makes ellipse-like movements. In the process of grinding, under the action of the
protrusions of the circle, its center moving along a closed trajectory,
simultaneously makes additional sinus-like movements relative to this trajectory
(Fig. 9b, c).

Therefore, knowing the movement of the center of mass of the circle, we can
proceed to the consideration of the formation of the profile of the treated surface.

Formation of a profile on the treated surface when grinding with intermittent
wheels.

The shaping point of the circle, copying the movement of the center along the
path 1', would also sequentially occupy positions 1', 2', 3', 4', etc., moving along
the path 2'. But since the grinding wheel is a volumetric body with a radius R, then
the profile formed on the surface of the part will be the envelope of a family of arcs
formed by the forming point of the periphery of the circle (with radius R,,) and
having the form (Fig. 11)
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Figure 10 — The trajectory described by the center of the circle at idle rotation (),
while grinding (b) by a wheel with 4 protrusions

Figure 11 — Scheme of surface profile (waviness) formation

The relationship between the profile formed on the processed surface with the
dynamic and kinematic parameters of the working tool can be represented as [3]

th = Yozu(?.()un. + YU?M6.KUII.1 (14)

where Yo.us.0u. = fi(Xous) — CUrve parameters associated with the dynamics of the
process;

134



ISSN 2078-7405. Cutting & Tools in Technological System, 2020, Edition 93

Yoeus.un. = Fo(Xam) — the parameters of the curve associated with the kinematics of
the formation of irregularities, depending on the geometric parameters of the circle
(the number and length of protrusions and depressions).

The coordinates of the profile of the wavy surface during flat grinding with
the periphery of the circle are determined by (f. 15),

R-y

JOR G

R-x
=¥

Y —_,
v (@)? +(G)? (15)
where R — is the radius of the circle;
X and ¥ — are the coordinates of the center of the circle.

Substituting equations (13), taking into account the longitudinal displacement
(Vo) of the part relative to the circle in (15) and making some simplifications, we
obtain the parameters of the dynamic component of the profile of the wavy surface
for the i-th harmonic formed during intermittent grinding (where Y — y, Z — x):

X,z:m—r =X

I+

I+

Ko = (Acrl_ + U, sin wB[tc) cosawy t, + Vot +
+R[(BCB[ + U."[ sin ﬁ-‘a[tc)ﬁ-‘a[ - COSwy, L, + U-"[ * Wy, COSW, T, - Sin w[,l_tc]
v ;

Yo = (BCB‘ + U},[ sin cual_tc) sin gt +

R[Uzi " Wy, COSWg L, COS wy T, + Vy — (Acrl_ + U, sin mﬂitc)wgisinwuitcl
+ ,
v (16)

where
V=02 + ()2

| 2
_ |[Uzt_ * Wy COSwy t.coswy Lo+ 1V, — E:Afri_ + U, sin waitc)wnisinwoitc]

, 2
\J +[(Bc5,- + Uy, sin waitc)wai s cosag t; + Uy, - wg coswg T, - sin a-‘oi-tc]

The solution of the system of equations (16) makes it possible to obtain the
parameters of the wavy surface (X, Y,) taking into account the dynamics of the
cutting process.

Macroroughnesses obtained from the second (Yoous.un. = f2(Xwu)) COMponent
in (f. 14), in fact, are quantities of the second order of smallness, in comparison
with the waviness formed due to the dynamics of the process and they can be
neglected.
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Based on the data calculated from dependencies (16), the trajectory of
movement of the shaping point of the circle and the profile of the generated wave
is constructed (Fig. 12).

Figure 12 — The formation of waviness when machining with a broken circle
(with 12 ridges). A - trajectory of the shaping point (for one revolution of the circle);
1,2, 3,4 ... n - the position of the forming arcs of the circle; B-B - envelope of the arc
system (wave profile); h — is the depth of grinding

The shape-forming point of the circle, making loop-like oscillating
movements, moves along the trajectory (A) repeatedly passes through the same
zone of space, gradually cutting off the entire layer of metal. Arcs 1, 2, 3, 4 ... n of
a circle of a circle of radius R leave a corresponding trace on the surface of the
part. The envelope curve B-B for these arcs is the profile of the waviness formed
on the surface of the part.

