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M. Balanou, E. I. Papazoglou, A. P. Markopoulos, Athens, Greece,
P. Karmiris-Obratanski, Cracow, Poland

EXPERIMENTAL INVESTIGATION OF SURFACE TOPOGRAPHY
OF AL7075-T6 ALLOY MACHINED BY EDM

Abstract. Electrical discharge machining is one of the most important non-conventional machining
processes for removing material from electrically conductive materials by the use of controlled electric
discharges. EDM is a non-contact machining process, therefore, is free from mechanical stresses. This
paper investigates the machining Al7075-T6 alloy by EDM using a copper electrode. Al7075-T6 alloy
was selected, because of its growing use in a lot of engineering applications. The effect of electrical
parameters, peak current and pulse-on time, on the surface integrity, was studied. Area surface
roughness parameters (arithmetical mean height, Sa, and maximum height, Sz) were measured on all
samples and 3D surface characterization has been carried out with confocal laser scanning microscopy.
The experimental results showed that the surface roughness is mainly affected by the pulse-on time.
Keywords: Electrical discharge machining; Aluminum alloys; Surface topography; Surface roughness;
Peak current; Pulse-on time.

Introduction

Electrical discharge machining (EDM) is one of the most important non-
conventional manufacturing processes and is used for machining with high
precision and accuracy electrically conductive materials which are difficult to
machine by conventional machining processes. EDM finds extensive use in many
engineering applications like machining surgical components, dies and mold-
making, and in automobile and aerospace industries [1], [2].

EDM is a thermo-electric process and characterized by an erosion effect
produced when electrical discharges occurred between two conductive electrodes.
In this process, when a voltage difference is applied between the electrode and the
workpiece, which are separated by a dielectric fluid, causes the formation of an
electric discharge. The electric discharge generates high temperatures (6000 —
12000 °C) and leads to melting of the material at the point of discharge. [3]. The
melted material is removed from the tool electrode and the workpiece, and as a
result a small crater is created on both surfaces. The molten material which had not
been efficiently flushed away by the dielectric fluid is re-solidified in the crater,
forming a white layer.

The literature shows that a lot of works have been carried out for the
machining of hard materials such as tool steels, tungsten and ceramics. However,
lately, soft materials like aluminum alloys have been machined by EDM as well.
Aluminum alloys have been widely used in a lot of industries like marine,

© M. Balanou, E. I. Papazoglou, A. P. Markopoulos, P. Karmiris-Obratanski, 2021
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aerospace, automotive and electrical equipment. Above all aluminum alloys, the
7xxx series (also called aluminum- zinc alloy) is the strongest wrought aluminum
alloys series with a better response to age hardening, obtaining better mechanical
properties [4].

The studies in the EDM machining of aluminum 7xxx alloys have been
focused on machining performance parameters such as material removal rate
(MRR), tool wear rate (TWR) and the machined surface quality (SQ). Gatto et al.
[5] studied the machinability of Al2219-T6, AI7050-T6 and Al7075-T6 with EDM.
Surface roughness, dimensional and accuracy of the workpieces and the wear
mechanism of the electrodes were evaluated. Kasman and Tosun [6] conducted
experiments for AA7075 aluminum alloy under different process parameters peak
current, pulse-on time, pulse-off time, gap voltage and using copper and graphite
electrode. Taguchi method was used to design the experiment. Routara et al. [7]
analyzed MRR, TWR and SR on T6-Al 7075 alloy using Cu tool in steady and
rotary conditions. For conducting experiments, spark gap, pulse-off time and peak
current was selected as machining parameters. Furthermore, a few of works have
been carried out on machining Al alloy 7075 as a base matrix alloy in composite
materials by EDM. Some examples of AMCs machined by EDM are Al7075-B4C
[8] and AI7075/SiC/Mg [9].

The present study investigates the machining of aluminum alloy Al7075-T6
with EDM by using a copper electrode. AlI7075-T6 is a high strength engineering
alloy, which is used as structural material in marine, automotive and aviation
applications, while it is suitable for use in injection moulds applications. The effect
of peak current and pulse-on time on the Surface Roughness (SR) was studied. The
surface characteristics were also evaluated by confocal laser scanning microscopy.

Experimental procedure

Experiments were conducted on a die-sinking EDM machine (ANGIETRON
EMT 1.10). Aluminum alloy AI7075-T6 was machined by EDM using a
rectangular copper electrode with dimensions of 38x23 mm. The chemical
composition, density and hardness of AI7075-T6 are shown in Table 1. A
hydrocarbon mineral oil was used as a dielectric fluid. The selected input
parameters are given in Table 2. Peak current and pulse-on time were used to
investigate the effect of surface roughness. The selected input parameters are given
in Table 2. In all experiments, straight polarity was used, with 100 and 30 V as the
open and close circuit voltage, respectively. Moreover, the dielectric fluid flushing
pressure was constant for all the experiments, while the duty cycle was
automatically adjusted by the machine, for optimized machining efficiency. The
duty cycle (n) is calculated by using Equation (1):
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!
n=g (1)

=]
with l_pthe ammeter indication of the mean current intensity in A, and I, the pulse

current in A.

Table 1 — Chemical composition, density and hardness of Al-7075 T6 (wt.%)

. . Density | Hardness
Zn | Si Fe | Ti | Cu | Mn | Mg | Cr | Other (g/mm?) (HV)
5.1- 1.2- 2.1- | 0.18-

6.1 0.40 | 0.50 | 0.20 20 0.30 29 | 028 0.65 | 0.00281 175

Table 2 — Input parameters

Parameters
Peak Current (Ip) 15,18,21 and 24 A
Pulse-on duration (Ton) 100, 200, 300 and 500 us
Open-circuit voltage 100V
Close-circuit voltage 30V
Polarity Straight
Dielectric Fluid Hydrocarbon mineral oil

SR of the machined surface is measured on random surface area by TOPO
01P contact profilometer by using the 1ISO 25178-2 to analyze the collected data.
The cut-off length was set at 2.5mm with a cutting length of 8 mm. In this present
study, the following surface roughness parameters have been taken:

e S, is the arithmetical mean of the difference in height within a definition
area (A) and calculated using Equation (2)

s.= I, I2(x,y)| dxdy @

e S, is the sum of the largest peak height value and the largest pit depth
value within the defined area.

The confocal laser scanning microscopy (CLSM) was used to study the
machined surface characteristics. To measure the slot dimensions, a VHX-6000
ultra-deep-field microscope (KEYENCE, Mechelen, Belgium) was used, which is
based on Focus Variation Microscopy Microscopy (FVM), equipped with a 20-
2000x objective. After the experiments were conducted, 3D surfaces was generated.
The results of surface roughness parameters are shown in Table 3.
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Table 3 — Experimental results

Ip (A) Ton (ns) Sa(um) Sz (um)
15 100 9.83 68.8
18 100 9.03 68.55
21 100 8.5 83.83
24 100 9.97 78.7
15 200 11.69 103.1
18 200 13.19 98.03
21 200 14.11 109.41
24 200 15.33 134.57
15 300 14.54 114.89
18 300 16.88 118.75
21 300 17.76 130.85
24 300 17.97 150.3
15 500 18.21 147.75
18 500 19.88 128.55
21 500 17.27 143.27
24 500 20.09 162.77

Results and Discussion

Surface Roughness

SR is one of the most major performance measures in EDM and is influenced
by the machining parameters. The machined surface obtained by EDM is the result
of the amount of energy released during the process which causes material removal.
The discharge energy is affected by the machining parameters. Therefore, peak
current and pulse-on time are the major factors that affect the surface roughness.
Surface roughness increases with an increase in peak current and pulse-on time,
due to the increase in thermal energy which transferred to the machined surface
[10], [11]. This can be explained by the fact that, as pulse-on time gets higher, the
plasma column expands beyond the point of electrical discharge, leading to a larger
diameter crater, on the other hand, the peak current influences the depth of the
crater [1]. Thus, the amount of the molten material is increased. If this molten
material is not flushed away by the dielectric fluid, it will re-solidify on the
machined surface and form a white layer. The surface roughness is also influenced
by the white layer formation [11].
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In Figure 1 the main effect plots and the interaction plots for the S,
parameters are presented. In general, from the main effect plot it can be observed
that the peak current does not have a significant effect on S.. On the other hand, an
increase in pulse-on time results in an increase in S.. Particularly, S, increased up
to 50.8% as the pulse-on time increased from 100 to 500 ps. The interaction plot
confirms those results. It is observed that as the To, is increased, S, is getting
higher values in re respect of peak current.
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Figure 1 — Main effect plot and interaction plot for Sa

The main effect plots and the interaction plots for the Sz parameters are
illustrated in Figure 2. The peak current plot in the main effect diagram shows
reduce in S, up to 18A, followed by an increase of S, as the peak current gets
higher at 24A. At the same time, as the pulse-on time increased an increase up
57.9% in the S, take place. From the interaction plot it can be concluded that as the
Ton is increased, Sz is increased in respect of peak current.
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Figure 2 — Main effect and interaction plot for S;
7



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 94

Surface Topography

As has been stated above, the topography of the machined surface is due to
the enormous amount of heat generated by the discharges. After the EDM, the
condition of the surface is changed due to erosion and vaporization of the material
from both the electrodes followed by re-solidification. The machined surface is
characterized by the presence of a distribution of overlapping craters with irregular
flow marks of molten metal and debris particles. The size of the craters produced
affected by the machining parameters and consequently peak current and pulse-on
time influence the surface topography.

i 172821

100000 ¥

1000.00
1000.00

0.00um 0.00pm
0.00um0,00pm

() ) (b)

172821
172821

1000.00 1000.00

0004 § gum

© (d)

Figure 3 — Surface topography of the machined surface for (a) Ip= 18 A
and Ton= 100 ps, (b) Ip= 15 A and Ton= 200 ps,
(c) Ir=21 A and Ton =100 ps and (d) Ip =24 A and Ton = 500 ps
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The 3-D image in Figs. 3 presents the variation of the machined surface for
different machining parameters from the analysis of CLSM. The machined surface
is covered with a distribution of craters and as well as solidified crater boundaries.
As discharge energy increased, the sizes of the craters are changing and become
more distinct. The images showed that the height difference between the base of
the crater and the white layer has been increased. Thus, surface roughness and
surface height inhomogeneity increased as the machining parameters changing.
These results are agreed with the surface roughness measurements. The S, and S;
take higher values under more intense conditions. This can be confirmed and by
the 3-D images, the machined surface becomes rougher as the peak current and
pulse-on time get higher values.

Conclusion

This paper presented an experimental study on the surface integrity of
Al7075-T6 alloy, machined EDM. The studied machining parameters were the
pulse current (Ip) and the pulse-on time (Ton). The surface topography was studied
through roughness measurements (S. and S;) and confocal laser scanning
microscopy. From the experimental results, the conclusions are summarized as
follows:

e The S, is strongly affected by the pulse-on time. The mean value of Sa

increased up to 50.8 % as the pulse-on time increased from 100 to 500 ps.

e The S; significantly increased for an increase in pulse-on current from 100

to 500 ps.

e From the CLSM the morphology of the machined was observed. . The

size of the craters produced affected by the machining parameters and
become more distinct when the thermal is increased.
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EKCIIEPUMEHTAJIBHE JOCJIAKEHHS
PEJIb€®Y INOBEPXHI CIIVIABY AL7075-T6,
OBPOBJIEHOT' O EJJEKTPOEPO3IMHUM METOJI0M

AHorauiss. Enexmpoepositina o06pooka (EEO) € o0Hum 3 HauOinbul 6axciusux HempaouyitiHux
BUPOOHUYUX NPOYECi8 | GUKOPUCIMOGYEMbCA 05l 0OPOOKU 3 BUCOKOIO MOYHICHIO e1eKMPOnpOGiOHUX
mamepianie, SKi 8aXiCKO 0bpobismu 3euyaunumu npoyecamu o6pooxu. EEO 3naxooums wupoxe
3aCcmocysants 8 6a2amvox IHIHCEHEPHUX O0O0AMKAX, MAKUX 5K 0OPOOKA XipYpeiyHUX KOMNOHeHMIS,
WMAaMNI8 ma 6U2OMOGIEeHH s NPec-hopM, a MAKON’C 8 ABMOMODILILHIL | AePOKOCMIYHIL NPOMUCTIOBOCMI.
OCmanHim 4acom 3a OONOMO2010 el1eKmpoepo3iiHOi 06PoOKU 0OPOOIAIOMbC MAKOIC M K] Mamepiaiu,
Maki 5K anOMIHICEI CNIA6U, SIKI WUPOKO BUKOPUCHIOBYIOMbCS 6 6a2amboX 2any3sX NPOMUCIOBOCHII,
MAKUX sIK MOPCbKe, AepoOKOCMIuHe, asmoMOOibHe ma eieKmpuyHe 00Na0HAHHA. 3 YCiX anroMiHIE8UX
CnIasie cepis 7XxXX (KA MAKONC MAE HA36Y ANOMIHIEB0-YUHKOBUL CNIAB) € HAUMIYHIUOW CepIEr
AnIOMIHICUX CNAaeie sKI nionsearomv Oepopmayii 3 Kpawumu NOKAZHUKAMU HA  CMAPIHHA  ©
NOMNUEHUMU MEeXAHIYHUMU elacmusocmamu. Y yit cmammi 0ocaionHcyemovcsi 00pooKa amomMiHIEE020
cnaagy Al7075-T6 3a oonomoecorw EEO 3 euxopucmanuim mionozo enekmpooa. Al7075-T6 - ye
BUCOKOMIYHUL CNIA8, AKUL BUKOPUCTIOBYEMbCA 8 AKOCMI KOHCMPYKYIUHO20 MAMepiany 6 MOPCbKUX,
ABMOMOOGIbHUX | ABIAYIUHUX SUPOOHUYMEAX, d MAKONC NIOXOOUMb OAsi GUKOPUCMAHHS 8 TUBAPHUX
dopmax. Byno susuero enius nikogoco cmpymy i mpueaiocmi iMnyascy Ha wopcmkicmo nosepxti (SR).
Xapaxmepucmuku nosepxmi makoc oyinioganu 3a 00NOM02010 KOHQOKANbHOI 1a3ePHOI CKAHY 8ANbHOI
Mikpockonii. 3azcanom, modcna nomimumuy, wo NiKOBUNl CMPYM He MA€ 3HAYHO20 6nauey na Sa. 3
iHWO020 OOKY, 30LIbULEHHSL YACY BKIIOUEHHS NPU3800Ums 00 30inbuenns Sa. 3okpema, Sa 30iibuuscs 0o
50,8% npu 36inwenni uacy imnynscy 6i0 100 do 500 mxc. Obpodnena nosepxua xapakmepuszyemocs
HASIBHICMIO  PO3NOOLLY  KpAmepis, SKI NepeKpusaromvCs, 3 HePIGHOMIpHUMU —caidamu  meyii
PO3NNAGIEHO20 MemAy i YaCMUHOK 6i0x00i6. Po3mip ymeopenux kpamepig 3anedicunib 6i0 napamempis
006pobKuU I, omaice, NIKOBULL CIMPYM | Yac IMRYIbCY 6RAUBAIONTL HA MONO2PAPII0 NOBEPXHI.

KuiouoBi ciioBa: enexmpoeposiiina o6podxa; aniominicsi cniasu, monozpagpis nogepxHi, Wopcmricms
NOBEPXHI; NIKOBULL CIPYM; MPUBATICMb IMIYTIbCY.
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P. Veres, Miskolc, Hungary

THE IMPORTANTS OF CLUSTERING
IN LOGISTIC SYSTEMS

Abstract. Nowadays, the development of higher efficient processes and procedures is the key for
success in industrial environment. The companies have machines, production lines, software and
hardware tools with high level principles of efficient working. Example: the Industry 4.0 concept use the
machines and methods of the near past, upgrade them, and gave them new purpose, as a more efficient
tool. Some of the bases of those tools are not as efficient as which many would think, like in group
generating or in other word clustering. Clustering is a very hard process, and it is in almost every
decision making in every company’s lives. It is important to sometimes examine its significance and
flaws. This paper presents the clustering briefly and shows its errors through an example.

Keywords: Industry 4.0; clustering, heuristics; decision-making; routing.

1. INTRODUCTION

Nowadays, everything is about working efficiently [1]. Globalization was the
first step for giant logistic networks to emerge across the world [2]. Most of the
times it is cheaper to produce or buy components or full products from the other
side of the planet. Lots of multination companies realises this, and made
connections. Our world is and was so interconnected, that if an error or a failure
occured somewhere, it was hard to find, and even harder to fix. Our sensore
technology, tracking devices and mobil computers help to eliminate the long
seaching, but in most case they cant help in the recovery. This is where old and
new technologies combines. The Industry 4.0 concept uses the existing technolgies
and connects them into a system, that can do more then individually [3]. It creates
new inforamtion from exist data and information. One of the most used princeple
of the Industry 4.0 concept is machine decision making without human interaction
in a situation, which has not yet occured for either the machine or a human. This
makes the machine, the production or the whole system smart. This is a smart
factory, and it contains some sort of Artificial Intelligence[4]. There are multiple
IT companies, that want to create the most advanced Al, but in our situation, in the
assembly or production industry, a basic algorithm that able to ,learn* with
minimal computing power is enough [5]. One of this minimalistic Al is clustering
algorithms, that can create groups based on measured or calculated parameters.

In almost every part of a any logistic system there are some clustering task. It
used in route planning, package and unit load planing, location determination,
warehouse allocation, high bay storage service, order and delivery management,
and so more. It is a very important subtask, which is neglected by many manager

© P. Veres, 2021
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and engineer, because they said it is so ,,basic®, it’s implemented in everything
perfectly. But most of these algorithms of the early ERP-s, are not capable of
handeling effciently the increased databases[6].

In this paper | would like to show the importance of clustering with small
examples, and show how much a clustering error affects an optimization process.

2. CLUSTERING ALGORITHMS IN GENEREAL AND LOGISTICS

Clustering is a NP-Hard problem in mathematics, which trnalates to: it has no
ekzakt mathematical method to solve the problem. Therefor there are numerous
clustering algorithm to which tries to produce a reasonable good solution in a short
time. There are commonly used algorithms, such as: the most used K-mean and
other K algorithms, nearest neighbor, Cobweb, CURE, Fuzzy cluster, BIRCH,
DBSCAN, Human intuition, and so on [7]. Most of them must follow the same
rules of their data tables and parameters. If two or more paramters share some
convergence, that make the progress faster or more reliable, but this is not
necesarry for the clustering algorithms. There are two important conditions for
realible usage of these algorithms:

e Every individual object needs to have values in every parameter that we

want to invole into the clustering process,

e |If the parameters are not share the same unit of measure, it need to be

weighted.

There are exceptions in both condition: Some advenced algorithms have Al to
fill out blank parameters, if there are correlations in the dataset (big dataset is
necessary); and if there are few parameters to consider some clustering process can
be done with great success without weighting [8].

Figurel — K-mean used in 2D clustering [9]
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One of the most important and spectecular use of the algoritms in logistics is
in route planning with multiple vehicles. In this situation to get a good solution,
first you have to determine which vehicle visits which point and then optimise the
route seperatly in the groups. Most of the clustering algorithms today use this
method, which gives us a fairly good result but there is a chance, that it won‘t be
the optimal soulution. To get the optimal solution with a greater chance the two
optimization process (clustering and route planning) have to work paralell, because
both have influence over on the other. This is where Heuristics can help. Heuristic
algorithms handles all parameters at once, where grouping is just another
parameter. Besides that, no other parameter has to change, and if it’s not necessary,
it doesn’t need weighting the parameters. However, an evaluation function, like the
fitness function in evolutionary algorithms, is necessary for this method. In my
personal studies I use both methods and | recommend using them in this division:

e Use the Clustering algoritmhs, if there are just a few parameters (under

10) and only need mild weighting.
e Use Heuristics, if there are big databases, with high number of parameters.

3. CLUSTERING EXAMPLE IN MULTI-VEHICLE ROUTING

The multi-vehicle routing problem is a combination of at least two problem,
but most of the time there are four basic logistics problem, which plays a role in
the difficulty [10]:

e routing problem

o clustering problem

e capacity problem

o location determination problem

In this paper the first two has already been expalined. The capacity problem is
a real life problem of transporting. beacuse, the capacity of the vehicles and the
locations are predetermined, and can‘t be violated. The capacity acts like a limit,
that can determine the quantity of the vehicles, storages, docks, etc. in a company.
The location determination problem creates ,floating objects®, until the
optimization problem rootes them and gives them their own parameters. It can be a
parking slot or a charging station for our vehicles. Also it can be a propective
warehouse in the future or any object, that will be part of the route, but the
optimization process should decide where it needs to be. These are the four
fundamental problems of the multi-vehicle routing problem. In the next example
besides, the location determination problem, all other has a role.

In the example there are 20 objects in a circle in the map giving the same
volume and weight of wares. In the middle of the circle, there will be the company
that collects the wares. We like to get the least amount of driven lenght, with the
data in Table 1. This is a highly specific data, because we know what need to come
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out. With this setup, there will be 3 routes, and the perfect solution should look like
a radiation warning sign, which can be seen in figure 2. The solution is created by a
Heuristical method called Evolutionary alhorithm, and the total lenght of the route,
that the 3 vehicles have to take is 965,85. It has no dimensions, because we don‘t

define it in the coordinates.

Table 1 — Coordinates and basic data of the artficial problem

# X Y Weight Volume
Center 0 0
1] -60,079] 52,82534 2 2
2| -79,3423| -10,2371 2 2
3| -44,7031] -66,3448 2 2
4] 20,30587 -77,38 2 2
5| 71,51973| -35,8459 2 2
6| 74,14548] 30,04077 2 2
7] 26,39927| 75,51873 2 2
8| -39,2817| 69,69179 2 2
9] -78,276| 16,51858 2 2
10| -64,0922| -47,8768 2 2
11| -6,36629] -79,7463 2 2
12| 55,68468| -57,4388 2 2
13| 79,90534| 3,89068 2 2
14| 49,84098| 62,57697 2 2
15| -14,0837| 78,75056 2 2
16| -68,4403| 41,42365 2 2
17| -76,3009] -24,0451 2 2
18| -32,3252| -73,1784 2 2
19| 33,61117| -72,5968 2 2
20| 76,71326| -22,6953 2 2
SUM 40 40
Max Weight|Max Volume
Routes: 3 27 15
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o

Figure 2 — Perfect solution of artificial routing problem

To get the perfect solution, there were advanced programing, fine tuning and
multiple re-runs of the optimization method. This is not acceptable in an industrial
environment. Most of the time the resoult was a semi-perfect circle or 1-2 object in
the wrong group as shown in figure 3-5.

Figure 3 shows a routing optimization problem, where the solution in
1216,85. It is 26% higher than the optimal.

In figure 4. there are a mild clutering solution with a value 1072,49. It is 9%
higher than, the optimal.

In figure 5 we can see a mild clustering and route optimization error, where
thesolution is 1238,53, which is 28% higher, the the perfect score.

100

$0

P

Figure 3 — Problem with routing optimization in the solution
of artificial routing problem
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E0

Figure 4 — Problem with clustering in the solution
of artificial routing problem

Figure 5 — Problem with routing and clustering optimization
in the solution of artificial routing problem

4. SUMMARY

Clustering algorithms and other methods to create groups and gather more
information of a database is necessary in the industry today to be as efficient as the
competitors. If you can get information or save money with little or no efforts, that
is a win for everybody. Nowadays a few percent increase or decrease in efficiency
can mean that a company can turn in profit or not. The example shows us that a
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little error in clustering and/or a connecting problem can decrease efficiency with
more than 10%, which is a huge loss. This is a very important reason to look after
which tools, we use in our calculations, software, and databases.
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ITerep Bepemi, Minkosbr, YropmyHa

BAKJIMBICTH KJIACTEPHU3AILII
Y JOT'ICTUYHHUX CUCTEMAX

Amnorauist. Konyenyis Inoycmpii 4.0 suxopucmosye icnyroui mexnonozii i 06'¢OHye ix 6 cucmemy, aka
Modice pobumu Oinvuie, Hidic iHOugioyamno. Bona cmeopioc nogy inghopmayiio 3 icHylouux OaHux.
O0Hum 3 HAUOITLWL YACMO SUKOPUCMOBYEANUX Npunyunie xouyenyii Inoycmpii 4.0 ¢ nputinamms
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pliulerb MAuWUHOW 6e3 6MPYYaHHs THOOUHU 8 CUMYayii, KA we He i00ynacs Hi 0N MAWUHU, Hi Os
moounu. Lle pobums mawuny, supobHuymeo abo 6cio cucmemy posymuumu. Le posymua gabpuxa, i 6
Hill € c6020 pody wmyunutl inmenekm (LLI). € xinoka IT-komnaniil, aKi xouyms cmeopumu HauOiILUL
npocynwymuii LI, ane ¢ oamiu cumyayii, 6 cghepi 36upanus abo 6upobHUYMEa, 00CUMb NPOCHO20
aneopummy, AKUL MOJICe «GUUMUCAY» 3 MIHIMANLHOI O0OYUCTIO8ANbHOI nomydicHicmio. OOuH 3 yux
Minimanicmuynuii Il - aneopummu Kiacmepuzayii, aKi MOJCYMb CMEOPIOGAMU 2PYNU HA OCHOBI
suMipsAHuxX abo pospaxoeanux napamempis. Knacmepusayis - ye NP-eadicke 3a60annsa 6 mamemamuyi,
AKA 3600UMbCA 00 MO20, WO Y Hei HeMaE CNeyianbHo20 MAMeMamuiHo20 Memooy O il GUPIUEeHHs .
Tomy icnye 6e3niu aneopummie Kiacmepusayii, sKi HAMA2aloOmMvbCsi 6 KOPOMKI MePMIHU 0amu po3yMHe
eapne piwenns. OOHuM 3 HAUOLIbW 6ANCIUBUX | CREYUPIUHUX CNOCOOIE8 GUKOPUCIMANHS AN2OPUMMIE 6
Jnocicmuyi € NAAHYSAHH MApPWpymy 3 0eKiIbKoMa MpaHcnopmuumu 3acobamu. Y yiti cumyayii, woo
ompumamu 2apHe piulenHs, CNOYAMKY 6USHAYAEMbCA, AKULL MPAHCNOPMHUIL 3aCIO 6I06I0YE AKY MOUKY,
a nomim ONMUMIZYEMbCA Mapwipym okpemo no epynax.binvwicms aneopummie knacmepusayii
CbO2OOHI BUKOPUCMOBYION® Yell Memoo, AKUL 0d€ 00CUMb XOPOWULL pe3yibmam, ajie € WAHC, Wo il He
6yoe onmumanvuum piwiennam. LLJo6 ompumamu onmumanvre piuieHus 3 OO0 UMOSBIPHICMIO, 084
npoyecu onmumizayii (knacmepusayia i NIAHY8AHHA MAPWPYmMy) NOSUHHI Npayoeamu NapaneibHo,
momy wjo obuosa maome 6naUE 00UH Ha 00H020. Tym modce donomoemu espucmuxd. Eepucmuuni
anzopummu 00poOAIOML 6CI napamempu 6iopasy, a yepynosamHs - ye npocmo e 0OuH napamemp.
Kpim moeo, Hiski iHwi napamempu He ROBUHHI 3MIHIOBAMUCS, I, IKWO 8 YbOMY HeMae HeoOXIOHOCHI, He
nompibno 3eaxcysamu napamempu. OOHax 0N Yb020 Memooy HeoOXiOHa (BYHKYISL OYIHKU, MAKa K
Qyuxyis npucmocosanocmi 6 egoMOYIHUX aneopummax. B Ooanuil uac 30inbuients abo 3meHwenHs
ehexmusHocmi Ha KilbKa 6I0COMKIE MOJHCE O3HAYAMU, WO KOMNAHIA MOdCe OMPUMYBAMU NPUOGYMOK 4u
ni. Heeenuxa nomunka 6 xnacmepuzayii i / abo npobrema 3 NiOKMOYEHHAM MOJICYMb 3HUSUINU
eghexmusnicmo Oinbw Higie Ha 10%, wo € eenuuesnoro smpamoro. Lle dyiice eaxciusa npuuuna, woo
BUBHAYUMY, AKI [HCIMPYMEHMU NOBUHHI SUKOPUCMOBYBAMUCS 6 HAWUX PO3PAXYHKAX, NPOSPAMHOMY
3abesneuenni i 6a3ax OaHux.

Kurouosi ciioBa: [noycmpia 4.0, knacmepusayis, eepucmuka; nputiHAmms piuieHs, Mapuipymusayis.
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SIMULATION OF THE MACHINED SURFACE
AFTER END MILLING WITH SELF-OSCILLATIONS

Abstract. Thin-walled parts are widely used in the aviation industry. It is mainly carried out with end
mills and is accompanied by self-oscillation during rough milling. They negatively affect the quality of
the machined surface. Therefore, it is important to model it taking into account the dynamics of the
milling process to predict the accuracy. In the early works of the authors, the mechanism of the profile
forming of the machined surface was determined. In this case, the identity of the shape of the cutting
surface and the oscillogram of part’s oscillations during milling is taken as a basis. The first wave of
self-oscillations takes part in the shaping of the machined surface during cut-up milling with self-
oscillation, and during cut-down milling - the last wave. The change in the distances of the cut
depressions to the position of the elastic equilibrium of the part is periodically repeated from the
maximum value to the minimum. Based on this, when modeling the waviness pitch of the machined
surface after cut-up milling, it is necessary to know the feed rate and how many cuts were made by the
tool from the largest to the smallest depression. When modeling the machined surface after cut-down
milling, you need to know the length of the cutting surface. It is calculated based on cutting speed and
cutting time. The formula for determining the waviness pitch after cut-down milling is derived taking
into account the tool feed. The waviness height of the machined surface after cut-up and cut-down
milling is determined as the difference between the largest and smallest depressions. To determine the
size of the pitch and the height of the waviness, formulas are derived for converting electrical and time
values of oscillograms into linear ones. These formulas also allow you to determine areas of the
oscillogram with oscillations of the part during cutting and the resulting surface areas on the
profilogram. The methods for modeling machined surfaces were tested after cut-up and cut-down
milling with self-oscillation. In this case, the pitch and height of the waviness on the profilograms were
compared with those calculated from the results of measurements of the oscillograms. Based on their
analysis, refined formulas for calculating the waviness height have been derived. The error between the
measurements of the waviness pitch and height and the calculated values is within 6%.

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

1. INTRODUCTION

The issues of processing accuracy and productivity, regardless of the level of
technology development, always remain relevant. This also applies to end milling
of thin-walled parts, which are widely used in the products of the aviation industry.
Their rough processing falls on the third high-speed zone [1], where self-
oscillations act, the intensity of which affects the shape of the machined surface.

The data obtained during the experiments on the mechanisms of formation of
the machined surface during end milling with self-oscillations [2-8] make it
possible to develop a methodology for its modeling.

© S. Dyadya, Ye. Kozlova, A. Germasheyv, V. Logominov, 2021
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End milling machined surfaces are formed by depressions remaining from the
cutting surface when the part is moved. The depression depth (A) is determined by
the distance to the elastic equilibrium position of the part (Fig. 1).

Sz

{]‘.L EEP

3 -5

Figure 1 — Diagram for determining the depression depth after end milling

The elastic equilibrium position (EEP) is the position of the part’s surface
when no driving force is acting on it. If these distances are equal, the machined
surface does not have the waviness. This is typical for milling in the first and
second high-speed oscillation zones. In the third high-speed zone, the distance of
depressions to the EEP periodically changes from the maximum value to the
minimum, forming waviness on the machined surface.

The modeling is based on the identity of the cutting surface shape and the
oscillogram of the part oscillations during cutting [3]. Therefore, when
constructing a model of the machined surface, the data are used, which are
determined from the basic fragments of the oscillogram (BFO) [6], taking into
account the peculiarities of the cutting processes during cut-up and cut-down
milling. With cut-up milling, the workpiece moves to the tool and the forming area
is at the beginning of the cutting surface [3, 7]. During cut-down milling, the
workpiece moves in the direction of the tool rotation and the forming area is at the
end of the cutting surface [2, 4, 8].

2. MATERIALS AND METHODS

To simulate the machined surface obtained in the third high-speed oscillation
zone after cut-up milling, it is necessary to know the feed per tooth - S, and the
number of the mill cuts - N, at which the deviation from the EEP of the first self-
oscillation wave changes from the maximum value - Apax to the minimum - Apmin
(Fig. 2).
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Figure 2 — Change in deviation from EEP of the first wave
of self-oscillations during cut-up milling, determined by BFO

The waviness pitch on the machined surface - S, is determined by the
formula:

Sy =S,N 1)

The waviness height — W, is determined as the difference between the

maximum and the minimum values of the deviation from the EEP of the first wave
of self-oscillations, within the analyzed cuts:

W, = Apex = Apin )

When modeling the machined surface after cut-down milling, it is necessary

to take into account the peculiarity that the cutting time - tc: at each subsequent cut,

in the range of variation of the deviation from the EEP of the last self-oscillation
wave from the maximum value to the minimum, increases (Fig. 3) [2, 4, 8].
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Figure 3 — Change in cutting time and deviation from EEP
of the last wave of self-oscillations during cut-down milling

In this case, the length of the cutting surface also increases - Lcut, Which is
calculated by the formula:

21



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 94

D
L ="ty 3)
where Dmin — cutter diameter, mm;
n — cutter rotation frequency, rpm;

teut — cutting time, s.

With cut-down milling, as well as with cut-up milling, each subsequent
plunge of the tool into the part occurs after its movement by the amount of feed per
tooth - S;. But because each subsequent cutting surface is longer than the previous
one, the remaining depression from the next cut is in front of the previous one.
This order of formation of depressions is periodically repeated. As a result, a wavy
profile is formed on the machined surface.

To theoretically determine the waviness pitch during cut-down milling, the
following method was used. Since the length of the cutting surface during cut-
down milling with self-oscillation periodically changes from the minimum value to
the maximum value, the minimum cutting time was chosen as the reference point,
according to which, based on formula (3), the minimum cutting surface length is
calculated. When the tool leaves it, a depression is cut out, which is the most
distant from the EEP. From the minimum length of the cutting surface, the position
of the depressions of subsequent cuts is determined to the most distant and closest
to the EEP, which will be one of the peaks of the waviness. Next, the position of
the next cutting surface with the minimum length is determined, from which the
abovementioned constructions are performed, and the next peak is located. The
distance between the peaks is equal to the waviness pitch - Sy (Fig. 4).
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Figure 4 — Diagram for determining the waviness pitch
on the machined surface after cut-down milling

The waviness pitch — Sy, as the distance between adjacent protrusions on the
machined surface, calculated by the formula:
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Sw = Lax1 — Lax2 +S; - (Ng + N, —N3) (4)

where Lmaa and Lmaxe — maximum lengths of cutting surfaces at maximum
times of profiling, mm;

S; — feed per tooth, mm;

N1 — the number of cuts by the cutter tooth between the minimum lengths of
the cutting surfaces;

N2 — the number of cuts with the cutter tooth from the minimum length of the
cutting surface to the maximum in the area where the current wave is formed;

Nz — the number of cuts with the cutter tooth from the minimum length of the
cutting surface to the maximum in the area where the previous wave was formed.

The waviness height during cut-down milling, as well as with cut-up milling,
is calculated by the formula (2).

To evaluate the proposed method for modeling machined surfaces after end
milling, a comparison of the geometric parameters of waviness, determined from
the profilograms after milling, and calculated from the parameters of the basic
fragments of the oscillograms was carried out. This is possible with the help of
analog-to-digital converters and an inductive proximeter XS1M18AB120 when
recording oscillograms. Its calibration allows converting electrical and time signals
into linear ones. In this case, on the profilograms, the pitch - Sy and height - W, of
the waviness of the machined surface are calculated by the formulas:

S, =t-v, (5)

where t — time of the signal recording between two adjacent protrusions on
the profilogram, s;

v — signal recording speed, determined by the feed of the machine table, mm /
S.

W, =k-V, (6)

where k — calibration value for the XS1IM18AB120 inductive proximeter used
when recording the profilogram, mm/ V;
V — the greatest deviation of the recorded signal from the EEP, V.

3. EXPERIMENTS AND RESULTS DISCUSSION
The studies were carried out in the third high-speed oscillation zone on an
experimental stand [6] with a special single-tooth cutter with cutting modes:

spindle speed ns, = 280 rpm; feed per tooth S, = 0.1 mm,; axial depth a, = 3.4 mm;
radial depth a. = 0.5 mm, with free cut-up and cut-down milling.
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After milling, profilograms were recorded, fragments of which are shown in
Fig. 5.

The part’s body The part’s body
-

a b
Figure 5 — Fragments of profilograms after cut-up (a) and cut-down (b) milling

The unique ability to digitize the signal allows using the formula (5) on the
oscillogram to find the base fragments corresponding to the formation of the
surface recorded on the profilogram.

On the basis of this and according to the methods described above, models of
the machined surfaces were built after cut-up and cut-down milling (Fig. 6).
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Figure 6 — Models of machined surfaces after cut-up (a) and cut-down (b) milling

It should be noted that due to the radius of the tip of the indicator clock in the
device for recording profilograms [6], the most distant depressions on the
machined surface are not recorded. Therefore, instead of formula (2), when
determining the waviness height - W, more than 0.07 mm using oscillograms,
formula (7) is used, and with waviness height up to 0.07 mm - formula (8):
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W,, =—4,6334-A? +21319- A, —0,0746, @)
W,, =—17,387- A +2,9825- A, —0,071. (8)

where A — the difference between the max and min deviation of the wave (the
first one for cut-up milling and the last one for cut-down milling) of self-
oscillations from the EEP on the oscillogram within the change period, mm.

Table 1 and 2 show the values of the pitch and the height of the waviness of
the machined surface after cut-up milling. Table 3 and 4 - after the cut-down
milling.

Table 1 — The waviness pitch of the machined surface, determined from profilograms and
calculated by the formula (1)

Section number on the profilogram
(Fig. 5, a)

The waviness pitch, Sw on the
profilogram, mm

Number of cuts with a cutter tooth, N; 25 26 26 27 24

2.54 2.65 2.57 2.65 2.49

Feed per tooth, S;, mm 0.1

The waviness pitch Sw, calculated by

the formula (1), mm 2.5 2.6 2.6 2.7 2.4

Error, % 1.57 1.89 1.15 1.85 3.61

Table 2 — The waviness height, measured on the profilogram and calculated by the formula
(6)

Section number on the profilogram
(puc. 5, a)

The waviness height on the
profilogram, Wz, mm

0.083 | 0.091 0.083 0.107 | 0.082

The difference between the max and
min deviation of the first wave of 0.092 | 0.103 0.091 0.112 | 0.094
self-oscillations from the EEP, Ai mm

The waviness height Wi, calculated

by formula (), mm 0.082 | 0.095 0.081 0.106 | 0.084

Error, % 12 421 24 0.93 2.38
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Table 3 — The waviness pitch, measured on the profilogram and calculated by the formula

(4)

Section number on the profilogram

(puc. 5, b) 1 2 3 4
The waviness pitch on the profilogram 0.768 0902 0.809 0.92
Swi, MM

The waviness pitch Swi, calculated by
formula (4), mm

Error, % 2.34 0.88 4.82 5.43

0.75 0.91 0.77 0.87

Table 4 — The waviness height, determined from the profilogram and calculated by the
formula (7)

Section number on the profilogram 1 5 3 4
(puc. 5, b)
The waviness height Wz, measured on 0.040 0.048 0.052 0.055

profilogram, mm

The difference between the max and
min deviation of the last wave of self- 0.054 0.067 0.075 0.078
oscillations from the EEP, Ai mm

The waviness height Wz, calculated by
formula (7), mm

Error, % 2.5 59 5.45 1.78

0.039 0.051 0.055 0.056

The errors of the models of the machined surfaces, built according to the
shape-generating parameters of the oscillograms, after the cut-up and cut-down
milling, in comparison with the profilograms, do not exceed 6%.

4. CONCLUSIONS

Methods for constructing the profile of the machined surface after cut-down
and cut-up milling with self-oscillations are proposed. It is based on the identity of
the shape of the cutting surface and the oscillogram of the part’s oscillations. Based
on this, the shaping parameters from the oscillograms are used to build a model of
the machined surface. The calculated values of the pitch and height of the waviness
on it are close to those measured on the profilograms. Building a model of a
machined surface based on BFO data allows one to predict the effect of cutting
conditions and tool geometry on it.

References: 1. Vnukov Yu.N, Dyadya S.I, Kozlova Ye.B, Logominov V.A, Chernovol N.N. Self-oscillations
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Cepriit Jans, Onena Koznosa, Arron ['epmamnies, Bikrop JloromiHos,
3amopixoks, YkpaiHa

MOJIEJTIOBAHHA OBPOBJIEHOI TOBEPXHI
HICJIA KIHHEBOT'O ®PE3EPYBAHHSA 3 ABTOKOJIMBAHHAMUA

AHoTaUis. B asiayitiniii npomucio8ocmi wupoxo nowupena o6pobra monkocminnux demaneti. Ilepesadico
60HA ~ GUKOHYEMbCA — KiHWesUMU — @pesamu [ npu  HOPHOBOMY  (hpesepyeanHi — CYnpoBOOdICYEMbCs
asmokonueanHamy. Bonu nezamueHo eénaueaiome Ha AKicmb 0OpoOneHoi nosepxwi. Tomy eadxciusum € it
MOOENOBAHHS 3 YPAXYBAHHAM OUHAMIKU Npoyecy (pesepysants ONs NPOSHO3Y6AHHA MOYHOCMI. Y panHix
pobomax asmopie eusHaueHo Mexarism opmysants npoinio obpobneroi nosepxwi. Ilpu ybomy 3a ocHogy
835MA  I0EHMUUHICMb (OPMU NOBEPXHI PI3AHHA | OCYUIOSPAMU KOIUBAHL Oemali npu gpesepyeéanti. ¥
hopmoymeopenti 0OpobaeHOT NOBEPXHI NPU 3yCMPIYHOMY Qpe3epyeanti 3 asmMoKOIUBAHHAMY bepe yuacmb
nepuia X6uns asMOKOIUBAHb, NPU NONYMHOMY (pe3epyBanHi - OCMaHHa X6uiA. 3Imina siocmaretl 6Upi3aHux
3aNAOUH 0O NOJIOICEHHS NPYIHCHOT PIBHOBAU Oemalli NEPIOOUYHO NOBMOPIOEMCS 610 HAUIOLILULO20 3HAYEHHS
0o Haiimenwozo. Ha niocmasi yboeo, npu mMoOemo8anHi KpoKy XGUIACHOCHE 00pobaeHoi noeepxui nicis
3YCMPINHO20  (hpe3epy6antsi, HeOOXIOHO 3HAMU 6eluduHy noodayi i KIIbKicmb  pizie, wjo 3pobieHo
iHCmpymeHmom 8i0 Haubibwoi 00 HaumeHwol 3anadunu. TIpu Modeno8anti obpobieHol nosepxHi nicis
nonymHozo pesepysants mpeba 3Hamu O008i#CUHy NoepxHi pisanns. Bona pospaxoeyemvcsa na niocmasi
WBUOKOCMI PI3aHHS | Yacy opmyearHs nosepxui pizanus. Popmyna O GUSHAYEHHS! KPOKY XGUISACIOCMI
niciia NONymHo20 (hpe3epysanHs OMpuMana 3 ypaxyeanHam nooadi incmpymenmy. Bucoma xeunscmocmi
06pobnenoi nogepxHi NICsL 3yCMPIUHO20 | NONYMHO20 (DPe3epy8aHHss GUIHAYACMbCS SIK PISHUYS MIdIC
HAUOLILUIONW | HAUMEHWIOW 3ana0UHaMU. J{s 6UBHAYEHHS. PO3MIPI8 KDOKY | BUCOMU XGUIACIMOCMI OMPUMAHO
opmynu no nepemeopeHHo eleKMpUYHUX I YACOBUX BeUYUH OCYUIOSpam 6 JiHitiH. Li ¢popmynu maxodc
003607110Mb GU3HAHAMU OUISIHKU OCYUIOZDAMU 3 KOTUSAHHAMU OeMAsi NpU PI3aHHI T OMPUMAHT NPU YbOMY
OlnanKu nogepxui Ha npoginozpami. Memoouxu MoOemoeants 0OpodIeHUX NOBEPXOHb NEPEBIPATUCS NICTA
3ycmpiynoeo i nonymmozo gpesepyeanns 3 agmokoausanmamu. Ilpu ybomy nopigniosanucs Kpox i eucoma
XUISACMOCIE Ha NPOQINoZpami i po3paxoeami 3a pe3yabmamamu sumipiosans ocyunozpam. Ha niocmasi ix
aHanizy eueedeHi ymouHeHi opmyau 0 po3paxyHKy sucomu xeunsicmocmi. Iloxubka midic pesyiomamamu
BUMIPIOBaHb KPOKY 1 6UCOMU XBUIACIOCHI | PO3DAXOBAHUMU SHAYEHHAMU 3HAXOOUNbCS 8 Medicax 6%,
KitouoBi cioBa: gpesepysanns; asmoKonueanHs; XeUIACMICIb; KPOK; BUCOMA; NOBEPXHS PI3AHHS,
MOOeIOBAHH.
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TECHNOLOGICAL FIXTURES FOR MACHINING
LARGE-SIZED THIN-WALLED SHELLS OF COMPLEX PROFILE

Abstract. The paper analyzes the structure of technological fixtures for the positioning and fixing of
large-sized thin-walled pyroceram shells as a factor affecting the dynamic characteristics of the
grinding system. The solution to the problem of ensuring the dynamic stability of the «mandrel-
workpiece» subsystem is necessary to increase the efficiency of shell machining in present conditions.
Studying the vibrations frequency spectrum of the technological system during grinding has made it
possible to determine their sources. The magnitude and frequency of vibrations depend on the mandrel
structure - the clamping fixture. The study results are the requirements for a new mandrel structure,
considering the dynamic stability of the technological system.

Keywords: thin-walled shell; pyroceram; diamond grinding; technological system; structure of
fixture - mandrel; vibrations; natural vibration frequency.

1. INTRODUCTION

Thin-walled shells are a component of rocket and aviation technology.
Products have a complex profile (paraboloid of rotation), large dimensions with the
following parameters: diameter of 200-500 mm, length of 1000-2000 mm, wall
thickness of 5-6 mm, and are made of fragile, difficult to machine material
(pyroceram, ceramics). Finished parts must meet the requirements for mechanical
strength, heat resistance, radio-technical properties, which is ensured by the
accuracy of the detail's profile and its thickness, as well as the characteristics of the
surface layer (structure, stresses, waviness, roughness). Deviations from the
accuracy of the wall thickness of the finished product should be in the range of +
0.02 mm, the roughness of the machined surface should not exceed the parameter
Ra = 0.08...0.04 um [1]. Shell workpieces are produced by centrifugal casting. The
workpiece is characterized by significant unevenness in wall thickness. This is due
to the properties of the material and the instability of the technological molding
process parameters [1]. Machining of shells can be performed both using universal
and special machines with horizontal and vertical workpiece installation schemes,
as well as using modern machines with parallel structures. The latter allows you to
change the machining scheme and apply innovative ways to ensure the accuracy of
the product surface while reducing the complexity of machining [2].

The technological process of shell machining consists of several stages,
during which a significant allowance is removed. The main stages of processing
are preliminary and final operations of diamond grinding of the inner contour with
basing on the outer contour of the workpiece, grinding of the outer contour with
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basing on the machined inner surface. At the last stage of machining the outer
contour, it is necessary to fulfill the requirements for the accuracy of the wall
thickness, waviness, and roughness of the formed surface. However, due to the
problems with the dynamic instability of the technological system elements
(workpiece, mandrel, tool), these requirements are not met. Therefore, for the final
shaping of the product, the operations of finishing with diamond bars of its inner
and outer contours are performed. This is a time-consuming manual operation,
which reduces the efficiency of the entire technological process. Therefore, the
problem of increasing the dynamic stability of the technological system of grinding
shells is relevant.

2. ANALYSIS OF THE CAUSES OF THE DYNAMIC INSTABILITY
OF THE TECHNOLOGICAL SYSTEM DURING DIAMOND GRINDING
OF PYROCERAM SHELLS

For thin-walled shells, the following relationship is characteristic:
h/R, =1/20, where h is the wall thickness of the product, R, is the minimum

curvature radius of its middle surface. According to this parameter, the considered
shells can be classified as thin walled. Such products are difficult to install and
secure in machining operations. The thin wall of the workpiece lacks static rigidity
and dynamic stability when it is subjected to clamping and cutting forces. The
result of the analysis of vibrations in the technological system during grinding,
presented in studies [1, 3], showed that their level is influenced by beating and
deformation of the grinding wheel. The beating of the grinding wheel creates a
source of vibration excitation with a frequency that depends on the speed of the
wheel rotation. At a wheel speed v = 42 m/s (the wheel speed when machining the
outer contour), the frequency of the driving force is 67 Hz. Measurements using a
round measuring device showed that during machining, three waves are formed on
the working surface of the grinding wheel. This creates sources of oscillation
excitation with a frequency of 201 Hz [1, 3], which provokes the occurrence of
forced vibrations in the technological system during machining. Their level is
influenced by both the parameters of the cutting process (the value of the cutting
force and the direction of its components relative to the elements of the
technological system), and the parameters of the technological system elements,
including the structure of the mandrel - fixture.

The amplitude of forced vibrations depends on the condition of the grinding
wheel surface, its wear, geometry of the machined section of the workpiece profile,
which can provoke the dynamic instability of such workpieces during grinding and
be accompanied by the appearance of parametric vibrations of the shell wall. The
amplitude and frequency of such vibrations depend on the geometry of the shell,
the way of its fastening in the fixture, the properties of the construction material,
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the speed and direction of movement of the local moving load during cutting.
Certain ratios of external force (cutting force) oscillation frequencies, the speed of
its movement on the surface of the workpiece and natural frequencies of the shell
cause unstable parametric vibrations in the system. The most dangerous in terms of
the appearance of vibrations in the system is the presence of low (up to 1000 Hz)
natural frequencies of the shell.

During machining, the shell is positioned and fixed in a fixture, i.e. a mandrel.
In this case, even at the finishing stage of machining the outer surface, the basic
inner surface of the workpiece, obtained after its final grinding, has a significant
error - up to 0.2 mm [1]. Such conditions of basing and fixation determine the
values of natural frequencies of the «mandrel-workpiece» subsystem vibrations
and influence the level of forced and self-excited vibrations. Therefore, the level of
vibrations in the technological system largely depends on the mandrel structure.

In the present work the analysis of mandrel structures for positioning and
fixing thin-walled shells during grinding is carried out. The results of the analysis
will make it possible to develop the necessary requirements for such fixtures, based
on ensuring the accuracy and quality of machining.

3. STUDY OF DYNAMIC CHARACTERISTICS OF THE
TECHNOLOGICAL SYSTEM UNDER PRODUCTION CONDITIONS

The paper deals with diamond grinding of the outer contour of a thin-walled
pyroceram shell. Overall dimensions of the finished product are as follows: outer
diameter is 350 mm, length is up to 1000 mm, wall thickness is 7-8 mm. In
production conditions a modernized universal lathe with an aggregate grinding
head is used. The workpiece 2 is placed horizontally on a two-supporting mandrel
1 with cylindrical and conic supports (fig.1). The workpiece nose rests on the
support 3, which ensures its longitudinal fixation on the mandrel during machining.
The support 3 has an elongated design due to the positioning of the aggregate
grinding head on the lathe slide.

—0D

Figure 1 — Scheme of installation of the workpiece during machining
in production conditions
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It is difficult to ensure the necessary accuracy of the workpiece positioning in
machining operations. This is due to the low accuracy of the base surfaces of the
workpiece, errors in the shape and location of its inner surface relative to the outer
surface. These errors appear at the preliminary machining of the inner contour and
are transferred with a certain degree of refinement to the final machining of the
inner surface. The workpiece is based on the tapered and cylindrical surfaces (see
Fig. 1) during the grinding operation of the outer contour. Positioning error of
tapered surface causes a basic positioning error along the workpiece axis up to 1,13
mm [1]. The error of the cylindrical base surface creates a clearance when basing
the workpiece on the mandrel. The study of the positioning error in production
conditions has shown that the value of this clearance is 0.1-0.4 mm [1]. This leads
to the rotation of the workpiece during machining under the influence of cutting
force and vibrations.

To determine the influence of the state of the technological system elements
on its dynamic characteristics, we have measured the frequency spectrum of
vibrations arising in the process of grinding. The parameters of the frequency
spectrum were measured using a vibrometer 795M107B. The vibrometer sensor
was installed on the mandrel of the grinding head. The frequency spectrum of the
technological system vibrations for the parabolic section of the shell, which is
located at a distance of 300 mm along the axis from the workpiece base, is shown
in Fig. 2. The main values of technological system vibrations are marked at the
frequency spectrum along the axis 0X in the range from 0 to 1000 Hz, the
acceleration of vibrations (mm/s?) are shown along the axis 0Y.