Depending on the presence of oscillations, their amplitude and frequency (the
design of the circle), the trajectory described by the shaping point of the circle and
the profile of the formed waviness change somewhat (Fig. 13).

Figure 13 — The formation of waviness and the trajectory of the shaping point
of the discontinuous circle (with 4 projections)
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From the analysis of the above schemes (Fig. 12, 13), one more rather significant
conclusion can be drawn. As a result of the presence of such oscillating displacements,
performed by an intermittent circle, at certain points in time, the forming point
separates from the treated surface, and the allowance is removed in separate thin
layers (portions), which will serve as one of the reasons for reducing the cutting
forces, and as a result, the heat intensity of the process.

References: 1. Novoselov YU.K. Dinamika formoobrazovaniya poverkhnostey pri abrazivnoy
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Nauchnyye osnovy tekhnologii mashinostroyeniya [Tekst] / A. G. Suslov, A. M. Dal'skiy. — Moscow :
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pp. 126-130. 4. Biderman V.L. Teoriya mekhanicheskikh kolebaniy [Tekst] / V. L. Biderman. —
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B3AEMO3B'A30K MI’K TEMIIEPATYPOIO OBPOBKH
TA HEPEPUBYACTICTIO TPOLECY HIVII®YBAHHSA

AHoTaNis. V Hasedeniii cmammi po3ensioaiomsCs NUMAanis, Noe'si3amni 3 006pobKoio wigyearsHuMu
Kpyeamu 3 nepepusuacmoro pobouoio noseepxeio i ix eniue Ha npoyec wnigpysanns. Poszenanymo
MeopemuiHo MONXCIUGI 8apianmu opmy8anHs nogepxHi. [ eupiulents ybo2o 3a80aHH He0OXIOHO
0y10 HA NOYAMKY BUABUMU 63ACMO38S130K ypuguacmocmi npoyecy i yOapHo20 HABAHMANCEHHS.
Bcmanosneno, wo 3i 3MIiHOIO KITbKOCIMI GUCHIYNIG Ha Kpy3i, Oyde 3miniogamucs wacmoma yoapy i
amnaimyoa 000amKo8UX BUMYUEHUX KOAUBAHb cucmemu. Po32iaHymo eniue pexcumie wiigyysants Ha
KonusanvHull npoyec. Ilodydosana cxema nepemiujenus yeHmpy mac Kpyea i Oilouux Ha Hb020 CUIL.
Hasedeno cucmemy pignsinb, wo onucylomv pyx oci wnunoens nio Oi€lo cuil pisanns i Cunogy
HespigHosasicenicms Kpyed. Bcmanoeneno 63aemo36'130k Midic 4acmomoro, amMniimyoolo 3MyuleHux
KONuBamsy i nepemiwyeb oci nio i€l 2apMOHIUHO SUMYWEHUX KOIueans. HasedeHo excnepumenmanbHo
sanucani ocyunoepamu yoapy i mpaekmopii nepemiwenns yenmpy. Ha niocmagi nepemiwenns
GopmomeopHoi mouxu Kpyea 6cmanoeieHi napamempu npoghinio 06podniosanoi nogepxui. Poszensnymo
6NIUB ypusUaAcmocmi npoyecy Ha memnepamypy uiniyyeanns. Excnepumenmansuo dosedeno, ujo 6
npoyeci 06poOKU WiPYEaTLHUMU KpYeaMU 3 Nepepugiacmolo pobouoio nosepxueio, 6i00yeacmvcs
nepioouyHull 8iopus «popmomeoproi moukuy Kpyea 6i0 06pobnweanoi nogepxui. B pesyromami
makozo npoyecy, 3HAMMA NPUNYCKy 6i00yeacmuvcsa Oinbid MOHKUMU wapamy, Hidc Hadpana
(6cmanosnena) enubuna pizanna. I Ak HACAIOOK, 3HUNCEHHSA CUN PI3AHHA | MEMNepamypu waiQ)yeanHs.
Tobmo ochosnum napamempom (6inbuio MIpow), Wo BNIUBAE HA 3HUNCEHHS memnepamypu 0yoe
8ibpayitinuil npoyec, a He ypusyacmicmes npoyecy pi3anHs, 3a nepioo NPOXOOHCeHHs 3anaOuUHU Kpyed.
KuarouoBi cioBa: nepepusuacme winipysanns; 6iopayii npu winigpysanni; mpackmopis pyxy, yoap;
npoghine nosepxui; memnepamypu npu wiighy6anHi.
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MODELING OF CUTTING TOOLS WEAR FOR LATHES