6575 Hertz 130-140Hertz 200-210Hertz
=ty f 400-420Hertz
335-342Herz /|
{

36-54Hertz \

080-690Hertz g10.820Hertz
610-615Hertz )

950-960Hertz

Figure 2 — Frequency spectrum of the technological system vibrations during
finishing the outer contour of the workpiece

Table 1 presents the results of the frequency spectrum analysis. For the
analysis we have used the measurement results (see Fig. 2) and studies of the
dynamic characteristics of a similar technological system, carried out in the
research [1, 3].
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Table 1 — Analysis of the frequency spectrum of the technological system vibrations

Frequency range,

Hy Source (cause) of the harmonic

Non-synchronous spectrum components (environmental noise;
Less than 20 low-frequency spectrum of vibrations of other elements of the
technological system)

Subharmonics resulting from the grinding wheel rotation; natural

36-54 frequencies of the «spindle assembly — mandrel - workpiece»
subsystem
65-75 Frequencies corresponding to the operating frequency of the

grinding wheel and the lowest natural frequency of the shell
Superharmonics, which occurs during the grinding wheel

130-140 ;

rotation

Superharmonics, which appears due to changes in the shape of
200-210 L

the grinding wheel
260-270 Natural frequencies of the shell workpiece vibration
335-342: Natural frequencies of the «spindle - mandrel» subsystem and su-

' perharmonics from the grinding wheel rotation caused by its

400-420 '

imbalance

610_%%50;_858_690; Natural frequencies of the «mandrel - workpiece» subsystem

810-820 Natural frequencies of the «spindle assembly - grinding wheel»

4. FINITE ELEMENT ANALYSIS OF THE DYNAMIC
CHARACTERISTICS OF THE «MANDREL - WORKPIECE»
SUBSYSTEM FOR DIFFERENT MANDREL DESIGNS

To assess the impact of the fixture design on the level of vibrations in the
technological system when grinding thin-walled shells of a complex profile, an
analysis of its dynamic characteristics depending on the type of mandrels used in
production and proposed by modern researchers has been conducted.

The theoretical study of the dynamic behavior of the technological system is
performed in the Solid Works Simulation software package by the finite element
method. Three-dimensional models of mandrels with a workpiece mounted on
them have been developed. For the «mandrel - workpiece» subsystem
deformations from the local load (cutting force) in its action area has been
calculated to determine the subsystem rigidity. Also the spectrum of natural
frequencies and vibration modes for the «mandrel - workpiece» subsystem, arising
under the influence of the local load (cutting force) have been calculated to
determine the dynamic behavior of the subsystem.
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Fig. 3 shows the frequency spectrum of vibrations of the «mandrel -
workpiece» subsystem and the frequency waveforms when grinding in production
conditions (Variant 1) obtained by calculation. The workpiece basing has been
carried out on the mandrel according to Fig. 1. The calculated model is made for
the real conditions: there is a clearance of 0.1 mm on the cylindrical support. The
calculated values of vibration frequencies have been compared with the spectrum
of vibration frequencies measured in production conditions (Fig. 3, a), and with the
frequency of the vibration source.

The shapes of vibration frequencies (Fig. 3, b, ¢, d) allow us to determine the
nature of possible vibrations. Red color shows the greatest deformation of the
product relative to the resting state, blue - the absence of deformation, green -
intermediate variant of the deformation value. The graphs of the frequency
spectrum (see Fig. 3, a) show the frequency in Hz on the axis 0X, and the product
deformation, mm, on the axis Y.

86Hertz

210Her1z 262Hertz

b) ¢) d)

Figure 3 — Calculated frequency spectrum of vibrations of the «mandrel-workpiece»
subsystem and the frequency forms for production conditions (Variant 1)

The forced vibrations of the «mandrel - workpiece» subsystem and the
parametric vibration of the shell are mostly influenced by the frequencies up to
1000 Hz, i.e. the first three natural frequencies (see Fig. 3, a).

To confirm the assumption that the low frequency spectrum is related to the
presence of a clearance between the mandrel and the workpiece, the frequency
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spectrum of vibrations for the virtual mandrel of similar design, but without the
clearance (Fig. 4, a, b), as well as the version of the spectrum for the conditions of
exclusion of the support 3 (Fig. 4, c, d; Variant 1) have been calculated.

N 448Her1z

347Hertz

a) h)

h &

c) ¢

410Hertz

947Hertz

Figure 4 — Calculated frequency spectrum of vibrations and the frequency forms
of the «mandrel-workpiece» subsystem (Variant II)

For the models of Variant | and Variant Il, the static calculation of the
workpiece deformations under the influence of the cutting force is performed. For
all variants of the workpiece positioning, the characteristic value of the cutting
force, which is 400 N, has been taken for the selected machining conditions [3].
Grinding area is located on the parabolic section of the workpiece at the distance of
300 mm from its’ base. The static calculation shows that the workpiece surface
displacements under the cutting force in the grinding area is, respectively, 0.12 mm
(Variant 1), which is close to the measurement results according to [1], and 0.024 mm
(Variant I1).

The calculated natural frequency of the mandrel is 284 Hz, the measured
frequency is 305 Hz. The mandrel 1 (see Fig. 1) has a rather rigid structure. The
first natural frequency of the «mandrel-workpiece» subsystem (Variant I) is 86 Hz
due to the bending forms of the subsystem vibrations and is a result of the presence
of a clearance on the cylindrical support. The first three frequencies have the
greatest influence on the vibration amplitude (Variant I). The frequency of 210 Hz
(see Fig. 3, a) is close to the frequency of the driving force of 201 Hz. The
frequency of 262 Hz has the form of the shell vibrations and their value, close to
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the bending vibrations of the «mandrel-workpiece» subsystem, is sufficient to
cause parametric vibrations (see Fig. 3, d).

The computer model of the «mandrel-workpiece» subsystem (Variant IT) has
shown that low forms of natural frequencies of the shell vibrations do not occur
(see Fig. 4). The lowest frequency in the presence of the support 3 is associated
with its bending vibrations (see Fig. 4, a, b). In the absence of the support 3 the low
frequency is determined by the presence of bending vibrations of the «mandrel-
workpiece» subsystem at the frequency of 410 Hz. For all cases of Variant II, the
lowest frequencies are remote from the influence of exciting frequencies from the
side of the grinding wheel.

In the present paper we have also analyzed the mandrel structures proposed by
other researchers [5-9] for fixing the shells of similar type during the grinding
operations.

The mandrel structure [5], shown in Fig. 5, has two main supports 3 -
cylindrical and 4 - conical, two additional supports 5 to increase the rigidity of the
shell wall and stop 6. It has been assumed that when basing a workpiece on such a
mandrel, a clearance may occur due to the low accuracy of dimensions and the
shape of the base surface between the cylindrical support 3 and the workpiece 1.

The static calculation has shown that deformation of shell surface under the
cutting force in the grinding area is as follows: 0.014 mm in the absence of the
clearance on the cylindrical support (Variant Il1); from 0.018 to 1.4 mm in the
presence of clearances, depending on the point of force application (Variant IV).

Figure 5 — Structural diagram of the «mandrel workpiece» subsystem
for the mandrel structure according to [5]

The results of calculations by the finite element method in Solid Works
Simulation have shown that the natural frequency of the mandrel structure [5] is
195 Hz. The mandrel structure [5] is less rigid than the mandrel shown in Fig. 1.
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Also, for this mandrel the following has been established by calculating the
dynamic characteristics of the system (Fig. 6).

For the «mandrel-workpiece» subsystem according to Variant III (Fig. 6, a),
the first natural frequency of vibrations is 331 Hz, which removes the subsystem
from the influence of excitatory vibrations, but natural vibrations of the shell,
which provoke the parametric vibrations of its wall, still have a rather (below 1000
Hz) small value - 872 Hz. The presence of the clearance lowers the first frequency
to 36 Hz, which will cause forced vibrations when grinding the workpiece. Low
natural frequencies of vibrations of the shell wall - 244 Hz, can cause the
appearance of its parametric vibrations.

872Hertz |

| 331Hertz

a) b)

| 36Hertz 54 4t1oms

!
|\ _ 147Hertz

c)

Figure 6 — Calculated frequency spectrum and vibration modes
of the «mandrel-workpiece» subsystem for the mandrel structure according to [5]

The disadvantage of the mandrel [5] is that due to the low accuracy of
dimensions and the shape of the inner surface of the shell, i.e. errors in the
thickness of a given profile, it is difficult to adjust the fixing unit (cylindrical
support) to the size during external grinding operations. As a result, the shell wall
is not completely fixed. Additional fixation points increase the stiffness of the
product on the limited surface, but the adjustments of these supports to the size of
the inner surface have low accuracy.

The design of the mandrel [6], shown in Fig. 7, assumes that in the mandrel 1
there is a rubber chamber 5 between the fixation points (cylindrical support 3 and
conical support 4). The chamber is filled with water 6 under pressure, which leads
to its gradual expansion and uniform arrangement of the chamber along the inner
surface of the workpiece 2, which ensures a uniform support of the shell wall during
grinding.
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Figure 7 — Structural diagram of the «mandrel — workpiece» subsystem for the
mandrel structure according to [6]

The installation and the mechanism of fixing the shell on the cylindrical
mandrel has not changed in comparison with Variants III and IV. At the support 3,
a clearance is possible. Two computer models have been created: with the
clearance (Variant V) and without the clearance (Variant VI). The results of the
static calculation (Fig. 8) show that the deformation of the workpiece surface under
the influence of the cutting force in the grinding area is 0,004 mm both for Variant
V and Variant VI.

| 324Hertz )
)\ 959Hertz

- -

b)

d)

Figure 8 — Calculated frequency spectrum and frequency waveforms

of the «mandrel-workpiece» subsystem for the mandrel structure [6]
The structure of the mandrel [6] significantly reduces the deformation of the
shell wall, increases the lowest natural frequency, which eliminates the influence
of vibrations of the exciting force. At low frequencies (up to 1000 Hz), there are no
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forms of the shell vibrations, which may lead to the parametric vibrations. The
frequency spectra of vibrations for Variant V and Variant VI are similar. However,
the vibration amplitude in the presence of a clearance increases by a factor of
almost 10 when approaching the resonance frequencies. The disadvantages of this
mandrel structure are the necessity to provide its hermeticity, the laboriousness of
the workpiece installation on the mandrel and the complexity of manufacturing the
rubber chamber.

The mandrel structure [7], shown in Fig. 9, implies a multilayer temporary
liner 6, which consists of 3 to 5 sheets of elastomer bonded with adhesive to each
other. The liner is placed on the adhesive along the inner surface of the shell. The
rubber chambers 5 are filled with air, creating the cavity pressure of 1 to 4 bar [7].
According to the patent [7], the fixture has a reconfigurable structure and can be
applied to similar shell structures, which differ in size.

The structure of the fixture (see Fig. 9) has been adapted to the shells
considered above when building the model. The authors of the fixture [7] assume
machining the shell using machines with a vertical axis of the workpiece
installation. This does not change the essence of the study since the influence of
the mandrel on the dynamic behavior of the technological system is preserved. In
the study [2], the advantages of machining such products using machines with the
vertical axis and with parallel kinematics have been considered.

Figure 9 — Structural diagram of the «mandrel-workpiece» subsystem
for the mandrel structure according to [7]:
1 - workpiece; 2 - mandrel; 3 - base; 4 - conical support; 5 - chamber;
6 — liner; 7 - support; 8 — clamp
The results of the static calculation (Fig. 10) showed that the workpiece
surface displacement under the influence of the cutting force in the grinding area is
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0,024 mm when working with a pressure of 2 bar (200000 N/m?) and 0,022 mm
with the pressure of 4 bar (400000 N/m?) (Variant VI1).

1577Hertz
1325Hertz
1134Hertz

859Hertz

481Hertz
129,9Hertz

1266Hertz

a) ‘
b)
Figure 10 — Calculated frequency spectrum and the frequency waveforms
of the «mandrel-workpiece» subsystem for the mandrel structure [7]

The frequency analysis for the variant of setting the workpiece according to
the model (see Fig. 10, a) has been performed at the frequency of vibrations up to
1600 Hz to compare the obtained calculation results with the measurement results
given in [7]. The results of measuring the frequency characteristics of the shell
showed a decrease of apparent vibration peaks at frequencies from 573 to 1000 Hz
and decrease of vibration amplitude at all other frequencies. The vibration
amplitudes are reduced by 2.5 times at frequencies up to 500 Hz and by 2.67 times
at frequencies from 500 to 1000 Hz. Calculations showed the similarity of the
obtained frequency spectrum, including complete similarity in terms of the first
frequency of the subsystem: 129.24 Hz in [7] and 129.9 Hz, according to Fig.10, a.

The workpiece is placed on the base 3 (see Fig. 9) on supports 7 and pressed
to them by clamps 8, which, however, does not provide shell rigidity on the
mandrel, leads to a decrease of the first natural frequency of the «mandrel-
workpiece» subsystem, creates undesirable force effects on the surface of the
workpiece from the clamp and does not allow machining the workpiece along the
full contour.

Table 2 presents the calculation results of the dynamic characteristics of the
«mandrel-workpiece» subsystem for the considered variants of the clamping
fixture designs. The deformation of the workpiece surface from the static load is an
indirect indicator of the reduced rigidity of the «mandrel-workpiece» subsystem in
the machining area. The value of the first natural frequency is an indicator of the
possibility of forced vibrations. The natural frequency of vibrations according to
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the shape of the shell is an indirect indicator of the possibility of parametric
vibrations of the shell wall.

Table 2 — Calculation results of the dynamic characteristics

. First natural frequency of Natural frequency
Man(\ilgarli:;rtlécture ssttra;[ilrf Ir?f;g the «mandrel-workpiece» of the shell (up to
! subsystem, Hz 1000 Hz), Hz
Variant I 0,12 86 262
Variant I1 0,024 410 -
Variant 111 0,018 331 872
Variant IV 14 36 244
Variant V 0,004 324 -
Variant VI 0,004 337 -
Variant VII 0,022 129,9 859

According to the results presented in Table 2, it can be concluded that the
mandrel structures according to Variants I, V, VI provide a stable flow of the
cutting process. However, the operation of mandrels according to Variants V and
VI is difficult because of the complexity of their structure.

5. SUMMARY

The complex, non-technological shape of the shell affects the peculiarities of
positioning its workpiece in the machine and machining. The research has shown
that when designing the mandrel, which will provide dynamic stability of the
technological system and the required accuracy of machining, it is necessary to
ensure the presence of two supports to fix the profile of the workpiece shell over
the entire contact surface without a clearance; basing on the end surface; the
presence of the positioning scheme allowing to process the full workpiece profile.

Among the examined mandrel structures, Variant 1l meets these requirements.
The wall deformation is within the operational tolerance, and natural frequencies of
the «mandrel-workpiece» technological subsystem are not influenced by exciting
vibrations. Such conditions are not fully satisfied for the existing structures, so
there is a need to develop a new progressive mandrel structure, the use of which
will provide the required level of characteristics of the technological system of
grinding thin-walled shells.

References: 1. Pokolenko D. V. (2014) Pidvyshchennia efektyvnosti obrobky antennykh obtichnykiv iz
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TEXHOJIOI'TYHA OCHACTKA JJI1 ObPOBKH
BEJIUKOT'ABAPUTHUX TOHKOCTIHHUX OBOJIOHOK
CKJUIAJJHOT'O ITPODLIIO

AHoTanin. /s 3abesneuenns mouHocmi 06pOOKU ma  AKOCMI  NOBEPXHI  MOHKOCMIHHUX
8EUK02AOAPUMHUX 0DOJIOHOK 3 CUMATLY HA ONEPAYIsAX AIMA3HO20 WIQYE8aHHs HeOOXIOHO nidsuwyeamu
QUHAMIYHY CMILIKICMb MEXHON02IMHOI cucmemu. Ha Ounamiuny cmiiikicms mexHoI02iuHOI cucmemu
BNIUBAIONb K XAPAKMEPUCTIUKYU NPOYECY PI3aHHS, MaK | OUHAMIYHI Xapakmepucmury ii enemenmis.
3azomoeka — moHKOCMiHHA 000710HKA € HemexHonoziunum eremenmom. Cminyi 3a20mosxu He
BUCMAYAE CMAMUYHOL JCOPCMKOCTE MA OUHAMIYHOT CIMITKOCMI NIO 8NIUBOM HA Hel CUNl 3aKDINJIeHHs y
npucmocysanni ma pisanns. Pisenv xonueans cminku 06010HKU Ni0 uac oOpoOKu sanexicums 6i0
2eoMempii 3a20MOBKU, pedicumy pi3aHHs ma KOHCMPYKYIl MeXHON02IYHOI OCHACMKU — 3aMUCKHOI
onpaexu, AKa 6NIUBAE HA 6NACHI KOMUSAHHA cminku 3a20moeku. Criaduicms 3abe3neyeHHs moyHocmi
YCMAHOBKU 3a20MOBKU HA ONepayiax MexamiyHoi 0OpoOKu nos'sa3ana 3 HU3bKOIW Mounicmio ii 6a306ux
Nn06ePXOHb, NOXUOKAMU hopMu | POIMAULYEAHHA BHYMPIUHLOI NOGEPXHI 3a20MOBKU U000 308HIUHBOL.
Hocniooicenns uacmomuozo cnekmpa KOIUEAHb MEXHONOIYHOI cucmemu nid Yac wnigyeanua y
BUPOOHUYUX YMOBAX O0360UN0 GUSHAYUMU Odicepena ix unuknenHs. Byno eusaeneno, ujo Hudicua énacna
uacmoma KoOJIUBAHb NIOCUCMEMU «ONPABKA-3a20MOBKa» 6 dianasoHi 6i0 50 0o 200 I'y HeeamusHo
BNIUBAE HA GUMYUIEHT KOIUBAHHA 8 MEXHON02IuHIl cucmeMmi. Bracna nudcua wacmoma obononku (0o
1000 I'y) énausac na nosgy ma piseHvb nApamempuyHux KOIUGaHs it cminku. 3a 00nomozoio memooie
KOMN 10mMepHO20 MOOeN08ANHS BUKOHAHO OYIHKY 6NAUGY ICHYIOUUX MA GIPMYATbHUX, 3 HeOOXIOHUMU
O3HaKamu, KOHCIMPYKYill NPUCMOCYBAHb - ONPABOK HA pisenb 8ibpayill y cucmemi. Bcvoeo byno oyinerno
yomupu KOHCMpPYKYIi onpagox ma cim eapianmie ix peanizayii na onepayii 308HIUHbO20 WNIDYEaHHs
MOHKOCMIHHOI 00010HKU. [lOCTIOJNCEHHs NOKA3aU, WO 8 KOHCMPYKYIi ONpasKku, sxka 3abe3neyums
OUHAMIYHY CMITKICIb MEXHON0IYHOT cucmemu i 3a0aHy MmoYHICMb 00poOKU, HeoOXIOHO 3abe3neyumis:
Hasi8HiCHb 080X ONOp O ikcayii npodinio 3a20mosKku 060IOHKU NO 6CIll KOHMAKMHUI NOGEPXHI 6e3
3aszopie; 6asyeanHs nNo Mopyesili NOGEPXHI;, HAABHICMb CXeMU YCIMAHOBKU 3A20MOBKU, AKA 003601UNMb
BUKOHamMu 06poOKY i n06H020 npointo. IcHy0Ul KOHCMPYKYIT ONPABOK NOBHICMIO He 3A0080IbHAIONb
nepeniueHuM GUMO2AM, MOMY € HeOOXIOHICMb Y PO3POOYL HOBOL NPO2PECUBHOL KOHCMPYKYIT ONPAGKU.
Kurodosi cinoBa: monxocminna obonouka; cuman; aimasHe WNiQPYBAHHA; MEXHON02IYHA cucmema,
KOHCMPYKYISA NPUCIOCYBANHS — ONPABKU, 8IOpayil; 61ACHA YACMOMA KOIUBAHD.
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INTERACTION OF THE ABRASIVE MEDIUM
WITH THE TREATED SURFACE AND THE PROCESS
OF METAL REMOVAL DURING VIBRATION TREATMENT
IN THE PRESENCE OF A CHEMICALLY ACTIVE SOLUTION

Abstract. Interaction of working medium granules with the processed surface of the part is considered.
It is noted that the processing methods are characterized by the dynamic interaction of the abrasive
medium with the processed surface. It is indicated that during vibration treatment there is an impact
contact of the abrasive granule with the surface of the part, which leads to the formation of
characteristic traces during the formation of the surface relief. The types of impact of abrasive grains of
working medium granules on the surface of the processed part are identified. It is indicated that the
effect of abrasive grains depends on the geometric parameters of the tops of the grains and the working
contour of the granule as a whole. The alternation of the operation of abrasive grains in the connection
with the nature of the motion of the granule over the surface of the part is shown. The interaction of
surfaces of bodies during vibration treatment is considered. The distinctive features of the vibration
treatment method from other analogs are indicated. The conditions for the formation of the surface
layer of the part during vibration processing are given. The analysis of the mechanical-physicochemical
model of the micro-cutting process in the presence of a chemically active solution is carried out and a
comparison of the intensity of technologies for vibration treatment of steel parts is given.

Keywords: abrasive medium; types of medium action; surface layer; mechanical-physicochemical
model; metal removal; chemically active solution; vibration treatment technologies.

Introduction. Processes of treatment in abrasive media are characterized by a
wide range of mechanical-physicochemical phenomena caused by various
technological schemes of interaction between the medium and the treated surface,
the variety of characteristics of processing media, technological chemically active
solutions, and parameters of processing modes [1].

The interaction of the medium with the surface to be treated is accompanied
by plastic deformation and micro-cutting, friction, thermal phenomena, chemical
interaction, the manifestation of the action of electromagnetic and electric fields,
and adhesion processes.

The peculiarities of the interaction of the abrasive medium and the processed
parts make it possible to assess the technological capabilities of the applied
processing method and its regularities. In the study of the processing of parts in
abrasive media, a significant influence is given to the contact interaction of the
processing medium with the processed surface, that is, to local contact and their
integral manifestation in the form of deformation processes and micro-cutting, to
the properties of materials contacting during processing [2].

© A. Mitsyk, V. Fedorovich, A. Grabchenko, 2021
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Interaction of medium granules with the processed surface. Despite the
variety of processing methods in abrasive media, there is sufficient generality in
the assessment of the mechanism of interaction of medium granules with the
processed surface. Most of the processing methods under consideration are
characterized by the dynamic interaction of the abrasive medium with the
processed surface, in which there is an impact contact of the medium granule with
the surface of the part (jet-abrasive, turbulence processing, tumbling, etc.), the
formation of characteristic traces of processing and the formation of the surface.

So, for example, during vibration processing, the analysis of the phenomena
in the zone of the working medium granules collision with the processed surface
shows that during vibration action there is an impact contact of the abrasive
granule with the surface of the part. In this case, the abrasive grains of granules in
contact with the processed surface carry out micro-cutting, plastic and elastic flow
around the material, and the formation of many traces of processing [3].

Considering a single granule moving relative to the processed surface, it can
be noted that its profile consists of grains that carry out micro-cutting, plastic and
elastic repression, and grains that are not involved in the operation.

Types of action of abrasive grains on the processed surface. The nature of
the action of abrasive grains on the metal depends on the geometric parameters of
their tops and the working contour of the granule as a whole. Depending on the
orientation of the cutting edges of the abrasive grains relative to the forming
granules, there are three main types of action of the abrasive grain on the surface to
be processed: cutting; plastic repression; friction. In this case, each abrasive grain
in the process of treatment over time can first produce only friction, then plastic
repression; and, finally, carry out cutting, and vice versa.

This alternation of operation performed by the abrasive grains of the granule
is associated with the nature of its movement over the surface of the processed part.
High-speed filming of the process has shown that granules can leave on the contact
surface complex traces of processing, which differ in depth and location on the
surface. The depth of the track changes in the direction of movement of the granule
and is determined by the speed of its movement, the force and frequency of
penetration during the contact time, and other factors.

Interaction of surfaces of bodies during vibration treatment. During
vibration treatment, the surfaces of two bodies interact, that is, the working
surfaces of an individual granule and the processed part. The nature of mechanical
and physical-mechanical processes is determined by: physical and mechanical
properties of cutting grains, their sizes, shape, quantity and location on the surface
of the granules; characteristics of the processed material; its physical and
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mechanical properties, process parameters, depending on the technological mode
of processing.

The vibration treatment process depends on the nature of the local contact of
the "working grains" of the abrasive granule with a thin surface layer of the
processed part. In the contact of parts with a mass of abrasive granules oscillating
and moving along their surface, mutual intensive destruction of the surfaces of the
contacting solids occurs, that is, the mutual running-in process occurs.

The nature of the dynamic loads in the contact zones of the working medium
granules and parts distinguishes the vibration treatment method from other known
methods [4]. The distinctive features include the following:

— grains of abrasive granules are loaded more evenly, and the depth of
penetration of each of them is stable;

—the alternation of deforming and cutting grains is ensured due to the
discontinuity of their interaction with the surface of the part;

— the presence of oscillations ensures a decrease in friction forces on the
contact surfaces of the "granule-part" system;

— the abrasive granule, due to its small size, is reliably impregnated with a
chemically active solution and ensures its supply to the zone of mutual contact of
the abrasive granule with the processed surface;

— provides a decrease in micro-cutting forces and contact temperature.

Conditions for the formation of the surface layer of the part after
vibration treatment. Most of the listed distinctive features are due to the self-
regulation process characteristic for vibration processing, which allows a moving
granule with grains embedded in the metal surface to occupy an optimal position,
uniformly apply elementary traces to the surface, displaced relative to each other.
This creates conditions for the formation of a more uniform surface layer,
eliminates the possibility of coarse traces of destruction. It is noted that a complex
spectrum of stresses arises at the points of actual contact of the bodies, micro-
cutting, elastic-plastic deformation with a significant increase in the dislocation
density and the formation of active dislocation-vacancy centers occur.

Due to specific patterns of vibration processing, the noted effects are
distributed fairly evenly over the entire surface of the part. In general, micro- and
sub-micro-relief is formed as a result of the presence of smooth areas with oxide
films, rough areas formed during the destruction of the film and adhered to the
surface of the smallest metal particles, as well as transition areas from smooth to
rough.