Abstract. A mathematical model to estimate the average number of parts, processing which is possible
to achieve the criterion of maximum allowable wear on the back of the cutter heavy lathe, and the
maximum allowable amount of tool material, removed from the front surface of the tool. Experimental
equipment for measuring tool wear has been developed. Insert wear curves derived from industrial test
results. Confirmation of the adequacy of the models of the instrument gives a possibility of their
adjustment to the basic criteria of their dullness.

Keywords: wear; contact stress; cutting edge; cutting temperature;, adhesive wear; the adequacy of
the models.

The tool wear of cutting tools has a very strong impact on the product quality
as well as on the efficiency of the machining processes. Despite the current high
automation level in the machining industry, a few key issues prevent complete
automation of the entire turning process. One of these issues is tool wear, which is
usually measured off the machine tool. A well-known model for the tool wear rate
was developed by Usui et al (Usui& Shirakashi, 1984), and it is based on the idea
of contact mechanics and wear. The most famous tool life model is Taylor’s model
in which the tool life depends mainly on the cutting speed and a constant
determined by materials of the tool and the workpiece, feed rate, etc. (Taylor,
1906). In the past over thirty years, much work has been contributed to the tool
wear modeling [1-6].

While working on the details of heavy lathes main types of fault-alloy cutters
are wearing them on the front and back surfaces, as well as fatigue damage cutting
plates. Determination of maximum permissible values of wear on the back surface
were carried out based on economic criteria.

For practical use have a value of mathematical models to estimate the average
number of parts, which was processed to reaching the criterion of wear.

Evaluation of resistance of cutting tool criterion for maximum allowable wear
on the rear surface.

Developing a model to assess the average number of parts, processing, which
is possible to achieve the criterion of maximum allowable wear on the rear surface
is made to the following basic assumptions:

— criterion of maximum allowable adhesion wear on the back of the formation
of a high wear areas [h, ]=12mm;

© G. Klymenko, Y. Vasylchenko, V. Kvashnin, 2020
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— basic mechanism of cutting tool wear on the back of the adhesion
mechanism is;

— average temperature of the material the instrument is fixed for the whole
region back surface contact with the processed material,

— stress of the cutting tool is a flat;

— tool material in contact with the workpiece the tool is characterized by a
constant value for the whole region stresses fluidity R ;

— number of parts, processing which is possible to achieve the maximum
allowable height of platform wear [h, ] is:

No, =——, (1)

where h,, —increased wear platform for processing one part.

Based on studies of normal contact pressure distribution on the back of the
instrument q(x) can be represented by dependence:

h

p

() = A, [1— 1} @

where th — width areas of physical contact in this case — wear areas; X —

distance from the cutting edge cutter; g, , — maximum contact pressure at the
back of the:
:22'¢(1,3i)/)ir¢sin 2y, 3)

qmax.z

(plus sign corresponds to negative front angles);

where 7, — tension changes in a layer that trimmed, with the average

temperature at the site contact the back of the instrument with the processed
material. To Determine the value used z, dependence:

7, =0,72R, 6%, (4

where R, — ultimate strength of the material processed at an average
temperature at the site of contact; 6, — elongation of the material processed at an
average temperature at the site of contact. To evaluate the quantities R,, &, used
depends obtained on the basis of statistical data processing:

R,(®)=R, exp(a, (0, -0)), 5,(0)=3, exp(b (0-06,)), (5)
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where © — average temperature cutting; R, , J; — tensile strength and

elongation of the material processed at a temperature test ®, =700°C ; a,, b, —
coefficients determined by the method of least squares.