It should also be noted the peculiarity of the course of the process in time. It
is observed that the destruction of the material begins only after a certain period,
during which preparatory processes occur, namely the formation of traces of
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processing, surface hardening, the initiation of micro-cracks, etc. The duration of
this period depends on the physical and mechanical properties of the material and
processing conditions.

In connection with the presence of the effects of multiple elastic-plastic
deformation and re-deformation of sections of the processed surface, along with
the process of direct fracture, the process of high-cycle plastic deformation and
fracture is manifested. The processes of micro-cutting, elastic-plastic deformation,
activation of the surface layer of the metal, the formation and destruction of
secondary structures, poly-deformational destruction are repeated with the
frequency of collision of the medium granules with the processed surface.

Mechanical-physicochemical model of the micro-cutting process in the
presence of a chemically active solution and comparison of the intensity of
vibration treatment technologies for steel parts. The analysis makes it possible
to construct a mechanical-physicochemical model of the process of destruction of
the processed surface, that is, the process of micro-cutting the material of a part,
which ensures the metal removal in the presence of a chemically active solution.
This model relates the parameters of metal removal and surface micro-roughness
with factors affecting them and includes the following:

— shock mechanical contact, on which there is elastic, plastic, elastic-plastic
deformation and destruction of the surface layer with the removal of metal
particles;

— the formation of a loosened layer of active metal,

— interaction of the active metal layer with the environment, that is
characterized by the formation of weakened secondary structures;

— destruction of secondary structures by subsequent impacts of medium
granules;

— the formation of a specific sub-micro-relief, which is a layer of finely
divided particles.

Fig. 1 shows a comparison of technological processes of vibration treatment
of steel parts to high classes of surface cleanliness.

The technological process of vibration treatment of parts of carbon steels [5],
as shown by curve 1 of the graph, consists of five transitions, for which the
processing modes and the used abrasive material are indicated.

For example, for technological process 1, the first transition is performed
under the conditions of 25K425, BT1, 1,5A3, where 25 is the size of the granules
of the working medium, KY is the grain material, 25 is the granularity of the
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granules, BT1 is the hardness of the bond, 1.5 is the vibration frequency of the
vibrating machine reservoir, thousand counts / min., A3 — vibration amplitude, mm
(Ukrainian standard).

In this case, obtaining a micro-roughness of R, =0.32...0.16 um with an
initial Ry =20...10 pum is achieved in 12 ... 16 hours of processing in the medium

of abrasive granules of a certain granularity for each transition. The reservoir is
flushed with a soap and soda solution. The final finishing of the processed surfaces
is carried out with felt wads, caricatured with polishing paste.
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Figure 1 — Comparison of technological processes of vibration processing
of parts of carbon steel: | — technological process of NIITM, 1, 2, 3, 4, 5 — technological
transitions; 11 — ENIMS technology; Il — technology of V. Dahl EUNU

Technology [6] offers a range of vibration grinding and polishing processes
for ferrous metal parts. To obtain a surface with a micro-roughness of

R, =0.32 um with an initial R, =20...10 um, the parts should be processed in
the following sequence:

— first, in the medium of abrasive granules with a grain size of 12 ... 40 in the
presence of an aqueous solution to a purity of R, =2.5...1.25 um;
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— then, in the medium t of abrasive granules with a grain size of 6 ... 10 in the
presence of an aqueous solution to a purity of R, =1.25...0.63 um;

— finally, in the medium of a special molded filler and an aqueous solution to
a purity of R; =0.16 pm.

The total processing time is 12 ...14 hours. Naturally, such complex
multistage technological processes of vibration treatment have not found wide
application in mechanical engineering.

The chemically active solution [7] allows to eliminate multistage overloading
of the reservoir contents and to obtain a cleanliness of the treated surface of
R, =0.32 pm at the initial R; =20...10 pm in one operation in the medium of
abrasive granules AH-2 TV 2-036-02211899-007-97 (Ukrainian standard).

The second stage of processing is required only if it is necessary to obtain a
purity of Ry =0.16...0.08 pm.

Conclusions

1. The process of metal removal during vibration processing is characterized
by the intensity of mechanical and chemical actions and the ability of the material
of the processed part to resist the effects of these processes.

2. In connection with the considered model of destruction of the surface layer
of the processed part the ratio of micro-cutting and elastic-plastic deformation
processes is 30 ... 35 %.and 70 ... 65 %, respectively.

3. Unlike abrasive granules used as a working medium in vibration grinding
operations, the interaction of metal balls used in vibration polishing operations is
accompanied by elastic-plastic deformation and the formation of many processing
traces.

4. The use of chemically active solutions in vibration treatment contributes to
a more intensive metal removal due to the formation of loose films on the surface
of parts, which are easily removed by an abrasive during processing and favorably
affects the formation of the micro-relief of the processed surface. In addition, the
chemically active solution has anti-corrosion properties and helps to brighten the
processed surface.
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B3AEMOJIA ABPASUBHOI'O CEPEJOBHIIA
3 OBPOBJIIOBAHOIO NOBEPXHEIO TA ITPOLHEC
SHATTA METAJIY ITPU BIBPOOBPOBIII
B TIPUCYTHOCTI XIMIYHO-AKTUBHOI'O PO3YUHY

AHoTauist. Posensnymo 63acmooilo epamnyi pobouozo cepedosuwa 3 06poonioeanoio noeepxuero demari.
Biosnaueno, wo memoou 06poOKU XAPAKMEPUZVIOMbCA  OUHAMIYHUM  83AEMOOISIM  AOPA3UBHO20
cepedosuwa 3 0OpoOIOBAHOI0 NOBEPXHEI. 3a3HayeHo, wo npu 8ibpoobpodyi 8i0Gyeacmvcs yoapHuil
KOHMaxkm abpasusHoi 2panyiu 3 nogepxuelo 0emaiui, wjo Npu3eooums 00 YMEOPEHHs XAPAKMepHUX
cnidie npu opmyeanHi pervedy nogepxti. Budiieno suou eniugy abpazueHux 3epex pamyi pobovozo
cepedosua Ha nosepxHio 0OpooI0eanol demani. 3a3HaueHo, WO BNIUE ADPAZUBHUX 3ePEH 3ANeNCUNb
810 ceomempuuHUX napamempig ix eepuiun i pobouoeo kowmypy epamyiu 6 yiromy. Iloxaszano, wo
enubuna crioy 6i0 abpasusHoi Spanyu 3MIiHIOEMbC 6 HANPSMKY i1 pyXy [ UBHAYAEMbCS WUBUOKICIIO
nepemiujents, Cunol i 4acmomolo NPOHUKHEHHS 3d Yac KOHMAKMY MA ITHWMUMU OUHAMIYHUMU
Gaxmopamu. [lano mpu euou eéniusy abpasueHozo 3epHa Ha 06pobiosany nosepxuio. Bemanosneno,
wWo KodicHe abpasugHe 3epHO 6 npoyeci oOpOoOKU 3 NAUHOM HACY GUKOHYE MINbKU Mepms, NOmim
nracmuune ei0mucHenna i odani pizauus. Ilokaszano, wo uepeyéanns pobomu adpasuHux 3epem
Nn08’A3aHO 3 XAPAKMEPOM NepeMiujeHHs 2Zpanyau no noeepxui Oemani. Posensnymo 63aemooiio
nogepxonb min npu 8i6poobpobyi. Brazani 6i0MinHi 03HaKu chocody 6i6poodpobKu 6i0 iHWUX AHANIO2IE.
Hano ymosu ymeopenns nogepxnegozo wapy oemani npu 8ibpoobpobyi. Ilposedeno ananiz mexauo-
isurko-ximiunoi mooeni npoyecy MiKpopi3anHs 6 NPUCYMHOCME XIMIYHO-AKMUBHO20 POZUUNY | HABCOECHO
NOPIGHSAHHS THMEHCUBHOCMI MEXHON02I 8I0po0OpobKU cmanesux Oemaneli. [Iokazano NOPIGHAHHS
MEXHONO2IMHUX npoyecie 6i6pooOPoOKU cmanesux Oemaineil 00 GUCOKUX KIACIE YUCHIOMU NOBEPXHI.
Busnaueno, wo ximiuno-akmugnuti pozuun 0036014€ yCynymu 6a2amocmaodilini nepesaHmaicenHs
emicny pesepeyapy ma ompumamu HeoOXiOHy uucmomy o00poONeHOI NOGepXHI 3a OOHY onepayiro
8i0p00OPOOKU. Bid3HaueHo, WO XIMIYHO-AKMUBHUL PO3YUH MAE KOPO3IUHI 81ACMUBOCMI U CHpUsE
oceimnentio 06pobeHol noeepxHi.

KuarouoBi cioBa: abpasusne cepedoguuye; 6uou NIUGY CePeOOSUWd; NOBEPXHESU WAp; MEXaHO-
QDIi3UKO-XIMIUHA MOOENL; 3HAMMS MEMAILY; XEMIYHO-AKMUGHULL PO3UUH; MEXHOA02IT 8I6p00OPO6KIL.
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TRIBOLOGY AND TOPOGRAPHY
OF HARD MACHINED SURFACES

Abstract. In machining automotive industrial parts by hard machining procedures, the topographic
characteristics of high accuracy surfaces have high importance. In this paper 2D and 3D surface
roughness features of gear bores machined by hard turning and grinding are demonstrated. The 3D
roughness parameters, which are considered as more exact than the 2D parameters, were compared to
the 2D ones, which are used more widely in industrial practice. The analyzed machining procedure
versions were ranked based on the topographic parameters determining the tribological (wear and oil-
retention capability) characteristics of the different surfaces.

Keywords: hard turning; in-feed grinding; 3D surface roughness; tribology.

1. INTRODUCTION

Due to the advancement of machining technology and the increasingly
efficient machining procedures [1], the quality of the machined surfaces has to be
described as exactly as possible. The grooves generated by the tool are different
when the tool has a linear motion [2] or a rotating tool is applied [3]; these
kinematic characteristics lead to different surface topography [4, 5]. Identical or
almost identical roughness values can be reached by different machining
procedures (e.g. hard turning and grinding); however, because of the different
cutting characteristics the surface topography will also be different [6]. At the same
time the cutting data, particularly the feed, significantly influence the roughness of
the machined surface [7]. The potentially most accurate determination of
roughness parameters is required by the diversity of machining procedures [8, 9],
the high number of roughness influencing factors, and the comparability of
roughness parameters of surfaces machinable by various procedures. In the
automotive industry the efficient machining of hard surfaces has a high
significance, thus hard machining procedures such as hard turning or grinding were
compared in this study. These procedures or procedure versions differ from each
other not only in the resulting surface topography, but also in other relevant factors
such as economic issues of the machining procedures [10] or the impacts of the
cooling and lubrication [11].

There are numerous machining procedures (use of dingle-point-tool or
abrasive tool) for machining hard materials when high accuracy is required. The
different procedures can result different surface topographies on the part. The
working requirements of the parts can be different, thus the topography
characteristics after machining should be analyzed [12, 13].

© V. Molndr, 2021
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The lifetime of parts is significantly influenced by the irregularities of
working surfaces (micro and macro geometrical errors). Contacting surfaces
experience wear, but a suitable machining procedure and/or lubrication can
decrease the extent of the wear. The wear of a surface with good oil-retention
capability is slower. By analyzing the roughness parameters, conclusions about the
tribological characteristics of the surfaces can be drawn [14, 15]. The experiments
aimed to analyze the 2D and 3D roughness parameters by which the tribological
properties can be characterized.

The core roughness depth (Rx) and the core height (Sk) are related to the
lifetime of the surface. When two surfaces are in contact with each other during
relative motion (working surfaces) part of the profile peaks will be sheared. The
remaining layer is characterized by a relatively large bearing area and it is the part
of the core zone of the surface. The reduced peak height (Rpk, Spk) is the height of
the layer worn in the initial wearing phase. The reduced valley depth (Rvk, Svk) is
the layer beneath the core zone and correlates with the oil-retention capability of
the surface [16]. In terms of wear, lower reduced peak height values are favorable.
At the same time, since these parameters are height and depth values, they do not
provide information about the area (2D) or the volume (3D) of the peaks or valleys.
This is why the peak material portion (Mgz in 2D and Srl in 3D) and the valley
material portion (MR2 in 2d and Sr2 in 3D) have to be defined. By using the R,
Rw, MR1 and MR2 values or the Sy, Svk, Smrl and Smr2 values the areas (2D
parameters) of the peak (Al) and the valley zones (A2) and the volumes (3D
parameters) of the peak (Sal) and the valley zones (Sa2) can be obtained [17, 18].
The area or volume of the profile valleys provide relevant information about the
oil-retention capability of a surface. The higher these values are, the more lubricant
remains in the surface valleys.

The skewness (Rsk, Ssk) is the height distribution of profile points relative to
the center line of the profile and provides information about the asymmetric nature
of the surface points. Its value is positive if the heights of the peaks are higher than
the depths of the valleys and negative when the depths of the valleys are higher. A
surface is characterized by higher load bearing capacity and higher wear resistance
if the skewness value is negative. The kurtosis (Rku, Sku) provides information
about the peaky feature of a surface. When its value is relatively high (>3) a
friction surface shows more intense wear. When its value is lower the surface
shows higher wear resistance [19].

Using a tribological topography map the tribological characteristics of
surfaces can be analyzed. The map includes the skewness and kurtosis values of
the machined surfaces and they are placed in a coordinate system. From the
tribological point of view a surface is ideal if the point of a surface characterized
by these two parameters is located by lower kurtosis (close to 0) and also lower
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(negative) skewness values. In Fig. 1 an example for a tribological topography map
is shown with points that belong to surfaces machined by the major procedures.
Topographies of gear bore surfaces machined by hard turning, grinding and
combined (turning and grinding in one clamping) experiments were compared
based on roughness parameters which characterize the wear and the oil-retention
capability. The differences of the 2D and 3D parameter values were also analyzed.

Kurtosis {not normalized)
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Figure 1 — Tribological topography map [20]

2. EXPERIMETNAL SETUP
In the experiments bores of gears were machined by hard turning when three
different feeds were applied (T1, T2, T3), by infeed grinding (G1) and using a
combination of hard turning and grinding (G2). The technological data of hard
turning were:
o Feed (f): 0.1 mm/rev (T1), 0.2 mm/rev (T2), 0.3 mm/rev (T3)
o Depth of cut (ap): 0.2 mm
e Workpiece rpm (n): 615 1/min
In the hard turning pass of the G2 combined operation the feed was set to 0.2
mm/rev when the other parameters were left unchanged.
Parameters of the infeed grinding:
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Feed (f): 0.01 mm/rev

Wheel width (d): 34 mm
Allowance (Z): 0.2 mm
Workpiece rpm (ny): 325 1/min
Tool rpm (ny): 20000 1/min

In the infeed grinding part of the G2 combined procedure operation the allowance
was set to 0.05 mm when the other parameters were left unchanged.

The machining experiments were carried out on a machining center type
EMAG VSC 400. In the machining experiment a Sandvik CCGW 09T308 NC2
type insert and an E25T-SCLCR 09-R type tool holder were used. The grinding
operations were carried out using a bore grinding wheel type Norton 3AS80J8VET
01_36X37X13. The workpiece material was 20MnCr5, its hardness was 62—64
HRC. The length of the machined bore was 34 mm and its diameter was 88 mm.

The surface topography was analyzed by measuring 2D and 3D roughness
parameters. In the 2D measurement 3 measurements were carried out per
workpiece, located at 120° distance from each other. The measurement lengths
were 4 mm. In the 3D measurements 2x2 mm areas were scanned. 0.8 mm cut-off
and Gauss filter were applied in each measurement, which was carried out by using
an inductive sensor. The number of scanned points was 4000 in the 2D and 1
million in the 3D measurement.

3. RESULTS AND DISCUSSION
Topographic characteristics of random (ground) and periodic (turned)
surfaces (Fig. 2) were analyzed based on 2D and 3D roughness parameters.

,,,,,,

[mm]

Figure 2 — Periodikus (a) és random (b) feliiletek (a T3 és G2 eljarasvaltozatok)

In Figs. 2 and 3 the measured values of core roughness depth (2D), core
height (3D), the reduced peak height and reduced valley depth are summarized.
The core roughness depth (2D parameter Rk) varied from 0.12 and 0.19 um. The
core height (3D parameter Sk) varied from 1.39 to 3.27 pym. This means a
difference of 3 orders of magnitude. The values of the 2D parameter of the hard
turned surfaces showed a slight decrease and those of the 3D parameter a slight
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increase with the increase of feed. Compared to version G1, the 2D and 3D values
of the ground surface machined in the combined version G2 were 10% and 20%
higher, respectively. The values of the reduced peak height (Rpk and Spk) showed
identical tendencies and similar rates. The values of the 2D parameter of the
reduced valley depth (Rvk) showed similar rates; however, there were some
deviations concerning the 3D parameter (Svk): the value of the surface machined
by version T3 decreased compared to version T2 instead of the expected increase,
and the value of version G2 decreased instead of increasing. In all, the 2D and 3D
parameter values result in contradictory conclusions. Based on findings from the
literature [21, 22], it can also be presumed in the present study that the results of
3D measurements are more exact than those of 2D measurements because the
number of detected points is three orders of magnitude higher. Based on the 3D
parameter, from a tribological point of view, it can be stated that the heights of the
peaks that are worn in the initial phase of working is the most favorable (minimal)
in version T1 (carried out by a feed of 0.1 mm/rev) and the least favorable in
version T3 (0.3 mm/rev feed). Based on the depth of valley zone it can be
concluded that the oil-retention capability is the most favorable in version G1 and
similar in version T2.

T1 T2 T3 Gl G2

Rk | 0.1501 | 0.1366 | 0.1215 | 0.1748 | 0.1921
Rpk| 0.0692 | 0.0586 | 0.0552 | 0.0660 | 0.0704
Rvk| 0.0802 | 0.0811 | 0.0762 | 0.1124 | 0.1290

B Rk ®Rpk “Rvk

Figure 3 — Core roughness depth (RK), reduced peak height (Rpk)
and reduced valley depth (Rvk)
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T1 T T3 Gl G2
Sk | 1.3894 | 1.4031 | 32711 | 1.6234 | 1.9393
Spk| 02736 | 0.8694 | 2.0832 | 0.6383 | 0.9717
Svk| 0.2278 | 08157 | 0.4934 | 0.8846 | 0.6536

B Sk ESpk © Svk

Figure 4 — Core height (Sk), reduced peak height (Spk)
and reduced valley depth (Svk)

The peak and valley material portions are summarized in Figs. 4 and 5. MR1
and MR2 are the 2D, Srl and Sr2 are the 3D parameters that are required to
calculate the areas and volumes of the peak and valley zones. It is shown in the
figures that there is only a minimal difference between the analyzed versions:
version T3 shows a slight outlying in the Srl and Sr2 values. The differences
between the 2D values are negligible (e.g. there is only 1.2% difference between
the maximum and minimum MR1 values).

100
80
60
40

MRL, MR2 [%]

20

0 T1 T2 T3 Gl G2

MR1| 9.0332 | 8.3372 | 8.8164 | 8.1586 [ 7.8682
MR2| 87.2010 | 86.2872 | 86.4789 | 85.5753 | 85.5016

EMR1 EMR2

Figure 5 — Peak material portion (MR1) and valley
material portion (MR2) 2D roughness parameter values
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A1, A2 [um?/mm]
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T1 T2 T3 Gl G2
Srl| 9.348 7.8715 | 16.3844 9.97 13.425
Sr2| 93.998 | 88.7215 | 96.8187 88.84 93.525
WSrl mSr2
Figure 6 — Peak material portion (MR1) and valley
material portion (MR2) 3D roughness parameter values
10
8
6
4
2
0
T1 T2 T3 G1 G2
Al| 3.1205 2.4445 2.4350 2.6972 2.7792
A2| 5.1977 5.5650 5.1596 8.1290 9.3381

BALl BA2

Figure 7 — Area of peak (Al) and valley zone (A2)
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T1 T T3 G1 G2
Sal| 12790 | 34217 | 170661 | 31245 | 65225
Sa2| 6836 | 46001 | 7848 | 49363 | 21160

HSal ®Sa2
Figure 8 — Volume of peak (Sal) and valley zone (Sa2)

In Figs. 6 and 7 the areas (2D) and volumes (3D) of peak and valley zones are
demonstrated. Comparing the area to the volume data is inadequate because of
their different dimensions. However, the comparison of the versions to each other
is possible. The 2D parameters Al and A2 are in line with the parameters Rpk and
Rvk and the 3D parameters Srl and Sr2 with Spk and Svk. Here the higher
accuracy of the 3D parameters can also be assumed. The values of the volume
parameters reinforce the above statement that from the wear mechanism’s point of
view version T1 is the most favorable and from the oil-retention capability’s point
of view versions G1 and T2 are the most favorable.

Procedure

N Rsk Rku
version
T1 0.162 2.108
T2 0.006 3.773
T3 0.770 2.887
Gl -0.047 3.582
G2 -0.014 3.344
I I N N [ A | [
T T T T T T T T T >
-1 05 1 Rsk[]

Figure 9 — Tribological topography map for the 2D parameters (skewness, kurtosis)
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Sku [-]
ProceQure Ssk Sku
version
Tl 0.153 2.180
T2 0.003 3.735
T3 0.665 2.715
Gl -0.317 5.099
G2 0.468 3.279
| | | | | |1 »
T T T T T 1 »
-1 1 Sskl[-]

Figure 10 — Tribological topography map for the 3D parameters (skewness, kurtosis)

Based on the 2D (Fig. 8) and 3D (Fig. 9) parameters (skewness and kurtosis)
the tribological topography maps of the versions were prepared. The locations of
data points of the hard turning versions are in line with the published results. There
is no significant difference between the 2D and 3D values. Based on the 2D
parameters — considered less exact — the locations of data points of the two ground
surfaces are in line with published results. However, for the 3D parameters one
difference is experienced: the skewness (Ssk) of version G2 is higher than expected.

SUMMARY
From a tribological point of view, wear resistance and oil-retention capability
are determinant characteristics of machining industrial parts. Analyzing the surface
topography of wearing parts is a critical research area. In this paper roughness
characteristics of surfaces machined by hard turning, infeed grinding and using a
combination were analyzed and compared. Based on the analyzed parameters the
following order or ranking (most favorable comes first) was established between
the studied versions:
e Reduced peak height, Spk (wear resistance), favored: low
T1,G1,T2,G2, T3
e Volume of the peak zone, Sal (wear resistance), favored: low
T1,G1,T2,G2, T3
e  Skewness, Sks (wear resistance), favored: low
G1,T2,T1,G2, T3
e Kurtosis, Sku (wear resistance), favored: <3
T1,T3,G2,T2,G1
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¢ Reduced valley depth, Svk (oil-retention capability), favored: high
G1,T2,G2, T3, T1

o Volume of valley zone, Sa2 (oil-retention capability), favored: high
G1,T2,G2, T3, T1

Different orders are found for the parameters characterized by various
tribological properties: based on the parameters Spk and Sal the orders of wear
resistance are identical, but the skewness and kurtosis values are not in line with
these orders. The reason for this is the different mathematical approaches. Because
of this, the roughness parameters to be used have to be selected carefully and the
results have to be interpreted with some reservation. The study pointed out that
there can be significant differences between the 2D and 3D parameter values
obtained by measuring the same surface and this may lead to controversial
interpretation of the results.

The study can be extended to more experimental setups or to analyzing
various grades of materials.
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Biktop MosbHap, Miukosbl, YropiinHa

TPUBOJIOI'TA I TOIIOTI'PA®IA
KOPCTKO OBPOBJIEHUX ITOBEPXOHb

AHoTaliss. B  aémomoOinbHill NPOMUCIOBOCHI  eheKmusHa 06podKa meepoux (3a2apmoanux)
N0BEPXOHb MAE BeUKEe 3HAUEHHS, MOMY 8 YbOMY OOCTIONCEHHI NOPIBHIOBANUCA MAKI Memoou 0bpobKu,
5K Jicopemke mouinHA i wiighyeanns. Lli npoyedypu abo eepcii npoyedyp 6iOpiHAIOMbCSA 00UH 8I0
00HO20 He MINbKU Pe3yibmyryor) Monocpapiero noepxui, aie i IHWUMU BANCIUBUMU (akmopamu,
MaKumu AK eKOHOMiuHi npobnemu, nog'sizani 3 npoyedypamu oOpooku ado 8naue 0X0N00NHCeHHs |
macmuna. Pizui npoyedypu mooicyms npuszeecmu 00 pisHoi monoepagii nosepxui demani. Poboui
sumocu 00 Oemanei MOXCYmb Oymu pPI3HUMU, MOMY HeOOXIOHO aHAXIZyeamu mMonoepagiuni
Xapakmepucmuku nicis 00pooku. Ananizylouu napamempu wopcmKOCmi, MOXCHA 3p0OUMU 8UCHOBKU
npo mpubono2iuHi Xapakmepucmuku nogepxous. Excnepumenmu 6ynu cnpsimosani na ananiz 2D i 3D
napamempie  WOPCMKOCMI, 3a  O0NOMO2010 AKUX MOJICHA — OXAPAKMEepUsysamu  mpuboioiuHi
enacmugocmi. Bukxopucmosyiouu xapmy mpubonoziunoi  monocpaii, ModcHa npoananizyeamu
mpubonoziyni xapakmepucmuku nosepxons. Kapma exniouae 6 cebe snauenns acumempii ma excyecy
00poOIeHUX NOBEPXOHL, | BOHU NOMIUeHi 8 cucmemy KoopOuHam. 3 mpubono2iunoi mouku 30py
nogepxius i0eanbhd, AKWO MOYKA NOGEPXHI, WO XAPAKMEPUIYEMbCA YUMU O0BOMA NAPAMEMPAMU,
posmauiosana 3 MeHwum excyecom (bausekum 0o 0), a makoxc MeHuumu (He2amueHUM) SHaAYeHHAMU
nepexocy. Tonozpagii noeepxonb omeopie 3ybouacmux Kouic, 0OPOOIEHUX IHCOPCMKUM MOYIHHAM,
wiighyeannsim i KOMOIHOGAHUM (MOUIHHA I WNiPy6aHHs 3a OOUH 3AMUCK) EKCNePUMEHMATbHO
NOPIGHIOBANUCS HA OCHOBI NAPAMEMpPIE WOPCMKOCI, SKi XApakmepusyloms 3HOC [ 30amHicmb
ympumyeamu macmuio. Taxodc 6yiu npoananizoeani giominnocmi 3uauens 2D i 3D napamempie. /[ns
napamempie, wo XapakxmepusylomvCs pisHUMU MPUOOIOSIYHUMU  GIACIIUBOCAMU, 3HAUOEHI DI3HI
nopsaoku: ons napamempis Sy i Sa1 NOpAOKU 3HOCOCMIUIKOCMI [0eHMUYHI, ane 3HAYeHHs acumempii ma
excyecy He 8I0n08ioaoms yum nopaoxkam. Ilpuuuna yvomy - pisHi mamemamuyni nioxoou. Yepes ye
napamempu wopcmxocmi, sKi 6y0ymy 6UKOPUCIOBYBAIMUCS, NOGUHHI 6Ymu pemenbHo 06pani, wod ixui
pesynomamu Oynu inmepnpemyeani 3 desakumu 3acmepexcennamu. JJocaioxrcents nokasano, wjo Mixc
sHauenusimu 2D i 3D napamempie, ompumaHux npu 6UMIpIOBaHHI OOHIEL i MI€EL JHC NOBEPXHI, MOXNCYMb
b6ymu 3nauni GIOMIHHOCTI, [ Yye MOdIce NpUeecnu 00 Cynepeynugol inmepnpemayii pe3yivmamie.
KuaiouoBi cioBa: oicopcmre mouinms, 6pisHe WiliQhy6aHHs, MPUSUMIDHA UWIOPCHIKICTb NOBEPXHI;
mpubonois.
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INVESTIGATION OF THE EFFECT OF AREAL ROUGHNESS
MEASUREMENT LENGTH ON FACE MILLED
SURFACE TOPOGRAPHIES

Abstract. Surface roughness is of great importance in the manufacturing industry, as it affects
surfaces’ tribological properties (wear, friction, lubrication, etc.), corrosion resistance, fatigue strength
and appearance. Areal roughness measurement, which provides a more comprehensive
characterization of surfaces, is becoming increasingly popular, but systematic studies are still lacking,
so measurements are often analyzed differently. In this paper, the effect of the measurement length is
analyzed in the main measurement direction on areal roughness of face milled surface topographies,
which were measured with a confocal chromatic sensor.

Keywords: surface roughness; areal roughness; measurement length.

1 INTRODUCTION

One of the main quality factors of the machined surfaces of the parts is the
surface roughness, as it influences their tribological properties (wear, friction,
lubrication, etc.), their corrosion resistance, fatigue strength and their appearance.
Two methods have been developed to investigate this, profile analysis and areal
roughness analysis. The latter, which was later developed, is becoming more
widespread in the scientific community as well as in industry, as 3D surfaces in terms
of shape or functionality contain much more data thanks to the main and lateral
directional measurement, and the surfaces cannot be characterized as distinctly by
traditional 2D profile roughness parameters [1]. This is used for a wide variety of
machining methods, some of which are briefly described, focusing on the method of
measurement.

Roughness tests are often performed on experimentally machined surfaces
worldwide. Eifler et al. [2] studied the roughness of micro-milled surfaces. The
surfaces were compared in the measured areas with a F-operator to separate the
shape and with an L-filter to filter out the waviness, and the resulting 600x600 um?
roughness topographies were analyzed with the S, and Sy parameter values. They
found that the distance of the milling marks and the tilt angle of the milled surface
had a significant effect on the roughness. During ultraprecision turning, Karpat [3]
analyzed side surfaces created with a diamond tool. The outliers of the
measurement results were filtered out and the topographies were leveled. The
roughness was then separated from the waviness with the 8 pm cut-off length of a
Gaussian filter to obtain 144x108 um? areas for analysis. The effects of cutting
edge angles, feed rate, and depth of cut were compared on roughness with
parameters S;, Sq, and S,. It was found that the tool with the 30° chamfer formed
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the surface with the lowest average roughness of 1 nm with a small depth of cut
and feed. Zak [4] compared the textures of surfaces machined to nearly the same
average roughness by several methods (hard turning, grinding, burnishing),
developing a new approach to characterize surface topographies by area-scale
fractal analysis. An area of 2.4x2.4 mm? was measured on each surface and the
method of filtration was not mentioned. The surfaces and the effects of machining
methods were characterized with the help of several roughness parameters: Sa, S;,
Ssk, Sku, @S Well @S Smr, Sme, Sxp, and with functional volume indices (Vmp, Vine, Ve,
Vw). He found that the surface made with combined machining (turning and
grinding) is better than the hard-turned surface in a functional point of view (load
bearing, force sealing), while the grinded surface has a better ability to preserve
fluid.

Many researcher groups study the topography of formed surfaces in SLM metal
additive manufacturing. In Wiist et al. [5] 1x1 mm? areas were measured and an S-
filter and an L-filter were used in the evaluation. The values of the obtained S, index
were compared with the surfaces machined by the hybrid additive method, where the
feed rate increased, the depth of cut decreased the roughness. In another article,
Cabanettes et al. [6] compared different machining strategies, characterizing the
topographies at several levels (shape, waviness, roughness). A measurement area of
3.22x1.90 mm? was examined on the machined surfaces, the shape error was
eliminated with a polynomial filter of order 2 to evaluate the topographies, and no
other filter was applied. The surfaces were characterized by the values of the
roughness parameters Sa, Sz, Sal, Str, Saq and Sar. Charles et al. [7] analyzed the effects
of different machining parameters on roughness. For this, 4x4 mm? areas were
measured, and no filtering was mentioned on the topographies during evaluation.
Surfaces have frequently been characterized by the average roughness S,, which is
becoming increasingly popular (including in additive machining).

The brief literature review above shows that the investigations of the settings
of roughness measurement (size of the measured area, the filtering of topographies)
on surfaces machined by different methods are carried out in various ways, and
information is obtained from different selections of roughness indices for
characterization and comparison. Based on the reviewed literature, it means that
there is no unified method of areal roughness measurement, and thus the surfaces
produced in different ways cannot actually be compared.

This article is a continuation of a previous study [8] and its aim is to analyze
the effects of roughness measurement settings on the values of areal roughness
parameters in order to select unified measurement conditions for later studies. In
this paper, | examine whether and to what extent the roughness values are affected
by varying the measurement length as a function of the feed rate which creates the
periodicity. This is due to the fact that few researchers have addressed this, despite
the relatively large number of roughness analyses. In our research group, for
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example, previous investigations have been carried out on several features of face
milled surfaces [9], analyzed changes in theoretical roughness [10], or the effect of
the feed rate on roughness [11,12].

2 EXPERIMENTAL CONDITIONS

The experiments were performed on a Perfectlet MCV-M8 vertical milling
machine on two C45 grade workpieces on which 50 mm long flat surfaces were
produced by symmetrical face milling under dry conditions. Specimens were machined
with a single Sandvik R215.44-15T308M-WL (grade GC4030) coated carbide insert in
a Sandvik R252.44-080027-15M milling head on the machine, with the following
cutting data set: constant cutting speed (vc=300 m/min) and depth of cut (ap=0.8 mm),
variable feed rates (f;=0.1 / 0.3 mm/rev.). Due to the perpendicular position of the tool
axis and the machined surface, double milling marks formed on the surfaces.

It was previously found that among cutting data the feed rate has the greatest
influence on roughness [11], which is why we examine the roughness for the
measurement length at several feeds. The reason for choosing the above values is that
ISO 4288:1998 specifies different measurement and cut-off lengths for these feed rate
values for surfaces with a periodic profile. The values selected accordingly are also
recommended in 1ISO 25178-3:2012. Thus, this investigation is performed on several
workpieces representing different standard cut-off lengths.
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Figure 1 — Measuring places on the topographies

The instrument used for the measurement was an AltiSurf 520 type 3D surface
roughness measuring device with a confocal chromatic sensor (CL2). Three
measurement distances were recorded at the same distance, of which the middle area
(B) was aligned to the milling symmetry plane (Fig. 1). It is necessary to examine
several areas on the surfaces at the same time because all parts of functional surfaces
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are connected to their counterpart at once, where roughness plays an important role. In
addition, due to kinematic conditions, face milling is characterized by a variety of
roughness impressions, so that roughness differs on different parts of the surface [12].
The measured topographies were uniformly 4 mm wide (perpendicular to the feed
direction), and the length was varied (in the feed direction) determined on basis of the
feed. These are characterized by the value p, which shows the feed per tooth in the
measurement length.

Table 1 — Roughness values measured on specimen of f,=0.1 mm/rev

p[1 |3 4 5 7 9 10 |15 [20 [25 [30
length[mm] [0.3 |04 [05 |07 [o09 |1 15 |2 25 |3
A 10.436 [0.438 [0.440 [0.443 [0.442 |0.445 [0.445 |0.445 [0.448|0.448
0.417 |0.423 [0.427 [0.430 [0.430 [0.434 [0.433 [0.433 [0.434{0.434
0.356 |0.363 |0.363 [0.361 [0.360 [0.361 [0.361 [0.359 [0.361]0.360
0.516 |0.519 [0.521 [0.523 |0.523 [0.525 |0.526 [0.525 [0.529 [0.528
0.483 |0.491 [0.496 [0.497 [0.497 [0.501 [0.500 [0.500 [0.502{0.502
0.432 |0.441 [0.440 [0.438 [0.437 [0.439 [0.439 [0.437 [0.439{0.438
2.886 |2.916 |3.000 [2.995 |2.984 [3.087 |3.198 [3.259 [3.2043.272
2.336 |2.505 [2.518 [2.556 |2.656 |2.599 [2.634 [2.646 |2.6452.664
2.142 |2.343 |2.332 [2.342 [2.381 [2.450 [2.420 |2.406 [2.437{2.579
0.518 |0.518 |0.521 [0.510 |0.514 [0.509 |0.507 [0.504 [0.495 [0.497
0.440 | 0.456 |0.481 [0.462 |0.452 [0.450 [0.455 [0.453 [0.457 [0.457
0.583 |0.584 |0.582 [0.583 [0.587 [0.584 [0.586 [0.585 [0.585[0.585
2.194 [2.202 |2.204 [2.181 |2.186 |2.188 |2.185 [2.172 [2.167[2.170
1.991 [2.021 |2.027 [2.005 |1.983 [1.980 [1.985 [1.968 [1.9911.986
2.211 |2.243 |2.241 [2.235 [2.236 [2.233 [2.231 [2.226 [2.234(2.233

Sa [pm]

Sq [um]

Sz [pm]

Ssk [']

Sku [']

OlEI>IOlTI>|O|TI>|O|TI>|O|®

In ISO 4288:1998, for surfaces with a periodic profile, the measurement lengths
were determined so that the profile contained 10-25 times the mean width of the profile
elements (Rsm) [13]. This range, if a long enough surface is available for the
measurement, proves to be sufficient in most cases so that there is neither too little nor
too many outliers (due to machining errors) relative to the total measurement length,
which would skew the results. Based on this, | chose values which are multipiles of the
feed; between p=3-30 for this study.

The evaluation was carried out with AltiMap Premium software, where after
leveling the topographies and eliminating the outliers, | set the cut-off lengths
according to the above-mentioned standard (at 0.25 and 0.8 mm, respectively).
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3 RESULTS AND DISCUSSION

Tables 1 and 2 show the measurement results on the surfaces of the two
specimens for the most commonly used 3D roughness parameters [14], arranged
according to the three measurement places and the different measurement lengths.
Each measurement was repeated three times, the reported values being the
arithmetic means of the three results. The relative differences of the results by
parameter and measurement location are shown in diagrams in Figure 2 for the two
workpieces.

The diagrams show similar characteristics. The most important finding is that
with the increase of the measurement length, the difference in the values is
noticeable initially, after that the measured values show little deviation. This means
that any value of p can be set, as the measurement length hardly affects the
measured values.

Table 2 — Roughness values measured on specimen of f,=0.3 mm/rev.

p[-] 3 4 5 7 9 10 15 20 25 30
length[mm] | 0.9 1.2 1.5 2.1 2.7 3 4.5 6 75 |9
1.858 {1.859 |1.860 [1.861 |1.861 |1.859 |1.856 |1.854 |1.854|1.854
2.238 |2.244 |2.245 |2.244 | 2.249 |2.241 |2.248 (2.249 |2.250|2.251
1.059 |1.060 |1.060 |[1.064 |1.064 |1.064 |1.066 |1.068 |1.068 |1.069
2.131 |2.131 |2.132 |2.134 | 2.134 | 2.129 | 2.128 [2.126 |2.126|2.125
2.546 |2.553 |2.553 | 2.552 | 2.559 |2.548 |2.558 |2.558 |2.560 |2.562
1.410 |1.411 |1.410 {1.413 |1.413 |1.414 |1.415 |1.416 |1.416|1.417
8.060 |8.001 8.021 |7.981 |8.171 |8.200 |8.161 (8.177 |8.185|8.265
9.047 19.037 [8.985 |8.895 |8.965 [8.999 |9.034 (8.986 |8.940|9.171
7.391 |7.385 |7.379 | 7.514 | 7.642 |7.679 |7.612 |7.642 |7.633|7.689
0.557 |0.554 [0.554 | 0.553 |0.551 [0.547 | 0.545 [0.544 |0.544|0.545
0.458 | 0.452 | 0.446 |0.440 |0.438 |0.421 [0.436 |0.436 |0.437|0.440
1.311 {1.308 |1.308 {1.298 |1.298 |1.295 [1.289 |1.280 |1.277|1.279
1.999 {1.997 |1.996 [1.996 |1.993 |1.987 [1.990 |1.988 |1.988|1.989
1.866 |1.861 |1.855 [1.852 |1.849 |1.834 [1.847 |1.844 |1.842|1.845
4.235 (4.220 |4.216 |4.193 (4.191 | 4.182 |4.170 |4.147 |4.140|4.141

Sa [pm]

Sq [um]

Sz [um]

Ssk [']

Sku [']

OTZOIT OO O N® >

The values of the arithmetic mean roughness S, and the root-mean-square
average roughness Sq show the same characteristic on a workpiece and at a
measuring place. With increasing p, in most cases the values first increase (p<12.5)
and then remain nearly the same. Although with a larger deviation, the same can be
stated for the maximum height parameter S,. The values of the dimensionless
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skewness Sg and Kkurtosis Sy initially decrease, and then at p<15 they are
unaffected by the length.

In Tables 3 and 4, the deviations of the values are reported according to the
indicated p-p interval, the signed Si roughness parameter, and the shown
measurement location, using the following difference (1) and percentage (2)
formulas:

Differences of values = max(5;) — min(5;) (1)
Percentage value differences = 225 -minS) 1o, 2)
average(5;)

Since the values stabilized in most cases with increasing p in Figure 2, the
ranges in the tables were aligned to the largest 30% length examined. This is
because the longer the length, in theory the better the irregularities are distributed
on the topographies, the values are more averaged, which is generally expected for
the parameters S, and Sq.

Tables 3 and 4 show decreasing values in each case (one parameter, one
measurement place) together with the narrowing of the ranges. This makes it clear that
the longer measurement length (in the examined range) results in a smaller deviation in
value, i.e., the measurement results have lower error values in the narrower intervals.

Table 3 — Differences in roughness values for fz=0.1 mm/rev

PP 3-30 10-30 15-30 20-30 25-30
interval
A [0.012 |2.67% [0.006 |1.34% |0.004 |0.82% |0.003 {0.72% |0.001 |0.15%
Sa B (0.018 |4.23% [0.003 [{0.75% |0.002 | 0.55% |0.002 {0.47% |0.001 |0.16%
(um] C |0.007 [2.05% |0.002 {0.54% |0.002 |0.53% |0.002 |0.53% |0.001 |0.21%
A |0.012 |2.36% [0.006 |1.17% |0.003 | 0.65% |0.003 [0.61% |0.001 |0.10%
Sq B [0.020 |3.92% |0.003 [0.67% |0.003 {0.54% |0.003 |0.54% |0.001 |0.13%
(um] C |0.009 [2.08% |0.002 {0.51% |0.002 |0.51% |0.002 |0.51% |0.001 |0.21%
A [0.457 |14.66% [0.290 |8.97% |0.145 |4.42% |0.084 [2.54% |0.024 |0.74%
Sz B [0.331 |12.79% |0.070 [2.67% |0.033 [1.26% |0.023 |0.85% |0.023 |0.85%
[um] C|0.437 [18.23% |0.182 |7.40% |0.172 |7.00% [0.172 |6.96% |0.142 |5.64%
A [0.026 |5.07% [0.017 |3.43% [0.012 |2.39% |0.009 [1.71% |0.002 |0.41%
Ssk [-]|B |0.041 {8.96% |0.011 |2.47% |0.008 |1.83% |0.008 |1.83% |0.003 |0.68%
C [0.004 |0.77% |0.003 |0.44% |0.002 |0.39% |0.001 |0.15% [0.001 |0.15%
A [0.043 |1.98% [0.027 |1.24% [0.023 |1.07% |0.011 {0.49% |0.003 |0.14%
Sku [-]| B |0.064 [3.20% |0.028 |1.43% |0.028 |1.43% |0.028 |1.43% |0.008 |0.43%
C|0.032 [1.45% |0.012 {0.52% |0.012 | 0.52% |0.012 |0.52% |0.001 |0.05%
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Table 4 — Differences in roughness values for fz=0.3 mm/rev

P-p 3-30 10-30 15-30 20-30 25-30

interval
0.008 [0.45% [0.007 |0.37% |0.002 |0.11% |0.001 | 0.03% | 0.000 | 0.01%

Sa [pum] 0.013 |0.56% | 0.010 |0.43% |0.006 |0.27% |0.004 |0.19% |0.004 | 0.19%

0.010 | 0.95% |0.005 |0.45% |0.003 | 0.25% |0.001 |0.10% | 0.001 |0.07%

0.010 | 0.48% |0.008 |0.36% |0.003 |0.13% |0.001 |0.03% | 0.000 |0.02%

Sq [pm] 0.016 | 0.64% |0.014 |0.56% |0.010 | 0.37% |0.006 |0.24% | 0.006 |0.24%

0.007 |0.50% | 0.003 |0.22% |0.001 | 0.09% |0.001 |0.04% |0.001 | 0.04%

0.284 13.49% | 0.130 |1.59% |0.104 |1.26% |0.088 | 1.07% | 0.085 | 1.03%

Sz [um] 0.297 |3.30% |0.247 [2.75% [0.231 | 2.56% |0.231 |2.56% | 0.231 | 2.56%

0.311 |4.10% |0.089 |1.16% |0.078 | 1.02% |0.056 |0.73% | 0.056 |0.73%

0.014 |2.46% | 0.007 [1.31% |0.002 |0.31% |0.001 |0.25% |0.000 | 0.08%

Ssk [-] 0.037 8.42% | 0.019 [4.44% |0.015 |3.39% |0.012 |2.69% | 0.008 | 1.91%

0.034 |2.63% | 0.021 [1.60% |0.012 | 0.93% |0.003 |0.24% |0.002 | 0.14%

0.012 |1 0.61% |0.005 |0.26% |0.003 | 0.16% |0.002 |0.08% | 0.000 |0.03%

Sku [-] 0.032 |1.71% |0.014 [0.77% |0.010 | 0.52% |0.007 |0.40% | 0.007 |0.37%

O|T>OW> 0@ > ONm> 0w >

0.095 |2.28% | 0.045 [1.09% |0.031 |0.75% |0.008 |0.19% | 0.002 | 0.05%

The increase of the feed rate globally does not affect the deviation values.
However, the magnitudes of the percentage deviations are usually smaller, as can
be expected from the basis of the larger roughness values (Sa, Sq, S;). In the case of
Sk and Sy, they do not necessarily decrease.

As for the roughness values, the differences are the greatest for the S; index.
These are quite large over the entire study range; 0.25-0.5 um and with it, even
19% is possible, but by increasing the length, even in the case of p>10 S; remains
below 0.3 um and 9%.

In terms of S, Sq indices, deviations of less than 1% can already be achieved
for p>15. In the same way, they remain below 7% for S;, 3.5% for Ss, and 1.5%
for Sk.. These magnitudes of the difference are small, and also, in the three
intervals designated between p=15-30, the decrease of the values in the table
analyzed by row is not significant. It can also be seen to what extent the change of
the measurement length influences the values of the examined roughness
parameters; these are in descending order: Sz, Ssk, Skus Sq, Sa.

For the measurement locations, the following relations can be seen to each
roughness index. For S,, the deviation is maximal in place B, and these values in
the side places are smaller and are close to each other. In the case of the Sy index,
the differences are always minimal, at 0.2-2.1% at location C, the deviations at A
and B are very similar. For the Sg and Sy parameters, the smaller differences are
found at the lateral measurement places, the maximal values for the kurtosis are in
the middle place at the lower feed, and on the exit side at the higher feed rate. The
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ratio of the values of S, varies between measurement sites for the p-p ranges, here
any regularity cannot be identified. Thus, if the five examined parameters are
considered together, the relationship between the measurement locations varies
regardless of the feed, so the deviation is not regular.

f, [mm/rev]: 0.1 0.3
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Figure 2 — Relative differences in roughness values by parameter

and measurement location
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4  CONCLUSIONS

In the present article, we examined the effect of the measurement length on
the values of areal roughness parameters at symmetrically face milled surfaces at
two feed rates. In doing so, the measurement length was set as a multiple of the
feed per tooth and denoted by p. The analysis was performed based on the values
of five roughness parameters.

We found that at low p values the roughness parameter values changed
significantly, while at p>15 they are almost the same. Above p>15 on both
specimens the differences are maximum 1% for S, and Sg, 7% for S;, 3.5% for S«
and 1.5% for Sy,. Based on this, when measuring areal roughness a value of at least
15 times p is recommended.

Among the examined roughness parameters, the values of S, showed the
largest differences, reaching up to 20% in the whole study range, however, the
ratio was reduced to 9% even in the case of p>10. The increase of the feed rate
generally resulted in a slight change in the deviations. The degree of influence of
the measurement length on the areal roughness parameters was found to be (in
descending order): S, Ssk, Sku, Sg, and finally Sa.
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Amntan Hags, Mimkonbm, Yropumaa

JOCIIJKEHHA BIIVIMBY JOBXKXKNHHW BUMIPIOBAHHSA
IIOPCTKOCTI HA TONOT' PA®Ii MOBEPXHI
IICJIA TOPOEBOI'O ®PE3EPYBAHHA

AHorauiss. O2ns0 nimepamypu ROKA3YE, WO OOCHONCEHHS 3MIH Y HALAUIMYBAHHAX BUMIDIOGAHHS
wopcmkocmi (po3mip eumiprosanol obnacmi, ginompayis monocpagiil) Ha NOGEPXHAX, 06POOIEHUX
PI3HUMU  MemOOaMU, GUKOHYIOMbCS DI3HUMU cnocobamu, I iHgopmayis Ons Xapakmepucmuxu i
NOPIGHAHHS CKIAOAEMbCsl 3 PI3HUX HAOOPI6 noKkazHuKie wopcmkocmi. Lle o3nauae, wo ne icnye €0unoo
MemOoOy BGUMIDIOBAHHSI WOPCMKOCMI NOBEPXHI, | MOMY NOBEPXHI, OMPUMAHI pisHUMU cnocobamu,
axmuuno He moxcymv Oymu cnigcmagieni. YV yiti cmammi 00CHiONCYEMbCS CMYNIHL GNAUSY 3MIHU
Q0BIHCUHU BUMIDIOBAHHSL HA 3HAYEHHS WOPCIMKOCMI 8 3AIeIHCHOCII 8I0 8eUYUHU UWBUOKOCME NOOAYi, KA
cmeoproe nepioouynicme. Lle noe'azano 3 mum, wo He 6ci OOCHIOHUKU 38epMANUC 00 YbOZ2O,
He36axcaloyu  Ha  BIOHOCHO  8eluKy  KilbKicmb — auanizie  wopcmkocmi. [[na  docniodxceHs
sukopucmogyeages npunao oas 3D eumipiosanns wopcemxocmi noeepxwi muny AltiSurf 520 3
KOHpokanbHum xpomamuynum damyuxom (CL2). Tpu Oinsnku Gyau 3anucaui Ha OOHIU I mill dice
8i0CMaHi, 3 AKUX cepedHs obaacmv 6y1a 6UPIGHAHA NO NIOWUHI cumempii peszepysanns. Bajciuso
6y710 00HOUACHO Q0CTIONHCYBAMU KIILKA OLIAHOK HA NOBEPXHSAX, MOMY WO 6Ci YACMUHU (DYHKYIOHATbHUX
108ePXOHb 00HOUACHO 3'€OHAHI 3i C60IMU ananoeamu, de wopcmricms gidiepac axicaugy poib. Oyinka
nPoBOOUNACs 3a OONOMO20I0 NPoepamno2o 3abesneuenns AltiMap Premium, Oe niciisa eupiéHIOBanHs
monocpaghii ma euknioueHHs 6UKUOI OV 6CMAHOGNEH] GIOPI3KU O0BICUHU BIONOGIOHO 00 CMAHOapmy
o 080X weuokocmeti nooayi. Ilpu ybomy 008XHCUHA BUMIPIOBAHHS OYIA 6CMAHOBNIEHA K KPAMHA
nooaui Ha 3y6 i nosHawena OyKeow p. AHANI3 NPOBOOUBCS HA OCHOBI 3HAYEHL N'AMu napamempis
wopcmxocmi. Buasneno, wjo npu HuzbKux 3HaueHHAx p, 3HAYEHHs NApamempie wopCmKoCmi iCmomHo
3MIHIOIOMbCA, a npu p>15 6onu npakmuuno ne 6iopiznsiombcst. Buwe p>15 ona docnioscysanux 3pasxie
pisnuys cmanosums makcumym 1% oas Sa i Sy, 7% ona S, 3,5% ona Sy i 1,5% 0ns Sw. Buxoosuu 3
Yb020, NPU GUMIPIOBAHHI WOPCIMKOCMI NOBEPXHI PEKOMEHOYEMbCA 3HaYeHHs He meHuie p > 15. Ceped
Q0CHIOIHCEHUX NAPaAMempie WOPCMKOCMI 3HAYeHHs S; NOKA3aN0 HAUOLIbWI 8IOMIHHOCI, 00CA2aAO4U
20% y 6cbomy 00CRi0ANCYBAHOMY OIANA30HI, Npome ye ChiegiOHOWEeHHs smeHuuIocs 00 9% Hagims 6
pasi p>10. 36inbwenns weuokocmi nodavi 3a36udail NPU3600ULO 00 HeBeIUKOI 3MIHU BIOXUNEeHD.
Cmyninb 6naugy 006ICUNY GUMIPIOSAHHS HA NAPAMEmPU WOPCMKOCMI NOGEPXHI GUABUNACS (8 NOPAOKY
yoysanns): S;, Sk, Sk, Sq 1, Hapewrmi, Sa.