The average contact pressure at the back of the instrument can measure the
expression Q :

Ny
0= [ g [1— hi]dx- (6)

th 0 p

To determine the average temperature dependence of cutting used by the
author, obtained by statistical progressing of experimental data:

O =av®s®t™, (7

where a,, a,, a,, a, — calculated ratios determined by the method of least
squares.

To determine the number of the parts to achieve the criterion of maximum
allowable adhesion wear on the back of the take that amount of material d ,
removed from the back of the instrument for the elementary time interval dr
physical contact with the workpiece material back of the cutter, can be estimated
from geometrical considerations:

dQ=b(h-dh-tana+1dh2-tanza-tanyj; LI ®)
2 sing

where h — altitude areas of wear, which corresponds to the moment of time
7 ; dh —increase in areas of wear during dz ; 7, a, @ — under the front corner
and rear corner of the main corner in terms of the instrument; t — depth of cut.

On the other hand, the volume of material removed from the rear surface
during dz , measured the expression:

dQ =Pvysb-dz, 77:% )

where P, — the likelihood that the zone of adhesion failure of communication
is not in the treated material, and material of the instrument; v — speed cutting; ¢
— thickness of which is the destruction of products bearing adhesive ties:
6=3-10°.5-10° m; n - the relative share areas of plastic surface
microirregularity crumple in contact with the back of the instrument of processed
material; q° — maximum pressure required to crumple the full surface

microirregularity processed material at the site of contact, estimated the
expression:
140



ISSN 2078-7405. Cutting & Tools in Technological System, 2020, Edition 93

q° =2,5R, (1- u), (10)
where R, — meaning limits yield of processed materials in accordance with
the average temperature in the cutting zone; ¢ — constant friction.

If the average pressure at the site of contact, the workpiece material with the
rear surface instruments such that the value » >1, we adopted 7 =1. Size P, can

be estimated from the ratio of the critical crack lengths Hryffitsa that triggered the

destruction of adhesion due:

Iu Iu _ lel
n RI

.+ I, —under the critical length of cracks in the surface layers of tool

and workpiece material; R,, R, —tensile strength of the material and tool material
processed at an average temperature at the site of contact. Taking the tool material

I (1)

u

where |

. . . . RZ R?
and workpiece material hard plastic, the expression R_mz can be replaced by —-,

where R,, R,, —border fluidity workpiece material and tool material at an average

temperature at the site of contact, respectively. To determine the value of R, used
the dependence obtained by statistical processing of experimental data:

R,(©)=R, -exp(b(©,-0)), (12)

where © — the average temperature at the site of contact; R, — the boundary

strength of the material processed at a temperature test ®, =700C ; b —

estimated coefficient determined by the method of least squares.
To determine the value of R, used dependence obtained by statistical

processing of experimental data:

e,Y ;.
R, =11R, (EPJ arsh[ Ak j 020, (13)

€ €

where €,, e, — intensity of deformation speed and intensity of accumulated
strain during mechanical testing instrument; R, — boundary strength of the

material instrument at ambient temperature; S — constant characteristic of the tool
material. If the temperature does not exceed ® cutting temperature early intensive

removed © , instrumental material, it shall R,, =R; .