KuaiouoBi ciioBa: wopcmricms npo@inio; wopcmricms nogepxui; 008ICUHA GUMIPIOBAHHSL.
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THE EFFECT OF THE CIRCULAR FEED ON THE SURFACE
ROUGHNESS AND THE MACHINING TIME

Abstract. The surface roughness is analysed in different feeds and turning procedures (rotational and
conventional) in this paper. Cutting experiments were made on different cutting speeds and feed rates
with 2 cutting tool with helical edge geometry and 1 traditional turning tool. The measured 2D surface
roughness values were compared between the different cutting tools. The benefit of the circular feed
application is showed by the decrease of roughness parameters and machining time.

Keywords: machining time; rotational turning; surface roughness.

5. INTRODUCTION

The produced surface quality and the efficiency of the machining depends on
the applied cutting procedure. Kundrak et al. showed in studying finishing
procedures of bore machining that the same surface roughness can be achieved by
various kinematic relations, however the machining time will be different
depending on the procedure [1]. Varga et al. analysed the effect of burnishing after
grinding [2], which leads to better surface topography, however the machining
time will be consequently higher. Qehaja et al. studied the dry turning process [3],
where they concluded that the feed rate has a high influence on the machining time
and surface roughness. Niaki et al. analysed different tool grades and showed that
the stability of the cutting edge also has a high impact on the generated surface.
The application of the application of unconventional machining methods are shown
in the work of Berenji et al. [4]. They determined that the application of different
procedures can lead to better surface quality while also increasing the efficiency.
An edge with helical geometry and a tangential circular feed are applied in
rotational turning [5]. Therefore, the applied kinematics and edge geometry has a
major effect on the surface quality and the efficiency. The aim of this paper is to
analyse roughness values and the machining time in cutting of cylindrical surfaces
with different kinematics and edge geometry (rotational and longitudinal turning).

6. EXPERIMENTAL CONDITIONS

In this study, the experimental work was carried out on a Perfect-Jet MCV-M8
machining centre. The cutting tool is clamped to the machine table and the
experimental workpiece is fixed in the tool holder of the machine. The fast rotation
of the spindle assured the main cutting movement, while the CNC controlled
circular motion of the tool around the rotating workpiece resulted the secondary

© |. Sztankovics, 2021
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feed motion. The clamped tool with the helical cutting edge for rotational feed and
the workpiece can be seen in Figure 1.

Figure 1 — Geometrical and kinematical relations of rotational turning

A heat-treated C45 steel grade is machined during the experiments, which
had a 12 mm length @40 mm diameter surface. The circular feed was realized by
two rotational turning tools: Fraisa P5300682 (As = 30°, notation: A) and Sandvik
Coromant R215.38-20050-AC38L (As = 50°, notation: B). The result of the
rotational turning are compared with a standard longitudinal turning tool (CNMG
120412-PM insert in DCLNL 2525 M 12 holder, notation: C). The experiments are
carried out with 200 m/min and 250 m/min cutting speed (v¢), 0.1 mm depth of cut
and five values of feed (f) for each cutting tool (f = 0.1 mm, 0.2 mm, 0.4 mm, 0.6
mm, 0.8 mm). The machined surfaces are measured by a Mitutoyo SurfTest SJ-301
2D roughness measuring device on three generatrix of the cylindrical part. The
measured length and cut-off length are adjusted according to DIN EN SO 4288.

7. EXPERIMENTAL RESULTS AND DISCUSSION

The roughness measurement results of the Arithmetical mean deviation of the
assessed profile (Ra) and the Average peak to valley height of the profile (R;) are
shown in Table 1 for Tool A, Table 2 for Tool B and Table 3 for Tool C.
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0.1 0.47 0.45 0.48 3.22 2.83 3.05
0.2 0.47 0.48 0.49 3.82 3.79 3.73
200 0.4 0.54 0.55 0.57 3.58 3.54 3.45
0.6 0.73 0.69 0.74 5.18 5.19 5.67
0.8 1.2 1.39 1.28 7.42 7.16 7.24
0.1 0.45 0.44 0.44 3.04 2.95 3.07
0.2 0.45 0.45 0.44 3.81 3.80 3.78
250 0.4 0.6 0.63 0.61 4.6 4.49 4.27
0.6 0.76 0.74 0.78 5.95 5.19 5.39
0.8 1.1 1.18 1.08 6.89 7.32 6.87
Table 2 — Roughness measurement results for Tool B
0.1 0.53 0.46 0.47 3.46 2.91 2.74
0.2 0.39 0.39 0.36 3.21 3.40 2.66
200 0.4 0.93 0.90 0.87 4.79 4.66 4.50
0.6 2.01 1.91 1.91 9.86 9.36 8.94
0.8 4.75 3.99 3.93 19.59 17.73 18.8
0.1 0.34 0.34 0.33 2.62 2.77 2.86
0.2 0.34 0.34 0.32 2.24 2.12 2.08
250 0.4 0.73 0.68 0.71 4.16 4.21 3.95
0.6 2.28 2.33 2.38 10.54 10.84 10.71
0.8 3.65 3.64 3.66 16.58 16.52 16.51
Table 3 — Roughness measurement results for Tool C
0.1 0.49 0.49 0.48 2.01 1.91 1.76
0.2 0.96 0.99 0.94 4.44 5.00 4.46
200 0.4 3.36 3.27 3.27 13.52 13.44 13.35
0.6 6.68 6.49 6.57 25.74 25.54 25.67
0.8 10.66 10.78 10.53 40.37 40.15 40.52
0.1 0.48 0.48 0.47 1.93 1.93 1.85
0.2 0.99 0.92 1.02 4.77 4.42 4.84
250 0.4 2.97 3.09 3.08 12.61 12.38 12.61
0.6 6.69 6.65 6.86 26.08 26.16 26.55
0.8 10.15 9.96 9.85 38.83 38.59 38.83
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The mean values for the different setups are calculated and shown in Table 4.
The machining times (tm) are also determined for the comparison of productivity
by the application of the results of previous studies [6]. This parameter means the
required time to produce the machined surface, therefore it can be used for the
comparison of productivity of turning procedures with different kinematics.

The results of the roughness evaluations are shown in Figure 2. The values
increase only in a small extent on surfaces machined by Tool A, which has a 30°
inclination angle. On lower feeds (f < 0.4 mm) the growth is almost negligible,
while increasing the feed from 0.4 mm to 0.8 mm results in an almost two-fold
increase in the roughness parameters on various speeds. Machining by Tool B
resulted in a nearly constant surface roughness on 0.1 mm and 0.2 mm feeds. The
increase of the roughness values can be observed from 0.2 mm feed, from where
the alteration can be described as an exponential growth. If the feed is higher than
this limit, a 0.2 mm increase in the feed results in a nearly two-fold increase in R,
and R; for both v..

Table 4 — Mean values of the roughness parameters and the machining times

£ Ve = 200 m/min Ve = 250 m/min

Tool [mm] Raa Rza tm Raa Rza tm

[pm] [pm] [s] [pm] [pm] [s]
0.1 0.466 3.033 4.53 0.443 3.02 3.86
0.2 0.48 3.78 2.76 0.446 3.796 2.20
0.4 0.553 3.523 1.36 0.613 4.453 1.09
0.6 0.72 5.346 0.90 0.76 5.51 0.72
0.8 1.29 7.273 0.67 1.12 7.026 0.53
0.1 0.486 3.036 5.65 0.336 2.75 4.50
0.2 0.38 3.09 2.95 0.333 2.146 2.35
0.4 0.9 4.65 1.39 0.706 4.106 111
0.6 1.943 9.386 0.82 2.33 10.696 0.73
0.8 4.223 18.706 0.61 3.65 16.536 0.49
0.1 0.486 1.893 401 0.476 1.903 3.19
0.2 0.963 4.633 1.92 0.976 4.676 1.53
0.4 3.3 13.436 0.92 3.046 12.533 0.73
0.6 6.58 25.65 0.59 6.733 26.263 0.47
0.8 10.656 40.346 0.43 9.986 38.75 0.34
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Figure 2 — Mean values of the roughness parameters (vc = 200 m/min)

The results of the measurements made on surfaces machined by a traditional
turning tool are not presented any nearly constant roughness values on the studied
setups. Here the exponential growth starts from 0.1 feed.

The comparison of different tools leads into the following conclusions.
Machining with 0.1 mm feed resulted in nearly the same R, values for the three
cutting tools, however the measured R, parameters showed differences. The
average peak to valley height of the profile was lowest in traditional turning from
which a 1.5-fold higher results measured after machining with rotational turning. |
got this outcome because on this feed not the geometry of the cutting tool is
significant in the surface texture generation, but the secondary deformations,
material structure etc. However, the order of the cutting tools changes on 0.2 mm
feed. The lowest roughness was achieved by Tool B, while Tool C becomes the
worst. From this feed, the cutting edge geometry starts to play more important role
on the surface texture. On 0.4 mm, 0.6 mm and 0.8 mm feeds the lowest roughness
values measured on surfaces machined by Tool A, while the highest roughness is
produced by Tool C. It can be also seen that the results from machining by Tool C
can be achieved with nearly 2 times higher feeds with tool B and 3 times higher
feeds with tool A. That means that rotational turning is more efficient: more
surfaces can be machined during the same period. This is further analysed in
Figure 2, where the roughness values are shown in function of the machining time.
It can be seen, that the production of especially smooth surfaces (Ra< 0.4 pm,
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R; < 3.5 um) needs more time (thus 0.1 mm feed). However, to get a finished
surface (Ra < 1.0 um, R; <6.0 um), rotational turning requires half of time
machining time than traditional turning. The difference between the ratio of feeds
and machining time is caused by the higher needed run-in and run-out time in
circular feed.
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Figure 3 — Roughness measurement results in function of the machining time

SUMMARY

The Arithmetical mean deviation of the assessed profile and the Average peak
to valley height of the profile surface roughness parameters and the machining
times are compared on different feeds in machining by traditional and rotational
turning. Cutting experiments were made with five feeds, two cutting speeds and
three cutting tools. From the mean values of the measured R, and R; values it is
concluded that the application of rotational turning results in a significantly lower
surface roughness than the values of traditionally machined surfaces. Comparing
the needed machining time showed that 0.5-fold lower machining time needed in
rotational turning to achieve a nearly ground surface.
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IrrBan CrarkoBWY, MimkomsIl, YropiirHa

BILJIMB KPYT'OBOI IMOJIAYI HA IOPCTKICTH MOBEPXHI
I TPUBAJIICTh OBPOBKH

AHoTauiss. Memorw Oanoi pobomu € auaniz 3HaA4eHb WOPCMKOCMI | 4acy 06podKu npu pi3aHHi
YUNIHOPUYHUX NOBEPXOHb 3 PIZHOK KIHEMAMUKOW I 2e0Mempierd Kpatiok (06epmainbHe i NO3008XCHE
mouinns). B 0anomy O00CHIOJNCEHHI eKCnepumMeHmanbHi pobomu nposooUnUcs Ha 06poOHOMY yeHmpi
Perfect-Jet MCV-MS8.  Pizamvnuii  incmpymenm — 3amuckacmvcs HA — CMOAL  @epcmamd, — d
eKCnepUMenmanbia 3a20moeka gikcyemocs 6 mpumadi incmpymenmy. Lllsuoxe obepmanns wnunoens
3a6e3neuysano OCHOBHUU pYX pisanHs, 8 moil dac Ak keposanuil YI1Y kpyeoeuil pyx incmpymenmy
HABKONO 3a20MOGKU, WO 0bepmaemvcsi ni0 uyac o00poOKu, 30MICHI6A8 pPYX 6MOPUHHOI NoOaui.
TopisHsnHs pi3HUX IHCMPYMeHmi6 003605€ 3pobumu Hacmynti sucHosku. Oopoobxra 3 nooauero 0,1 mm
dana matisxce oOHaKosi sHauenHs Ry 0 mpoox pizaneHux incmpymenmis, npome UMIPSAHI napamempu
R, nokaszanu eiominnocmi. Cepedns eucoma npo@ino 6i0 niky 00 3anaduHu Oyia HAUMEHWOW npu
MpaouUYitiHoMy MOiHHI, a Nics 0OPOOKU 3 0OEPMATLHUM MOYIHHAM pe3yibmamu oyau 6 1,5 pasu suwe.
Lleii pesynbmam 0Oyno ompumano momy, wo Ha Yill nooaui 6axciusa He 2eOMempis pi3aibHO20
IHCMpYMeHmy 6 CIMEOPeHHi MeKCIypu NOBEPXHI, d 6MOPUHHI Oedhopmayii, cmpykmypa mamepiaiy i m.n.
OOHax nops0oK pPi3aibHUX iHCmMpymeHmie 3minoemscs npu nodadi 0,2 mm. Hatimenwa wopcmkicmo
oyna oocsienyma incmpymenmom B, a incmpymenm C -— navieipwum. 3 yiei' nooaui eeomempis pizanvhoi
Kpaiiku nouunac zpamu Oitbwi 8adciugy poivb 6 mekcmypi nosepxui. Ha 0,4 mm, 0,6 mm i 0,8 mm
NPURAOQIONb HAUHUIICYT 3HAYUEHHSL WOPCKOCI, GUMIPAHI HA NOGEPXHSX, 0OPOONICHUX 3a 0ONOMO2010
incmpymenmy A, 6 moil yac K HAUGUWA WOPCMKICMb 00CA2AEMbCsL 3a 00noMo2olo incmpymenmy C.
Takoxc modcHa 6auumu, wo pesyibmamu 00podKu 3a donomozorw incmpymenmy C moocyms 6ymu
docsieHymi 3 nodaui matidice 6 2 pasu suwe oasi incmpymenmy B i 6 3 pasu euwe onst incmpymenmy A.
Lle osnauae, wo obepmanvhe mouinns Oinbuwl eexmugne: 3a Mol e nepiod ModcHa 0o6pobumu
binbue nogepxors. Buono, maxooic, wo 015 6U20MOGIEHHS 0COOAUBO 2NA0KUX nogepxorb (Ra <0,4 mxm,
R, <3,5 mxm) nompibno 6invwe uacy (maxum uyurom, nooaya 0,1 mm). OOHax 01 OMPUMAHHS
yucmoeoi nogsepxui (Ra <1,0 mxm, R, <6,0 mxm) obepmanvhe mouinns eumazae 808iui MeHwe 4acy
00pobKuU, Hide mpaduyitine. Pi3Huys Midc cni8iOHOWEHHAM N00ay i 4acom 00pOOKU BUKIUKAHA OLiblu
BUCOKUM HEOOXIOHUM YACOM NPUNPAYIOBAHH | UOI2AHHS NPU KPY208ill NOOaUi.

KuarouoBi ci1oBa: vac 06pobxu; obepmanvhe moyinis,; wopcmricnb nOGEPXHI.
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SURFACE ROUGHNESS MODELING DURING ELECTRIC DISCHARGE
GRINDING WITH VARIABLE POLARITY OF ELECTRODES

Abstract. The article presents the probabilistic-statistical modeling of surface roughness in the process
of electric discharge grinding with the variable polarity of electrodes. The correlation between electric
modes of machining and indicators of the quality of the machined surface was established. A
probabilistic-statistical model of part surface roughness formed during grinding is obtained, which
establishes the correlation between high-altitude surface parameters and electrical machining modes.
The developed model makes it possible to calculate the height parameters of the part roughness
depending on the electrical modes of grinding. The height of microroughness is determined by the same
machining conditions as the depth of erosion pits. It is possible to obtain low roughness if electrical
machining modes are reduced.

Keywords: spatial position of erosion pits; statistical dimensions; roughness parameters; electrical
modes.

Introduction. The process of electrical discharge grinding with the variable
electrode polarity allows obtaining the required qualitative and quantitative
parameters with a significant reduction in the specific consumption of the diamond
wheel and the costs of various types of energy [1, 2]. This is explained by the fact
that changing in time on the polarity of the electrodes and the corresponding pulse
repetition rate ensures stable conditions of the grinding process. By changing the
pulses repetition rate, their duty ratio and power with a corresponding change in
the polarity of electrodes, it is possible to regulate directly the process itself, up to
an equilibrium state, ensuring equal manifestation of electrophysical and
electrochemical (even at their insignificance) processes for both electrodes. The
process of interaction between the cutting tool and the surface of the machined
material under conditions of electrical discharge grinding with the variable polarity
of electrodes has not been studied. In this connection, surface roughness modeling
was carried out in the paper and the features and regularities of interaction between
the cutting tool and the surface of the machined material were established.

Literature Review. The interaction of the diamond wheel with the surface of
the machined material during electrical discharge grinding is a complex
electrophysical system [3,4]. It is simultaneously a place of micro-cutting and the
action of discharges in the interelectrode gap. When voltage is applied in this area,
an electric current arises and passes through the current-conducting bridge circuits
overlapping the interelectrode gap, the working fluid having some electric
conductivity, and through the channel of the arising discharge during its action.

To determine the surface roughness, probabilistic-statistical modeling was

© R. Strelchuk, 2021

77



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 94

performed. During electrical discharge grinding, the roughness of the machined
surface is formed as a result of the formation of individual pits that overlap each
other. Each pit can be represented as a spherical segment. Since the spherical
segment has geometric symmetry relative to the vertical axis, the issue of pits
formation was considered in a two-dimensional formulation. The section of the pit
is a circular segment, the arc radius of which is equal to the radius of the spherical
segment.

Research Methodology. Taking into account the stochastic nature of the pit
formation process, the method of probabilistic-statistical modeling (Monte Carlo
method) was used to determine the surface roughness, which involves the following.
The individual vertex and cavity of irregularities of the machined surface are formed
by superimposing two repeatedly modeled pits (Fig. 1). For this purpose, the values
of geometrical parameters of the pits (d, and h,) and the values of parameters of the
intersection of the pits were played out with a random number generator according to
the law of normal distribution and their marginal values were obtained.
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- ‘m—-‘ﬂ .Q"l
ES)
A
T/ TdT 7
} B
C

Figure 1 — Scheme for calculating the roughness of the machined surface

The roughness of the machined surface Rmax Was calculated by the formula:

R T

max — Tmax — bmax — Crmim (1)

where rmaxis the largest value of the arc radius; bmax is the largest value of the
distance between the X axis and the center of the larger arc of all realizations; Cmin iS
the smallest value of the distance between the intersection point of the arcs and the X
axis of all realizations.
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Let us define the parameter ¢ at the intersection of two pits. The distance along
the X axis between the centers of two intersecting arcs a is determined from the range
from amin to amax and can be found as

a=m++mn, 2)

where m is the distance between the center of the first arc and the intersection
point of the arcs; n is the distance between the center of the second arc and the
intersection point of the arcs.

From triangles ABC and A1B1C we have:

2 =m? + (b +¢)* (3)
2 =n?+ (b, +c)? (4)

where r1, rp are the radii of two intersecting arcs; bi, b, are the distances
between the X axis and the centers of two arcs.

Solving equations (3) and (4) we obtain:
m = ,/1¥ — (b +¢)?,
n= 17— (by+ c)%

Summing m and n, we have:

m+n=.rZ—(by+c)?+ /7 — (b, + )2 (5)

Given (2), expression (5) can be reduced to the form:

JiE—=(by+c)2+yrE—(b;+c)2—a=0.

The parameter ¢ cannot be found explicitly from the obtained expression, so a
numerical method is used to solve it.

It is known [5] that the relation between the depth and the diameter of an
erosion pit has the following form:

=9

e=3.4 (6)

From the ABC triangle (Fig. 2) we have
2 _ a2 2
rt= (22 + k2 (7

On the other hand
r=k+ h,

79



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 94

Hence
k=r—h, (8)

Given (8) and (6), expression (7) can be represented as
5hZ —2h,7=0.

Solving this equation, we find the dependence of the arc radius r on the depth
of the pit h,:

r=25h, (9)

A\
A

- -—)

m\

/Y

/7

Figure 2 — Scheme for calculating the arc radius of the electrical discharge pit

Let us determine the maximum distance amax ONn the X axis between the
centers of the two intersecting arcs. In this case, the intersection point is on the
outer machined surface (Fig. 3).

Y a!lltl.\'
m n
" = i
4 < | X
>
7
¢
B
X i
G2
= <
&

Figure 3 — Scheme for determining the amax parameter
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From equation (9) we express h, as

h, = 0.4r. (10)
Substituting (10) into (8), we obtain:
k=0.6r. (11)
The amax parameter is defined as
Qg = M+ 10 (12)

From the triangle ABC we have:

Tl =m2+kf.

Hence
m = /1 —ki.
Given relation (11), we obtain:
m = 0.8ry. (13)
Similarly:
n = 0.8r. (14)

Substituting dependences (13) and (14) into equation (12), we obtain the final
expression for determining amax:
Qe = 0.8(1y +13).

Let us determine the minimum distance amin On the X axis between the centers
of the two intersecting arcs. The point of intersection of the two arcs is on the inner
surface of the machined material (Fig. 4).

r am in

Al

A

\%l m,B / /%l’*{,

Figure 4 — Scheme for determining the parameter amin.

-
—
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From the triangle ABC we have:
15 = (hay +53)% + afn

Given relations (10) and (11), we can write:
1 = 0.161¢ + 0.48r 1, + 0.361% + aly;
2 . 1 . 172 . 2 min*

Solving this equation concerning amin We obtain:

Qpin = +/ 0.6412 — 048115 — 0.1672.

Let us assume that the center of the arc with minimum radius rmi is on the X axis.
Then, considering relation (6), the center of the arc with a larger radius will be higher on
the Y axis. On this basis, let us define parameter b (Fig. 5).

Figure 5 — Scheme for determining the parameter b
Let us express b through k and kmin, and given (11), we obtain:
b = 0.6(r — )

Results. Following the above-specified method, we have developed a
calculation algorithm, the scheme of which is shown in Fig. 6. The calculation
sequence is as follows. The values of electrical modes are set: voltage U, current
rate |, pulse duration T. Then, the expectation of the erosion pit depth h, and the
standard deviation are calculated. Then the values of rmax, Fmin, and bmax are
determined. After that, with the help of a random number generator, the parameters
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.1, haz, 11, 12, @, ba, by, and ¢ are played out according to the normal distribution
law. The number of repetitions is taken as equal to 1,000. Then the value of Cpin is
determined. After that, surface roughness parameters are calculated: Rmax, Ra, Rz.

input
calculation
hox calculation b,,b,

calculation ,
St i calculation ¢

@ i=1..1000 @)

|

calculation

|

determination c,,,

calculation

Vy, 1 ‘
calculation calculation R,.., R,

Arnaxy Ain [
- output R,,.., R,

calculation B

a;, X ‘

End

Figure 6 — Scheme of the algorithm for calculating the roughness parameters
of the machined surface.

Conclusions. The developed model, considering the spatial position of
erosion pits, their statistical dimensions, allows calculating the roughness
parameters, which, eventually, make it possible to predict the durability of the
formed part. The process of electrical discharge grinding with the variable polarity

83



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 94

of electrodes allows reducing roughness parameters, which leads to an increase in
durability and reliability of the machined part operation.
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Poman Crpenpuyk, Xapkis, Ykpaina

MOJEJIIOBAHHS IIOPCTKOCTI ITIOBEPXHI
[PU EJIEKTPOEPO3IIHOMY IILJII®YBAHHI 31 SMIHHOIO
MHOJIAPHICTIO EJIEKTPOAIB

AuoTtauisi. Enexmpoepositine aimasne wnighyeanns 3i 3MIHHOIO NOJSAPHICMIO €NeKMpooie 0038075€
00pobsimu saxckoobpobdosari mamepianu. Ilpoyec popmysanns obpodIeHol nosepxHi 3anexcums, He
MITLKU 810 eNeKMPUYHUX PEXCUMI8 0OpOOKU, a we Ul 810 Mamepiany 3a20MmoeKu, 6i0 po6ouoi piounu i
m.n. Lli napamempu He nog'sizami, omowce, KoOdxceH 3 HuUX Oae ceii enaueé Ha xio npoyecy. Tomy
00CNIOCEHHsT 3AKOHOMIDHOCIEN 3MIHU WOPCIMKOCMI 6 3aNedCHOCI 6I0  eleKMPUYHUX DEeICUMIE
006pOOKU BUKOHYEANIOCS 3 BUKOPUCTAHHAM IMOGIPHICHO-CIAMUCIIUYHO20 MOOeNI08anHA. Y cmammi
npoeedeHo  UMOBIPHOCHO-CIAMUCIMUYHE — MOOETIO8AHHS  WIOPCMKOCHI  NOBEPXHI 6  npoyeci
e1eKmpoepo3ioOnH020 Wigyeanis 3i 3MIHHOIO NONAPHICMIO eNeKmpoodis. Bcmanosneno 63acmoss's3ox
MIC eNeKMPUHHUMU PENCUMAMU 0OPOOKU | NOKAZHUKAMU sKocmi 0bpobiaenol nosepxui. Ompumano
IMOGIPHICHO-CIMAMUCIUYHY MOOETb WOPCMKOCMI NOGEPXHI 0emali, wo Gopmycmvcs npu wnigysanii,
AKA  6CMAHOGNIOE  B3AEMO36'A30K MIJIC GUCOMHUMU NAPAMEmpPaM NOGEPXHI Ma  eNeKmpUudHUMU
pedicumamu 06pooxu. Pospobiena moodein, 0036013€ po3paxyseamu 6UCOMHI NApaMempi WopCmMKOCmi
demani 8 3ANEACHOCME 6I0 ENeKMPUYHUX DedcuMie wiigpyeanns. Bucoma mixkponepisnocmeil
BUBHAYAEMbCA MUMU JIC YMOBAMU 00pOOKU, wo i enubuna epositinux ayHok. Ompumanns HU3bKOI
WOPCMKOCI MOJICIUBO NPU 3HUIICEHHT eNIeKMPUYHUX pedicumie 00pobku. Bukopucmanus popobnernozo
aneopummy po3paxyHky CYnpoeoO0diCyEMbCsl 6eIUKOI0 KINbKICHIO 004UCTIeHb | 3aCMOCY8AHHAM 00CUMb
CKNAOHUX ~MAMEMAMUYHUX Npoyeoyp: DIleHHAM pIBHAHb YUCETbHUMU MEemooamu, 2eHepayieio
8unaokosux yucen ma iu. [lani obuucients 0oyinbHO NPOGOOUMU 6 NPOSPAMHUX nakemax. Y 368'a3ky 3
YUM BUHUKAC HEOOXIOHICMb pO3POOKU aneopummie peanizayii cmeopenoi mamemamuunoi mooeni 6
NPOSPAMHUX NAKEMAX: MOOEN08AHHS WOPCMKOCHE 06pO6I0BAHOT NOBEPXHI; BUSHAYEHHS NOIONCEHHS
GepuiunY epo3iiHOl TYHKU, WO PO321A0A€MbCs 8 NIOWUHI POpMYBanHs NONepeuno2o MIiKponpogino
Oemani npu pisHUX eNeKMPUYHUX PeXHCUMAX WINIDYBAHHA; PO3PAXYHOK MAMEMAMUYHOZ0 OYIKYBAHHSA
2MUOUHU epO3IUHOT TYHKU.

KiaodoBi cioBa: npocmopose nonodicenns epo3itiHux JyHOK, CMAMUCMUYHI pO3Mipu; napamempu
UWIOPCMKOCMI; eNeKMPULHI PEICUMU.
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AUTOMATIC CONTROL OF TEMPERATURE AND POWER
CONDITIONS DURING ROUGH GRINDING OF SLABS

Abstract. The production of high-quality rolled products (slabs), the formation of its surface phase-
structural composition, texture, stress state during rough grinding depends on the temperature in the
area of contact between the wheel and the slab. During processing, due to geometric errors of the
rolled surface, as well as due to local changes in hardness, periodic fluctuations of the instantaneous
depth of cut occur, which can be determined indirectly by controlling one of the technological
parameters, for example, the power spent on grinding, with subsequent recalculation it to online
temperature values. The grinding temperature is described as a control object in the form of an
aperiodic link. Computer simulation has confirmed the efficiency of the system for maintaining the
specified temperature of slab grinding under various operating conditions that simulate the situations of
real production.

Keywords: rough grinding; slab grinding temperature control; aperiodic link.

Introduction.

A significant part of Ukrainian exports are still products of the metallurgical
industry, including rolled products.

When supplying metal products for export, Ukrainian metallurgical
enterprises face tough competition from foreign manufacturers.

To obtain high-quality rolled products, the surface layer of billets (slabs)
containing small cracks, cavities and scale must be cleaned right in the shops of
metallurgical enterprises. The output of mill scale is on average 1 - 3% of the mass
of finished rolled products.

There are various methods of cleaning (chemical, electrochemical and
mechanical), however, in many cases, the processing of the surface layer with
abrasive wheels on a roughing and grinding machine is used.

Rough grinding machines differ significantly from grinding machines for
general machine-building use in terms of technological requirements for them.
This difference lies in the fact that they implement an "elastic" grinding scheme, in
contrast to the "rigid" one on conventional grinding machines. "Elastic" grinding
scheme - processing with a constant pressing force of the wheel to the rolled steel
is intended for the implementation of the process of removing metal of constant
thickness from the surface of the workpiece. In practice, inconsistency in the
grinding depth is often observed, which is noticeable by changes in the width of
the "line" being ground.

© V. Tihenko, V. Lebedev, T. Chumachenko, 2021
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The workpiece to be processed is fixed on a moving table, and a headstock
with a grinding wheel is lowered onto it from above. The speed of the table with
the workpiece can be varied in the range from 5 to 60 m / min. The clamping force
of the grinding wheel during roughing can reach 10,000 N.

Since metal defects are concentrated mainly in the surface layer of the
workpieces, only the surface layer must be removed to reduce metal waste during
peeling. This will reduce the unproductive consumption of expensive metal, which
is especially important when roughing alloy steels.

In roughing and grinding machines, the control action can be exerted on the
drive for the longitudinal movement of the table, however, the large masses of the
table and the workpiece make this channel very inertial and not very suitable for
the system for maintaining the grinding depth.

It is expedient to control the drive for moving the grinding head in the
direction perpendicular to the surface to be treated.

The temperature arising in the contact area of the grinding wheel with the slab
can reach 1200 - 1300°C and cause grinding defects (burns) - deep changes in the
phase-structural composition of the surface layer, which creates favorable
conditions for the formation of residual stresses and, as a result, cracks [1] ... As is
known from the literature [2], thermal grinding defects reduce the durability by 3—
4 times. During processing, due to geometric errors of the slab surface, as well as
due to local changes in hardness, periodic fluctuations of the instantaneous depth
of cut occur, which causes periodic changes in the value of the contact temperature
of grinding, as a result of which thermal defects of the surface layer can occur,
such as phase and structural transformations that sharply reduce the performance of
the surface layer.

The most rational way out of this situation is to automatically maintain the
contact temperature of grinding at a safe level. This can be done by compensating
for fluctuations in the depth of the cut with other components of the processing
modes. Thus, the purpose of this work is to consider a mathematical model of the
process of automatic control of the contact temperature of grinding the surface of
slabs.

To achieve this goal, it is necessary to solve the following tasks: select a
control object, select a controlled value, select control laws, develop an algorithm
and a block diagram of the control process.

This task can be accomplished with the help of an analytical study of the
process of heat generation during grinding, considering the process of cutting with
an abrasive grain with its contradictory laws [3,5].

It would be more rational to choose the grinding temperature as a controllable
value; however, practically insurmountable difficulties arise in the practical
implementation of this choice. In order to obtain information about the grinding
temperature of a particular slab at an arbitrary cutting moment, it is necessary that
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there is a temperature sensor in the grinding wheel, which cannot be installed in the
wheel without violating the integrity of the latter, which cannot be done during the
production process for safety reasons.

A large number of works have been devoted to the issues of adaptive control
of the grinding process, however, the issue of controlling the temperature regime of
grinding is practically not considered.

In the source [1] the authors consider the mathematical modeling of abrasive
processing processes, in [2] the source describes the processes of temperature
formation during grinding, in the work [3] discloses general issues and theoretical
provisions of the adaptive control of the grinding process, in [4] the work considers
adaptive feed control, [5] the work is devoted to general issues of adaptive control
and optimization issues, [6] - issues of control and optimization of the external
grinding process, in [7] - issues of adaptive control of metal-cutting machines, [8]
the work is devoted to general issues of saving tools and increasing labor
productivity in the use of adaptive control, in [9] the work considers the issue of
controlling the transverse feed during grinding, in [10, 11] - the process of adaptive
control of grinding forces, in [12] the work considers the effect of temperature
fields of the grinding temperature on the stress state of the coatings applied to the
part, but in The request for adaptive temperature control is not affected.

From the literature review, it can be concluded that the issues of controlling the
grinding temperature have not yet been fully considered.

Research Methodology.

Information about the temperature value can be obtained indirectly by
monitoring one of the technological parameters, for example, the power consumed
for grinding, with its subsequent conversion into temperature values in the online
mode. As shown in [2], the surface temperature during grinding can be related to
the power by the following relationship

112-7-Q-Vr

e-F
where n is a coefficient indicating what proportion of heat is transferred to the part;
Q - grinding power, W; ¢ - coefficient of thermal activity of the part, J/ m? deg s°5;
F is the area of the contact patch of the wheel with the part, m?; t is the contact

time of the wheel with an arbitrary point of the ground surface, sec.
After some transformations we have:

0,896-Q

oo

@:

®= or®=k-Q,
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0,896 0,896

k = =
Ju, F ¢ D-t-v,-S-¢
where D is the diameter of the wheel, m; t is the depth of grinding, m; vs - part
speed, m/'s; S - the value of the cross feed, m.
The dependence of temperature on time during grinding is described by the

expression [2]
2
0, =®W{1—exp[—v“ TH @)
4.a

where © max — is the maximum temperature, °C; v, — speed of the heat source, m /
s; T is the current time, s; a - coefficient of thermal diffusivity of the grinded
material, m?/ s.

Assuming that the time constant of the temperature rise process is:

da
VT = T 1
We have: 0, = @max(l_eTJ,
and in operator form: ®. = Op _ 1
P ®max(p) Tp +1

Thus, the grinding temperature in the control system can be represented as an
aperiodic link.
In general, the block diagram of the control system can be as shown in Fig. 1.

&@“—i@»ﬁﬂ%&»

, [ ]
L

Figure 1 — Block diagram of the grinding temperature maintenance system
1 — block for converting power to temperature; 2 — grinding temperature regulator;
3 — amplifier; 4 — hydraulic valve with proportional control;
5 — hydraulic cylinder; 6 — processing process; 7 — grinding wheel drive;
8 — the sensor of the calculated temperature by power; 9 — table speed sensor
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The drive for the movement of the grinding head can be pneumatic or
hydraulic, but the hydraulic drive has higher dynamic properties.

A fragment of the hydraulic circuit of the drive is shown in Fig. 2 (a). For
experimental verification of the characteristics of the control system, a special
stand was used (Fig. 2 (b)), which consisted of a welded portal and a rotary frame,
the flywheel masses of which corresponded to the reduced flywheel masses of the
machine spindle drive.

a) 0)

Figure 2 — Diagram of the hydraulic drive (a)
and a stand for experimental research (b)

The body of the hydraulic cylinder and its rod were hinged, respectively, with
a portal and a frame. Under the influence of the cylinder, the frame rotated around
an axis mounted on the base of the portal.

At the end of the frame opposite to the pivot axis, there was a load imitating
the mass of the grinding headstock.

The graph of computer simulation of working off the task by the automatic
control system at various gain rates Kamp is shown in Fig. 3.
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Figure 3 — Computer simulation of the maintenance task constant temperature
of slab grinding by an automatic control system with a hydraulic drive:
1 — Kamp = 640; 2 — Kamp = 480; 3 — Kamp = 320

Results.

As a result of the study, a model of a system for adaptive control of the
temperature of grinding slabs during their cleaning has been proposed. The system
under consideration makes it possible to obtain a high-quality surface layer during
rough grinding of slabs.

Conclusions.

Computer simulation has confirmed the operability of the system for
maintaining the specified temperature of slab grinding under various operating
conditions that simulate the situations of real production.

The use of the system for maintaining the grinding temperature on roughing-
grinding machines makes it possible to automate the process of abrasive cleaning,
reduce the non-productive consumption of expensive billet metal, and increase the
competitiveness of domestic producers of rolled metal products.
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ABTOMATHUYHE KEPYBAHHSA TEMIIEPATYPHO-CHJIOBUM
PEXXUMOM ITPU OBJIUPHOMY IIVII®YBAHHI CJISBIB

AHoTauis. /[[nsa ompumanis BUCOKOAKICHO20 NPOKAMY NOBEPXHEeSUll wiap 3a20mogox (ciabis), wo
micmume  OpiOHI  MPIWUHY, DPAKOSUHU I OKATUHY, NOGUHEH OYMu 3auuueHull npsamo 6 yexax
Memanypeiunux nionpuemcms. Ichyrome  pizHi  cnocobu 3auucmku  cas0ie, npome npiopumem
3anUMAEMBbCA 30 0OPOOKOI0 NOGEPXHEB020 WAPY AOPAZUGHUM KPY2OM HA KONIHO6ANbHO-ULTIQY6aTbHUX
sepcmamax. Dopmyeanns isuUHUX 61ACMUBOCMEL NOBEPXHE8020 wiapy ciaba npu 060upHOMy
wnighyeanus 3anedcumn 6i0 memnepamypu € 30Hi KOHMAKMy Kpyaa 3i cisb0M, ujo 3abe3neuye neeHui
Gaszoeo - cmpykmypHuil cknad i mekcmypy ybo2o wiapy, 1020 Hanpysjcenuil cman. Temnepamypa, wo
SUHUKAE 6 30Hi KOHMAKMY Wi(hysanbHo2o Kpyaa 3i casabom, moxce cmanosumu 1200 - 1300°C. Bona €
OCHOBHOIO NPUHUHOIO YIMBOPEHHSA WNIysanbHux depekmis — enubOKUX 3MiH (ha3060 - CIMPYKMYpHO20
CKNIA0y NOBEPXHEB020 WIAPY, WO CIBOPIOE CHPUAMIAUGE YMOGU O YIMEOPEHHS 3ATUUKOBUX HANPYIICEHD |
5K Hacaiook — mpiwun. Ilpu 0bpobyi, uepes ceomempuuni NOXUOKU NOGEPXHI CAbA, a MAKOIC uepes
Micyegi 3minu meepoocmi, 6i06Y8arOMbCsa NepiooudHi KOIUBAHHA MUMMEBOL 2MUOUHY DI3AHHA, WO
BUKTUKAE NEPIOOUYHI 3MIHU BeIUYUNY KOHMAKMHOI memnepamypu winighysanus 6 pesyibmami 4o2o
MOHCYMb BUHUKAMU MENN08i dedpekmu nosepxrneso2o wapy. Ingpopmayiro npo eenuvuny memnepamypu
MOJICHA OMPUMATIYU HENPAMUM ULTIAXOM, KOHIMPOTIOIOYU OOUH 3 MEXHON02IYHUX NapamMempis, HanpuKiao,
NOMYIUCHICIb, 3aMPAveny Ha WIQYEaHHs, 3 HACHYNHUM NEPEePAXYHKOM il 6 3HAUeHHs memnepanmypu 6
peowcumi online. Temnepamypa winighysanns onucyemvpcs sk 06'ckm ynpaeninus y euisioi anepioouynoi
nanku. Komn'tomepue moolenrosanus niomeepouno npaye30amuicms cucmemu niOmpumKu 3a0aHoi
memnepamypu wiiihyeants Ccisibié npu pisHUX YMOBAX (DYHKYIOHYEAHHS, WO IMImywomo cumyayii
PpeanbHo2o eupobHuYymaa.

Ku1104o0Bi ¢l10Ba: 060upHe winihysarnHs,; ynpasiinHi memnepamypor wiig)yeants cisioy, anepiooudHa
naHKa.

91


https://insights.globalspec.com/article/10106/grinding-theory-and-adaptive-control-optimization
https://doi.org/10.1007/978-1-349-07529-4_18
https://doi.org/10.1007/978-1-349-07529-4_18
https://www.americanmachinist.com/home/contact/21903716/larry-haftl
https://www.americanmachinist.com/machining-cutting/article/21896290/adaptive-controls-save-tools-and-time
https://www.americanmachinist.com/machining-cutting/article/21896290/adaptive-controls-save-tools-and-time
https://journals.sagepub.com/doi/abs/10.1243/PIME_PROC_1992_206_304_02
https://journals.sagepub.com/doi/abs/10.1243/PIME_PROC_1992_206_304_02
https://www.scientific.net/author-papers/zhan-qi-hu-1
https://www.scientific.net/author-papers/ming-li-xie
https://www.scientific.net/author-papers/yu-kun-li
https://www.scientific.net/author-papers/yi-tong-zhang
https://www.scientific.net/author-papers/yi-tong-zhang
https://www.scientific.net/KEM
https://www.scientific.net/KEM
https://doi.org/10.4028/www.scientific.net/KEM.416.360
https://ieeexplore.ieee.org/author/37088078116
https://ieeexplore.ieee.org/author/37088075331
https://ieeexplore.ieee.org/author/37088078410
https://ieeexplore.ieee.org/xpl/conhome/5072598/proceeding
https://ieeexplore.ieee.org/xpl/conhome/5072598/proceeding

ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 94

UDC 621.923 doi: 10.20998/2078-7405.2021.94.11
V. Fedorovich, D. Fedorenko, I. Pyzhov, Y. Ostroverkh, Kharkiv, Ukraine

MODELING THE INFLUENCE OF METAL PHASE IN DIAMOND GRAINS
ON SELF-SHARPENING OF GRINDING WHEELS ON CERAMIC BONDS

Abstract. The article presents the results of theoretical studies using finite element modeling, which
made it possible to determine the rational characteristics of diamond wheels based on ceramic and
polymer bonds. The effect of the parameters of the diamond-bearing layer on the change in its stress-
strain state in the process of microcutting of hard alloys and superhard materials has been studied. It is
established that the determining factor in the occurrence of critical stresses during grinding is the temperature in the
cutting area, the increase of which in the presence of metal phase inclusions in diamond grains with high values of
thermal expansion coefficient can lead to destructive stresses in grains and, consequently, their premature destruction.
It is advisable to use diamond grains with a minimum content of metal phase and the use in the manufacture of
synthetic diamonds solvent metals with a low value of this coefficient, which will significantly increase the use of
potentially high resource diamond grains.

Keywords: diamond grinding wheel; processed material; diamond grain; superhard materials; wheel
bond; stress-strain state; finite element method; equivalent stresses; self-sharpening; grinding modes.

Introduction. The development of computer technology opens new
perspectives for virtual integrated research of the processes of manufacture and
operation of diamond abrasive tools (DAT). In recent years, based on the finite
element method (FEM), a number of software packages with even more advanced
capabilities have been developed. These primarily include SIMULA Abaqus,
SolidWorks Simulation, ANSYS and LS-Dyna. Their use for simulation experiments
on the developed models makes it possible to significantly reduce the volume of
estimated machine research.

1. Articulation of the problem. As is well known, diamond wheels on
organic and ceramic bonds are designed mainly for operation in self-sharpening
mode. In world practice, one of the most promising approaches to improving the
processing of diamond abrasive tools is based on the creation of prerequisites for
the implementation of the necessary mechanisms for specific processing
conditions (macro- or micro-destruction or a combination thereof) of self-
sharpening of diamond grains and diamond layer as a whole. And for this you
need to know the physics of the processes that occur both in diamond grains in
particular and in the grinding system in general. Significant results in this direction
can be obtained in the case of using the methodology of 3D modeling of the stress-
strain state of tool systems and processing systems and refinement of the results by
using machine experiments. This will allow to predict and implement in practice
the optimal conditions for creating a controlled process of self -sharpening of
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diamond grains in particular and the diamond-bearing layer in general,
and,consequently, significantly increase the efficiency of the grinding process.

2. Literature Review. Along with the choice of the bond grade, grain and
grinding modes, the choice of the quantitative and qualitative composition of the
metal phase, which is part of the diamond grains (DG), is of paramount importance.
A significant number of studies are devoted to the study of the influence of the
metal phase on the specific consumption of diamonds, the productivity of grinding
and the roughness of the processed surface, [1, 2, 3, 4]. Most of the
recommendations for choosing a grade of diamond grains in wheels on ceramic
bonds apply to the processing of carbide products, high-speed steels, titanium
alloys. Model studies carried out by the authors
[5, 6] indicate that a comprehensive selection of the grade of grains and their
relative concentration can lead to a significant increase in the efficiency of the
diamond grinding process. By the calculation method, it is possible to determine
the stress-strain state (SSS) of the diamond-bearing layer not only during the
manufacture of diamond-abrasive tools, but also at the stage of grinding various
groups of processed materials (PM).

Modeling the limiting stress values by the finite element method [7] will
allow avoiding expensive experimental studies and in the future create
prerequisites for developing recommendations for grinding a wide range of grinded
materials.

3. Methodology of conducting model experiments. SIMULA Abaqus,
SolidWorks Simulation, ANSYS and LS-Dyna software packages were used for
computer simulation of DAT operation processes.

Models of the "bond - DG — metal phase - PM" grinding system were developed for
conducting simulation experiments (Fig. 1).

as <> A g g TR A (i S

a) b) 0)

Figure 1 — 3D model (a), constructed finite element grid (b)
and the stress scheme of the model (c) in the study of processes and grinding

93



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 94

When creating models, the shape, size and properties of its elements were taken into
account, which were considered as elastic solids. Since the most common form of
diamond crystals is considered to be an octahedron [8], DG was taken with its geometry.
Grain sizes varied according to the grain size of diamonds (50/40, 100/80, 125 x 100, 200
x 160). Local inclusions of the metal phase in the DG were created in the form of
arbitrarily oriented parallelepipeds, the volume content of which was set depending on the
grain grade (AC-4 - 7.5%, AC6 - 6%, AC15 - 2.2%, AC32 - 0.6 %) [9-10]. The bonds
were reproduced as prismatic fragments ranging in size from 250 x 250 x 125 um to
1000 x 1000 x 500 pm depending on the size and concentration of grains in the diamond-
bearing layer. In the volume of the bond the grain placing surfaces were put in a free
order, the number of which varied depending on the concentration of diamonds (25%,
50%, 100%, 150%, 200%), which was set as a percentage ratio of the bond volume and
the total volume of DG. The element of the system "PM" was modeled in the form of
prismatic fragments with dimensions from 250 x 250 x 125 um to 1000 x 1000 x 500
pm.

Finite element analysis was performed using octagonal SOLID elements. The
ANSYS program selected the type of finite elements from the package library for each
component of the system, the construction of a finite element grid and its selective
thickening. Elements such as Hex Dominant and Tetrahedron were used to create the grid
for metal phases. Grid thickening was performed in the areas of DG bonding, in the areas
of their contact with the PM and the inclusion of metal phases, as well as on the contact
surfaces of the system elements. This approach allowed to more accurately simulate the
deformation of fragments of the model, taking into account the distance of the areas of
ultimate effects.

Fixing of the model (setting of zero or other necessary displacements) was carried
out using the attributes of the geometric model (points, lines, surfaces) [11]. The model
was pt under stress with static uniaxial evenly distributed load in the form of pressure and
temperature values.

The choice of load limit parameters was made taking into account the temperature and
force loads that accompany the grinding process.

When modeling the process of diamond abrasive grinding, the model was loaded
with static uniaxial evenly distributed load Py in the form of added values of normal force
0.5-4.0 N, which simulates the clamping force of the wheel in accordance with the
technological parameters of diamond abrasive processing [12]. The feed motion of the Sted
and the rotation of the wheel were simulated by the longitudinal motion of the "bond - DG"
element along the element of the "PM" system. Depending on the simulated cutting speed,
different speeds of the "bond - DG" element were set. To increase the reliability of the
simulation results, the value of the temperature load in the range of 400-800°C was chosen
according to the data of works [13, 14], in which the values of temperatures in the grinding
area during processing of materials of different hardness were experimentally established.

The following characteristics of system elements were included in the calculation
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model: modulus of elasticity (E), modulus of volumetric compression (G), coefficient
(CTE) of linear thermal expansion (c), Poisson's ratio (i), yield strength (oo), coefficient
of thermal conductivity (1). Specifications of grain properties were performed according
to reference data [15-17], taking into account information on temperature dependences of
synthetic diamond properties (Fig. 2).
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Figure 2 — Temperature dependences of synthetic diamonds properties

Since in the real grinding process the considered system is loaded with both force
and temperature, in the course of researches depending on the total thermal and forece
load the value of equivalent stresses Geq in elements of the system "metal phase - DG -
bond - pore - PM" was determined. The bond was considered broken if the equivalent
Stresses (Geg) €Xceeded the corresponding strength limits.

4. The results of model experiments. The decisive factor in increasing the stability
of DAT, along with the rational choice of components of the diamond wheel is the use of
scientifically sound grinding modes, which can significantly increase the service life of
the tool.

To determine the rational parameters of grinding, a series of experiments was
conducted to study the effect of normal pressure and temperature in the grinding area on
the SSS of the microvolume of the diamond-bearing layer in the grinding area. The study
was performed on a model that simulates grinding with a single grain.

Since the temperature in the grinding area dominates among the factors that
determine the process of diamond abrasive processing, it is important to study the
influence of this factor on the behavior of the "bond - DG — metal phase - PM" system. It
is known that the temperature in the cutting area can rise significantly due to
"salinization" of the working surface of the diamond wheel with sludge particles, while
excessive heating of the bond and DG, which can lead to their destruction and premature
failure of the tool. Therefore, a comparative analysis of the SSS system that imitates
diamond grinding was performed at different temperature loads (400 °C, 600 °C and
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800 °C).

It is established that with the increase of the clamping force of DG in the specified
range of values, the level of maximum stresses ceq increases by 1.3%. More influential is
the temperature factor that occurs in the cutting area during grinding: an increase in
temperature from 400 °C to 800 °C causes an increase in the level of stresses in the grain
more than twice. On the one hand, the information obtained indicates the feasibility of
cooling the cutting area, and on the other hand, ceramic bonds are known to be heat-
resistant, which allows their use in dry grinding. Processing of the simulation results
showed that the dependence of equivalent stresses on the grinding temperature is linear
and is satisfactorily described by the equation ceq=1.5265-T¢+1.328 (approximation
reliability R? = 0.99).

However, as shown in [18], the possibility of reducing the heat load during grinding
by optimizing the cutting modes is much lower than, for example, determining the optimal
characteristics of DAT, which reduces the friction of the wheel with PM. And this is an
important condition for reducing the energy consumption of the grinding process.

During the research, a model was used that allows to observe the change of SSS of
the system "metal phase - DG - bond - PM" depending on the qualitative and quantitative
characteristics of the metal phase (Fig. 3).

Figure 3 — 3D model for determining the influence of the metal phase
on SSS of the system "metal phase - DG - bond - PM"

To identify the role of shape, size and composition of the metal phase, calculations
were performed on models that imitate grains of grades AC6 and AC15 with a grain size
of 125/100. According to the literature data [9, 19], the metal phase was modeled both in
the form of rectangular parallelepipeds (simplified) and in the form of irregularly shaped
elements, the volume of which was 2.2% and 6% of the grain volume, respectively,
which corresponds to diamond powders of the AC15, AC6 grades. The level of
maximum equivalent stresses (ceq) and the volume of destructive stresses in the grain
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(Vouest) Were fixed as a criterion that determines the probability of self-sharpening of DG
during grinding due to their micro-destruction under the action of stresses caused by

temperature-force factors.

Geq = 562,77 MPa Vodestr = 3,34%

Geq = 570,91 MPa Voesr = 15,13 %

Geq = 230,31 MPa Vodestr = 2,11 %

i) > S

N \ —]
< \ —
ST
X

. 4

Oeq = 558 MPa Vodestr = 9,96 %

Ceq = 575,06 MPa

-

Ocq = 584,01 MPa Vodestr = 23,27 %
b)

Geq =263,65 MPa Vodestr = 2,8 %
c)

Oeq =572,05 MPa Vodestr = 17,57 %
d)

Figure 4 — Distribution of stresses in the grain in the contact area "grain - PM™:

a) inclusion of metal phase FegsSis of simple and complex shape in AC15 grains (2%); bond K1-01;
PM - VK8; T =440 °C; b) metal phase FegsSis in grains AC15 (2%) and AC6 (6%); bond K1-01;
PM — ASPK; T =800 °C; ¢) metal phase FeosSisi Nizg,sMnses (CraCz)os in grains AC6 (6%) bond
K1-01; PM —alloy VKS8; T =440 °C ; d) metal phase FessSis in grains AC15 (2%) and AC6 (6%);
bond K1-01; Sital AC-418; T =760 °C
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Examples of simulation results are given in Fig. 4, where it is seen that the areas
where the maximum load level is recorded, are localized mainly in the area of inclusions
of the metal phase, as well as in the area of contact of the DG with PM.