Comparing expressions (8) and (9) and respect for value dnh®, as the second
largest order little, after the integration date was changing altitude areas of wear
from time to time contact:
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h, = fm,,:'_, (14)
tana ns

where 7 — time of processing one part, n — speed spindle.
After substituting the values of  and P, obtained:

2-Qy V- TO R, ) q
o f— <]
B 4,5-t1ga-(1-u) RI+Ry 7,5-R,(1- 1) (15)
2.v-t-8-R? if Omax >
tger-(RZ +R2) 7.5-R,(1-u)
Then the number of parts, processing of which is available until a maximum
allowable height of areas on the back of the depreciation is:

3,75-tana (1- u)(R? + R,
[th]~\/ el ) it

zp

v VT0 R, 4,5-R (1-

Ny = ! 1)
o . [ana(RE+RY) if o5
N o 45R0-4)

The main mechanism of wear of cutting tools on the front surface are
adhesion mechanism.

As a criterion of maximum allowable wear of the front surface is proposed to
adopt the appearance of the front surface of the hole cutter wear depth [hnn] .

Average number of blocks and treatment are possible until a maximum
allowable depth of the hole wear, can be evaluated dependence:

No, = m ’ a7

Q
where [Q] — the maximum allowable amount of tool material, removed from
the front surface of the tool that meets [h,]; Q — volume of tool material,

removed from the front surface of the tool during the processing of one part.
Value [Q] is determined from geometric considerations the following

expression:

Ria-(R=[n])l __[h], 1"
=fb, f= , R=27" : 18
< 2 2 "en,] o
where | — length of the hole, b — width of the contact front surface of cutting

tools with workpiece:
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b=—-. (19)
sing
The volume of material 6Q, which is removed by an elementary interval of

time of physical contact with the chip front surface of the tool is determined by the
equation dz :

8Q =Py, nob-dt, v, :? (20)

where P, — the likelihood that the zone of adhesion failure of communication
is not in the treated material, and material tools, assessments expression (13); v, —
speed chips on the front surface of the tool; v — speed cutting; & — coefficient of
shrinkage of the chip; 6 — thickness of the layer from which the products bearing

the destruction of adhesive contacts: for most metals and alloys & =3-107°..5-10°°
m; n — the relative share of regions full of plastic crumple microroughness chip

surface in contact with the chip front surface:

= (21)

¥ !

where g — the average pressure at the site of contact; q° — average pressure

required to crumple the full surface microroughness processed material on this site,
estimated expression (10).

Based on studies of normal contact pressure distribution on the back of the
instrument q(x) can be represented by dependence:

q(x):qmax.n (l_ Iij ’ (22)

where |, — chip contact length on the front surface:
| =a(&(1-tany)+secy), a=s-sing; (23)
— maximum normal pressure on the front surface:

Oaxn = 27, (L.3=7). (24)
The average value of normal pressure on the site of contact is:

q =,£j2% (113—7)[1—J|X]dx- (25)

The volume of material instrument removed from the front surface of the tool
during the processing of one part 7, is recognized by dependence:

qmax.n
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Q= j Pv.nsb-dt. (26)
0
Then, taking into account (23), (24):

RZ Ik’[
Q-—etls L Lifq, - [ . (27)
R:+R, &q smgolkOO

On the assumption that the value of P,, v,, &, b insignificant change in
contact time, according to a theorem on the average integral obtained:

R, v Qa7 : q
=0 —— if max
o- RI+RL & 4,5sinp(l-u)  4,5-R(1- y) (28)
RZ V5 tr |f qmax
RZ+R2 & sing 45R(1-pu)

Then the number of parts, processing which is possible to achieve the
criterion of maximum permissible adhesion wear on the front surface is:

[Q](R? +RZ )&-4,5sing(1-u) 0
R.voQ, . t7 45-R (1- ,u)
02 = ) ) . (29)
[Q](Re +Reu)§~SIn¢ |f qmax >1
Rezvé‘tz' 4,5-R,(1- 1)

Evaluation of resistance of cutting tool criterion for maximum allowable
wear size.

For the finishing details stochastic equation has the form of wear:

?erx N (t), (30)

Failure occurs when the details of its size to achieve maximum permissible
value x which happens after a random interval of tool t=T, . Maximum

permissible value of the parameter x_, determined from the condition of normal
operation of the instrument. Operating time to failure T, is a function of random
arguments tool wear rate of change of C, i.e. T, = f(C). Failure occurs tool for
achieving detail maximum permissible value x what happens after a random
period of time to process it.

max !

max !
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Processed on a machine part has size, which tolerance is within the
boundaries x,;, — X.,.. - With increasing wear on the back of the instrument the

size of parts changed. In average (Fig. 1) size of the parts is beyond the tolerance
only after an interval time T,. But during work tool in the initial period of

operation from T, to T, there is a danger for details, treated on the upper field

tolerance, then the reliability of their increases. Excess of the tolerance field
components finished to the lower limit of tolerance is possible at time t =T,, with

T,<T,, T, <T,,as

(a’b):(%;E+Amaxj:(xminlxmax)' (31)

Expected value and variance of dimensional stability of the instrument from
the initial values gap A,, constant velocity component wear C and the coefficient

of proportionality 1: W (A,)=5(A, —Ag):
W(C)=6(C~C,), W(2)=6(2-4). (32)

in this case, the probability density of the coordinates x in equation (30) at the
initial time t =0 is a delta-like function, i.e.

Wo(x)zd(x—xo):é(x—%—Amj. (33)

The probability that a random x coordinate at the time t reaches the limits of
the interval (X ;,, X, ) through Px_. . x . (t,x). For continuous Markov process
that can take wear and tear, the specific probability satisfies the equation:

oPx_. OPX . 1 0°Px .
min, max — K min, max +—K X 'min, max 7 34
with initial conditions  Px_;, ...(0,%)=0 and boundary conditions

PX i Xmae (£ Xosin ) = PXosin s X (£ X ) =1+

* 'min

!irg Px (t,x)=1. (35)

min ? Xmax

Coefficients K, (x,), K,(%,) in equation (34) as determined in accordance

with expectation rate depreciation in the initial time and a spectral density of the
process N (t) by the formula :
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1
K, (%)=C+4A,; Kz(xo)zaof,. (36)
Marked the one-dimensional moments in time limits to achieve a
T OPX.. X
Ty =T (K s Xo» Xy ) = | 1" — 222 37
=T (X X X, ) = [ =22 @37)

0

Equation (34) differentiating both parts by t, multiplying result by exp( jvt)
and then integrating in t from 0 to <o, returned the following equation for the
characteristic function:

H 6®Xmin ' Xmax 1 d 2®Xmin ’ Xmax
_J‘/@Xmin'xmax :KI(XO):T—’_EKZ (XO)T' (38)
®Xmin ! Xmax ( jV’ XO) = _J-g mein 1 Xmax (t, X) eM dt . (39)
0

Equation (35) to find the first moments of time reaching the limits of
tolerance parts and used to determine stability of the instrument (Fig. 1).

X
X max T i
ra ~N
~N
Ao / b \ Ze] \
S
X min \
N\
LY
0 T, . T. T, r

Figure 1 — Moments of time reaching the limits of tolerance parts

To check the adequacy of the models developed experimental unit for
measuring tool wear. Based on performance testing tools in industrial conditions
obtain wear curves cutting plates, their example shown in Fig. 2. The probability of
adequacy of mathematical models is 0.71.
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Figure 2 — Crooked wear plate cutting SNMG 380932
(1 — width, 2 — length, 3 — deep hole, 4 — width chamfer wear on the rear surface, 5 —
the amount of material the tool is withdrawn from the front surface)

On the basis of students have developed analytical calculation based cutting
tool wear on the front and back surfaces of the parameters of the operation, which
averages to estimate the period of stability instrument, proposed method of
determining the dimensional stability of the instrument with a given probability
(for finding the size of workpieces in a given field admission), which depends on
tool wear during the finishing details.
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Brnanucias Keamnin, Kpamatoperk, Ykpaina

MOJEJIOBAHHS 3HOIIYBAHHA PI3AJIBHUX IHCTPYMEHTIB
JJIs1 TOKAPHUX BEPCTATIB

AHoTaUis. /s 6U3HAYEHHs NepPiody CMILIKOCMI IHCMPYMEHMY, d MAaKodlc OA308UX NOKA3HUKIE npoyecy
11020 excnayamayii, SAKi Xapakmepuzylomv 3HOULYBAHHs THCMPYMEHMY, pO3POOIEHO MamemamuyiHi
3ANEANCHOCME  3HOULY8AHHS PI3ANILHO2O [HCMPYMEHNY NO NepeoHill ma 3a0Hil NOGEPXHAM 6I0
napamempig 1020 excniayamayii Ha 6adckux eepcmamax. [{is nepesipku adekeammocmi mooenetl
SHOULYBAHHS NpOBedeHi eKCNepUMEHMANbHI OO0CTIONCEeHHA 3MIHU 2eOMempudHoi opmu pi3anrbHO20
KIUHY MemoOOM HepylUHIHO20 KOHMPONO 34 OONOMO2010 CHeYiaibHO pO3POONIEHO20 NPUBOOY.
Bumiprosanuce 2eomempuuni posmipu JIVHKU 3HOULYS8AHHS NO NEpeOHill noeepxui. B peszyrvmami
00Ci0NHCeHb NPOAHANIZ08AHT BUOU BIOMOB THCIPYMEHMY ma No6Y008AHO KPUBI 3HOULYBAHHS PI3AIbHUX
nracmun 8 yMoeax GuUpoOHUYmMEd. 3anponoHo8aAHO MemOOUKY PO3PAXYHKY GeludUr 3HOULYBAHHS
KOHMAKMHUX nepeOHboi ma 3a0HbOI NOBEPXOHb HA OCHOBI eHepeemuyHOi meopii 3HOULYBAHHS, WO
00360J1€ BUSHAYUMU MAKI XAPAKMEPUCMUKU 3HOULY8AHHSA PI3Ys, AK Geluuuna u gopma @acku
3HOWLYBAHHA HA 11020 3AO0HIll NOGEPXHI, GEIUHUNA PAOIANbHO20 3HOULYBAHHA, 2COMEMPUYHi PO3MIpU 1
hopma IyHKU 3HOULYBAHHS HA 11020 NEPeOHill nogepXHi. Po3pobieno mamemamuuny Mooeis 0Jis OYiHKU
cepednboi Kitbkocmi Oemanetl, npu 00poOYi AKUX, MONCIUGE OOCACHEHHS KPUMepito MAKCUMALbHO
00nyCmuMo20 3HOCY Ha 3AOHIll NOBEPXHI PI3YsA B6AJICKO20 MOKAPHO20 Gepcmamy ma MAaKCUMATbHO
donycmumoi KinbKoCcmi IHCIMPYMEHmMAnbHo20 Mamepiany, wo 3HIMACMbCs NepeoHbolo NOGEPXHEIO
incmpymenmy. Benuuuna po36iscnocmi po3paxosanoi popmu 3HoueHo2o0 pizanbHo2o KIuHy 6i0 nesHoi,
3000ymoi ekchepumenmanvhum uLiaxom, He nepesuwye 10%. Iliomeepooicenns adexsamuocmi
Mooenell 3HOUWLY8AHHS THCIPYMEHNY O0A€ 3MO2Y BUKOPUCTNOBYSAMU IX Ol PO3PAXYHKY 6a308ux
NOKA3HUKIG Kpumepiig 1020 3amynnenns. 3anponoHo6ana MemoouKa GU3HAYeHHs pO3MIPHOL cmilikocmi
Pi3ANbHO20 THCMPYMEHMY 3 3A0AHHOI0 IMOBIDHICIIO.

Kur04oBi cioBa: 3nowyeanns; KoHmakmue HAnpysjiCeHHs; piKcyya KpomKa, memnepamypa pi3aHHs,
aozesitine 3HOUWYBAHHS, AOEKEAMHICHb MOOEJI.
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