Calculation results showed that for cases of simple and complex shape of the
metal phase with the same size of inclusions (Fig. 4 a), the stresses oeq practically do
not change, and Vouesr differs by only 0.7%. This indicates the feasibility of modeling
the metal phase in the form of simple forms (plates), which reduces the calculation
time. As the size of metal phase inclusions of the same composition increases, other
conditions being same (Fig. 4 b), the stress level ceq increases by ~ 2 + 2.5%, while
Vogestr inCreases 2 times.

When grinding different PM in the case of identical in composition and size
inclusions of the metal phase with increasing hardness of PM there is a tendency to
increase the maximum stresses at the contact "DG - PM" and in adjacent areas (Fig. 4
c), while the value of Vo increases from 2.1 % to 3.65%. With increasing the CTE of
the metal phase for the considered solvent alloys while maintaining other equal
conditions (Fig. 3 d) recorded an increase in the level of ceq by 5 + 10% and almost
twofold increase in Vogesr (from 2.12% to 4.32%) in the row: NisgeMnsgg(CrsCo)og >
FegsSis > FE44CO44(CI’3C2)12.

The influence of the composition and size of the metal phase on the level of G can
be traced by the simulation results summarized in Table 1.

Table 1 — Maximum equivalent stresses (MPa) according to the results of modeling the
process of grinding with a diamond wheel on the K1-01 bond

Volumes of destructive

Local stresses in grain (Vodest, %)
temperature | when using grains of different
Metal phase Processed of the ground grades
composition material surfage (grain size 125/100)
Emgx'zf]: AC4 AC6 AC15
' (7,5%)* | (6%)* | (2,2%)*
ASPK 800 42.57 39.55 20.39
Nizo,6Mnsges(CrsC2)os | Sital AC-418 760 26.37 23.35 13.24
Alloy VK8 440 5.81 2.80 0.38
ASPK 800 26.29 23.27 15.13
FeosSis Sital AC-418 760 20.58 17.57 9.96
Alloy VK8 440 5.13 211 0.29
ASPK 800 23.43 20.41 10.11
FeasCoa(CraCa)12 Sital AC-418 760 1473 | 1171 6.64
Alloy VK8 440 4.43 141 0.19

* the relative volume of metal phase inclusions FegsSis, %

98



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 94

Therefore, the composition of the metal phase is of great importance, especially in the
case when the CTE of the metal phase significantly exceeds the CTE of the diamond. The
shape of the metal phase inclusions plays a secondary role, as does the modulus of elasticity.
Based on the obtained data, it can be stated that according to the degree of influence on the
level of stresses arising in the volume of DG during grinding, the specified parameters
(shape, size, the CTE of metal phase, and hardness of PM) can be arranged in a row: metal
phase composition> metal phase size > type of PM> metal phase shape.

The grinding temperature of the material has a decisive influence on the stresses
arising at the contact of "DG - PM". According to [20, 21], the local temperature in the
cutting area differs significantly from 440 °C for VK8 alloy to 800 °C for ASPK diamond.
The results of the calculations showed that when grinding parts made of hard alloy VK8 in
the self-sharpening mode, it is advisable to grind without cooling. In this case, the formation
of wear areas on the grains will be accompanied by an increase in temperature in the cutting
area, which will ensure rational self-sharpening of the grains.

Wheels with AC15 grains will also provide rational self-sharpening during
dry grinding of the AC-418 sital under the condition of using diamond powders,
mixing the metal phase based on alloys of the growth system with reduced CTE
(for example, FegsSis a6o FeaCoa(CrsCo)i). Instead, grinding of products from
ASPK and sital AC-418 with wheels containing grains of grades AC2, AC4, AC6
should be carried out with cooling to prevent their thermal destruction.

It is established that the difference between the CTE of DG and metal phase
determines the level of stresses at the contact of "DG — metal phase", which cause the
appearance of microcracks in the grain during sintering of the diamond-bearing layer. Based
on this, it is concluded that with increase of the CTE of solvent alloys used in the synthesis
of diamonds, the effect of sintering temperature increases, which leads to the destruction of
DG during grinding. This conclusion is generally consistent with the data of [22], where it is
shown that with increasing grinding temperature above 650 ° C, the loss of grain strength is
greater, the greater the difference between the CTE of the metal phase and DG. This fact
should be taken into account in the manufacture of diamond wheels and the development of
grinding modes.

5. Conclusions

The influence of qualitative and quantitative characteristics of diamond wheels on
the SSS of the system "bond — metal phase - DG - PM" in the area of cutting diamond
grains of brittle difficult-to-process materials has been calculated. The factors that
determine the intensity of mutual destruction of the elements of the diamond-bearing
layer of the wheel during grinding were identified. It is shown that in the considered range
of force and temperature loads, that reproduce the real modes of diamond processing, the
wear of diamond wheels is determined by the process of accumulation and development
of microcracks in the bond and diamond grains.

It is established that the determining factor in the occurrence of critical stresses during
grinding is the temperature in the cutting area, the increase of which in the presence of
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inclusions in the DG metal phase with high CTE leads to destructive stresses in the grains
and, consequently, their premature failure. It is advisable to use DG with a minimum content
of metal phase and the use in the growth of synthetic diamonds of solvent metals with low
CTE, which will significantly increase the utilization of DG. Otherwise, the grinding area
must be forcibly cooled.
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NPUBMANMUYHUX (DPASMEHNIG 3 POIMIPAMU, 6 3AICHCHOCTI 60 POIMIDIE | KOHYCHMPAYIT 3¢PeH 8 aIMA30HOCHOMY
wapi. B 06’emi 36’s3ku 6 006IILHOMY NOPSOKY POIMIUYEATU NOCAOOUHI NOBEPXHI NIQ 3€PHA, KUIbKICMb SIKUX
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3a2amHo20 00'emy A3, BcmanoaneHo, o GUSHAUATLHUM  (DAKMOPOM NOSIBU KPUMUYHUX HANPYX’CeHb NpU
wtighyeamHti € memnepamypa 6 30Hi pizamisi, 30UIbUeHHs. SIKOI 30 HAIGHOCE 6KTIouelb 6 A3 Memanoghasu 3 eucokum
KTP npuseoounis 00 GUHUKHEHHSL PYIHYIOUUX HANPYIICEHb 8 3ePHAX I, SIK HACTIOOK, IX NePedyacHo20 PyUHYGaHHs.
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HAnpy#ceH0-0eqhopMOSaHLIL CIAH; MemoO KIHYeGUX eNeMEHINIE; eKBIBAICHMHI HANPYHCEHHS, CAMO3AMOYYEAHICMb,
PexcuMU WTihYBaHHS.
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FINISH MACHINING OF THE CUTTING INSERTS
FROM CUBIC BORINE NITRIDE BL GROUP COMPOSITE

Abstract. Finishing methods of machining of superhard composite’s working elements based on cubic
boron nitride BL group are considered. The results of the microgeometry formation research of the
cutting inserts” surfaces during machining by free powders of synthetic diamond, grinding wheels and a
method of vibro-magnetic-abrasive machining (VMAM) are presented. It is shown that during VMAM
the friction between the inserts’ surfaces and the abrasive particles result in microremoval of the
material, which reduces the roughness of the cutting inserts’ surfaces. 1t is established that additional
fine grinding with 14/10 mkm synthetic diamond powder provides the absence of microgeometry defects
of the cutting inserts’ surfaces left by pre-machining. The result of high-quality rounding of cutting
edges and the formation of surfaces of cutting inserts with less roughness is an increase in strength and
wear resistance of metal-cutting tools in high-speed machining under conditions of significant loads.
Keywords: diamond machining; vibro-magnetic-abrasive machining; cutting inserts; CBN; surface
roughness; friction forces.

1. INTRODUCTION

The development of modern mechanical engineering is associated with the
creation and implementation of new materials and advanced technological
processes of their machining. The unique properties of polycrystalline composites
based on cubic boron nitride (CBN) allow their use in various fields of technology,
including cutting tools, loaded parts of machines, devices, electronic equipment.
Due to the high level of hardness of the products formation from such composites
it is possible only with the use of technologies that use tools made of synthetic
diamonds. Improving the superhard composites machining is associated with the
study of the regularity of a complex multifactorial grinding process. At the same
time, a significant limitation of machining efficiency is insufficient scientific
substantiation of its finishing processes - grinding, finishing, polishing, conditions
of lubricants and coolants application in conjunction with the strength and
performance characteristics of the machined surface of the products [1].

One of the main reasons for failure of cutting CBN inserts is chipping of
cutting edges, which is caused by exceeding the allowable values of stresses in the
wedge of the tool [2, 3]. The studies show that rounding the cutting edges on tools
of any material can significantly (from 2to 8 times) increase the stability and
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reliability of tools, improve the quality of products machined surfaces [4]. At
present, diamond-abrasive machining technologies - grinding, finishing, vibro
abrasive machining - are used to form replaceable multifaceted cutting inserts with
given geometric parameters [5].

In vibro abrasive machining, the formation of the surfaces of the machined
product is carried out by simultaneous chipping, abrasion and microcutting of the
allowance fragments. The working tool in this process is an abrasive mix, which
includes abrasive powder (with the addition of synthetic diamond powder) and
abrasive granules. The components of the mix move under the influence of
vibrations in the working chamber of the device. Chipping occurs when single
peaks of grains from the abrasive mix collide with the product, abrasion occurs at
relative mutual, almost parallel, movement of the product and elements of the
abrasive mix, microcutting is accompanied by removal of the thinnest layers of
material from the product surfaces. In addition, the vibro-abrasive machining is
characterized by the impact stress on the workpiece, which can increase the defect
of the machined surfaces.

To improve the productivity of the machining process and the quality of the
machined surface is possible by using into the working area components that will
add more elastic component to the working, such as replacing abrasive powder in
the mix with ferromagnetic abrasive powder and applying a magnetic field to the
machining area [6]. In this case, the magnetic field is used as a bond of the abrasive
environment, and the vibration provides a gradual movement of the workpiece
together with the abrasive granules through this environment, providing the
forming process. Thus, the machining will take place with less intense chipping
and the impact stress, but with more intensive abrasive machining and micro-
cutting of the allowance. Machined surfaces of products, especially of brittle
materials, such as CBN BL group, after such machining do not have microcracks
and streaks which are characteristic to the conventional methods of abrasive
machining.

Synthetic diamond particles will be contained in the irregularities of the
abrasive granules and between the particles of ferromagnetic powder, and thus will
be able to participate in the machining process, increasing its productivity.

Given the above, a new method of finishing abrasive machining-vibro-
magnetic abrasive machining (VMAM), which involves abrasive removal of the
allowance in the presence of a magnetic field with relative movement of abrasive
grains and machined products due to forced vibrations in the machining area [7].
Machining is performed using various abrasive mixes, which include abrasive
powders (synthetic diamond powders), alumina granules, ferromagnetic abrasive
powders.

VMAM allows to form and control the surface roughness of composite
products that have high mechanical properties and are non-magnetic, such as
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cutting inserts with CBN, while increasing the productivity of finishing and the
ability to form some special areas, such as rounding radii of cutting edges.

Magnetic abrasive powder is located between the poles of the electromagnet,
forming an elastic environment. Thus, the magnetic field, creating elastic columns
of single grains of ferromagnetic abrasive powder, acts as a bond of the tool. The
elasticity degree of this bond is regulated by the change in magnetic field strength
according to the different stages of machining. Thus, VMAM can approach
grinding with free or bound abrasive, allowing you to take advantage of the first or
second type of machining in one work cycle.

The movement of the workpieces relative to the columns of the magnetic
abrasive tool is created by the vibration of the equipment working chamber, which
houses the workpieces and the abrasive mix.

The goal of the presented work is to study the roughness of the surfaces of
CBN BL group cutting inserts after additional machining by low-grain diamond
powder based tools and vibro-magnetic-abrasive machining.

2. RESEARCH METHODS

The planes grinding of CBN cutting inserts was performed by powders of
synthetic diamond «AC6» 160/125, 80/63, «ACM» 40/28, 28/20, 14/10 on cast
iron grinders. The machining of inserts’ back surfaces was performed by grinding
wheels 1A1 300x126x40x5 AC6 80 / 63-4 B2-01 and 1Al 300x126x40x5
«ACM» 40/ 28-4 B2-01.

A special device [8] was made for performing experimental work with
VMAM (Fig. 1).

s |

14 ﬂ ”1
e

(58]

2 9 8

N
R

P

Tk,
7

11

|
13 Falial

-

Figure 1 — The VMAM device scheme
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The base of the device is the frame 1, on which the electric motor KD-50 is
mounted (n = 2780 rpm, 50 W) 2, lowering gear (oscillation frequency ~ 25 Hz) 3,
bearing unit 4, which is the support of the shaft of the eccentric vibratory drive
(oscillations amplitude 4 mm) 5. On the racks 6 above the vibratory drive is a
housing 7 with a stator 8 of a three-phase electric motor that creates a magnetic
field. In the housing, in the inner space of the stator, there is a working chamber 9
for workpieces and abrasive mix. A cap 10 is fixed above the container and the
stator. A spring 12 is inserted between the cap and the container cover 11, which
provides the vibration of the working chamber. Power supply is carried out through
the input circuit breakers 13. Above the cap is a fan 14 to cool the stator.

Given the high mechanical characteristics of CBN, the process of cutting
inserts machining takes place in a container made of silicon carbide SiC, which
provides its high wear resistance and eliminates the possibility of shielding the
magnetic field. As the components of the abrasive mix (125 mm?®) were used
electrocorundum granules A1,03, «AC6» 28/20 synthetic diamond powder (in the
amount of 15% of the total volume of the mix) and the «Feromap» ferromagnetic
powder 200/100. 10 inserts were machined simultaneously. The processing time
was 40; 120; 180; 360 min. The amount of removed material was estimated by
weighing the inserts after the machining.

The CBN cutting inserts RNMN 070300 (CBN BL group 45-55%, TiC) were
used as machined inserts.

The study of the microrelief of the CBN inserts surfaces was performed using
the atomic-force microscope NT-206, which allowed to obtain microroughnesses
profilograms, surfaces topograms and distribution of conditional (lateral) frictional
forces (between the atomic-force microscope indenter and the studied surface) on
the surface area Spom = 169 mkm?. Analysis of microroughness profiles allowed to
establish the arithmetic average (Ra) and statistical average (Rq) values of the of
the microroughness profile ordinates deviation on the workpieces surface from the
average line, as well as the maximum height of profile irregularities (Rmax), total
surface area (Stact) and surface evolution coefficient k = = Syom /Stact. The absolute
estimates error was: + 0.002 mkm.

Parameters of roughness and mechanical stresses of the machined surfaces
measurement was performed at control points (area of 13x13 mkm) on the surface
of the workpiece using also profilograph-profilometer SurfTest SJ-201. According
to the distribution of lateral forces along the surface of the workpiece, which
indirectly (in nominal units) allows to establish the distribution of friction forces o.
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Workpieces were pressed into plastic materials such as aluminum or copper
wire and then the imprint was analyzed with an optical microscope to determine
the cutting edge radius of the CBN inserts after VMAM.

3. RESEARCH RESULTS

According to the technical conditions for CBN cutting tools, the working
surface roughness parameter Ra should not exceed: front surface — 0.16 mkm, rear
surface — 0.20 mkm, support surface — 0.40 mkm.

Based on the abovementioned, the processes of forming high-quality working
surfaces of CBN cutting inserts should be given special attention to additional
finishing.

Additional finishing of CBN BL group cutting inserts was performed by
working surfaces grinding on front and back planes by powder of synthetic
diamond «ACM» 14/10. The results of topographic studies and lateral friction
forces for the CBN insert’s unpolished surface are given in a Table 1. The scanning
results, topographic studies and lateral friction forces for the CBN insert’s polished
surface are shown in Fig. 3, Table 2.

Table 1 — The topographic parameter values of the CBN insert’s unpolished surface

A point number Ra, nm Rg, nm G, C.U.
1 388 509 1200
2 275 336 5550
3 326 396 8800
4 393 460 9100

Table 2 — The topographic parameter values of the CBN insert’s polished surface

A point number Ra, nm Rg, nm o, C.U.

1 255 294 2000

2 232 257 2880

3 210 243 2000

4 209 254 5500

5 317 367 2160

6 264 367 4100

Table 3 — The topographic parameters values of the CBN insert’s rear surface

A point number Ra, nm Rg, nm o, C.U.
1 41 62 2100

2 141 162 9200

3 80 95 8500

4 75 94 2500
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04 Y,nm

Figure 2 — The results of scanning the polished CBN insert’s profile:
a —area’s surface 3D image; b — distribution of lateral friction forces

The study of topography on the rear surface and lateral friction forces at the
control points of polished cutting inserts was also researched (Fig. 3, Table 3).
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Figure 3 — The topographic research of the rear surface’s cutting insert:
a — area’s surface 3D image; b — distribution of lateral friction forces

Analyzing the available data, it can be noted that for both unpolished and
polished CBN BL group cutting inserts, areas with different roughness and
appearance of micro-irregularities and, accordingly, with different degrees of
friction force distribution are characteristic. It is determined that the value of
microroughnesses for the polished surface is in the range Ra 209-317 nm, Rq 243—
367 nm. The distribution of conditional friction forces on the inserts’ surface is in

the range: 2000-5500 c.u. for polished base and 1200-9100 c.u. for unpolished
base.
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3D images of the cutting plate surface (Fig. 2, a) after grinding by synthetic
diamond powder «AC6» 160/125 on the surface were analyzed. It is possible to
note the presence of individual material breaks, grinding lines, dents and craters of
different shapes and sizes. At the control points (Fig. 2, a) the topography of the
surface is represented by sharp grinding lines, which indicates the instability of the
machining process, which is due to the diamond powder particles heterogeneity in
size and strength. The existence of such defects does not have a significant effect
on the friction force distribution on the insert’s surface (Fig. 2, b), which is due to
the small size of the defects.

Surface defects have a slightly different appearance, namely the appearance
of craters with a smooth surface and smooth transitions, which is due to the action
of temperatures in the contact area of the machined surface and the grinding tool.
Such defects have a significant area and affect the friction distribution on the
insert’s surface.

When using a tool with CBN cutting inserts, especially at high cutting speeds,
the presence of such defects on working surfaces can significantly affect its
stability, as in such areas the stresses can be localized, sufficient to generate
microcracks and other microdefects that contribute to the cutting inserts’
destruction.

The topography of the surface of the cutting inserts after additional grinding
has a different look. It is mainly represented by the remnants of the grinding lines,
the surface is devoid of sharp peaks, and the grinding lines themselves have the
form of small depressions with smooth transitions. In some areas of the inserts it
was possible to obtain surfaces on which defects in the form of craters are
completely absent.

Additional grinding of cutting inserts’ surfaces with “ACM” 14/10 synthetic
diamond powder allows to improve the friction force distribution. Additional
finishing of the inserts on the back surface with a diamond wheel with “ACM”
14/10 diamond powder allowed to significantly reduce the surface roughness but
not its defectiveness (Fig. 4, a). The topography of the surface is mainly
represented by craters of significant depth (Fig. 4, b). A possible explanation for
this nature of the change in the rear surface topography is the imperfect technology
of polishing, especially for the radial cutting inserts.

VMAM of cutting inserts was performed after their machining by diamond
grinding. It should be noted that after diamond machining on the surface may
appear some defects in the form of grooves, the removal of which with VMAM is
impossible.

In the profilogram (Fig. 4, a) a roughness (Ra 0.250) of the cutting inserts’
surface after grinding was shown (Table 4). On the machined surface there are no
sharp transitions between depressions and peaks, and last ones are dominated (Fig.
4, b). The machined surface is smooth and has no abnormal defects.
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Figure 4 — The profilogram (a) and the surface area’s 3D image (b)
of the cutting insert after diamond grinding

Table 4 — Parameters of roughness of the machined surfaces of the CBN’s cutting inserts

Method and time of Values of surface parameters
machining Ra, mkm Rg, mkm S, mkm? k
Grinding 0.250 0.302 0.168 -
VMAM 40 min 0.225 0.303 0.181 0.933
VMAM 120 min 0.204 0.253 0.181 0.994
VMAM 180 min 0.197 0.253 0.170 0.994
VMAM 360 min 0.195 0.232 0.172 0.982

In Fig. 5 the relief of the surface and the distribution of the lateral friction
forces’ average values (Fig. 5, b) were shown. Lighter fragments correspond to a
greater value of the force.

I, mkm

Figure 5 — The relief (@) and distribution of conditional friction forces
on the insert’s surface (b) after diamond grinding

The distribution of the conditional friction forces’ values (Fig. 5, b) on the
insert’s surface processed with diamond grinding indicates that there are some
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defects with increased friction resistance compared to the average values on the
surface (white dots and spots). These defects are caused by the presence on the
surface of irregularities that exceed the average values or the adhesion of other
materials that accidentally hit the surface of the plate. The presence of such defects
allows us to conclude that the coefficient of friction at the micro level is not
constant and in the process of using cutting inserts may vary depending on which
part of its surface is in contact with chips at the moment.

In the first 40 minutes of VMAM is the most intensive removal of the
allowance material from the cutting insert, accompanied by changing the
roughness of the machined surface (Fig. 6, a, b, table. 4).

¥, nm 1, mkm_ 190
300 J

100

0 2 -1 6 8 IIO 15 ll4 16 1, mkm Y, nm 1, mkm

Figure 6 — The profilogram surface (a) and the area’s 3D image (b)
of the cutting insert after 40 min of VMAM

The analysis of the obtained results shows that the VMAM process most
intensively affects the vertices of microroughnesses, reducing their height
parameters. It can be concluded that according to the decreasing of the surface
evolution coefficient k depressions are predominant.

The distribution of the conditional friction forces’ values (Fig. 7, b) on the
cutting insert’s surface after 40 min of VMAM indicates that there are almost no
surface defects, as well as sharp transitions between depressions and peaks of
microroughnesses. The peaks of the micro-irregularities are devoid of sharp peaks
and have a flat character.

After 120 minutes of VMAM the machined surface is characterized by the
roughness’ decreasing (Table 4). And there is a balance of values between the
height of the peaks and the depth of the depressions of the microroughness on the
machined surface, as evident by the value of the surface evolution coefficient k,
which is close to one.

On the further evolution of the surface state after VMAM for 120 min can be
judged by the image of the relief and the distribution of conditional friction forces
on the machined surface (Fig. 8). As a result of machining the surface with smooth
transitions between peaks and depressions and with the minimum number of
defective zones with the increased degree of resistance to friction is formed.
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Figure 7 — Relief (a) and distribution of conditional friction forces
on the insert’s surface (b) after 40 min of VMAM
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Figure 8 — Relief (a) and distribution of conditional friction forces
on the insert’s surface (b) after 120 min of VMAM

The further processing for 180 and 360 min. does not have a significant effect
on the roughness of the machined surface (Table 4), which is associated with the
destruction of the abrasive grains of the abrasive mix and reduce their cutting
ability. It is advisable to renew the abrasive mix every 120 minutes to achieve a
more intense change in the inserts’ surface roughness.

The microroughnesses’ height on the machined surface and the magnitude of
the radius of the CBN insert’s cutting edge curvature change asymptotically during
machining (Fig. 9, a).

The roughness of the machined surface of the CBN cutting inserts was
decreased as a result of VMAM. The shape of the relief corresponded to the relief
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of the surface during the fatigue breaking, which leads to the removal of separate
CBN’s particles, as well as smoothing of separate grooves left during pre-
machining. The fatigue breaking of the material in the machining area at VMAM
occurs under the action of cyclic alternating loads, which are perceived by local
areas of the machined surface when interacting with the components of the
abrasive mix.

The fatigue mechanism of destruction at VMAM is realized in two stages: 1%
— gradual accumulation of defects in a surface layer of the machined insert without
visible destruction of the material; 2" — after reaching a certain concentration of
microdamages in the surface layer of the machined insert; there is a rapid
destruction with the wear particles formation.

Ra, mkm r, mnj
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Figure 9 — The dependence of the microroughnesses’ height of the machined surface (1)
and the radius of the cutting edge (2) of the CBN cutting insert on the VMAM time (a),
the cutting edge before finishing (b) and after 240 min of VMAM (c)

Rounding of edges (r) for the CBN cutting inserts is one of the main factors
for increase of durability of tools at high-speed machining, and also at impact
machining. During VMAM, the cutting inserts are most intensively machined in
the area where the surfaces of the inserts are connected, which is due to their lower
geometric strength, as well as the higher frequency of micro-impacts of the
abrasive particles of the mix on the edge rather than on flat surfaces. Machining
time and components of an abrasive mix depend on surface’s initial roughness
during VMAM. It is possible to receive the cutting edges radius r from 10 to 50
microns. The cutting edge after VMAM has the correct geometric shape along the
entire length with a smooth junction of front and rear surfaces (Fig. 9, b, ¢).

Based on the dependence presented in Fig. 10, a, the kinetics of rounding the
edges of the CBN cutting inserts can be divided into three stages depending on the
processing time: — 1% stage (0-40 min.) has a slight change in the cutting edge
radius, as the fatigue breaking is the main mechanism, which is characterized by
the presence of a certain time during which the surface layer of the cutting insert
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increases the concentration of defects under the action of the abrasive environment
to a certain critical level, after which the material is removed; — 2" stage (40-180
min.) characterized by an intensive removal of the material and, as a consequence,
an increase in the cutting edge radius due to the high concentration of surface
defects; — at 3 ™ stage (180-360 min.) the radius of the edge almost does not
change, which means that the process of material removal during VMAM at this
time interval practically does not occur because the abrasive mix is no longer able
to press a significant impact load on the machined surface due to great wear of
abrasive particles, as well as the strengthening of the insert’s surface layer as a
result of machining.

Due to the cutting edges rounding, increased rounding of the tops of cutting
inserts, reduced roughness of the insert’s surfaces, the use of VMAM increases the
strength and wear resistance of turning and milling tools which are operating in
hard load conditions — discontinuous cutting, medium and large feeds, uneven
allowance.

4. SUMMARY

The additional grinding of the surfaces of the CBN BL group cutting inserts
by the powder of synthetic diamond “ACM” 14/10 provides the reduction of the
lateral wear force on the insert’s working surfaces (2000-5500 c.u. for grinding
surfaces and 1200-9100 c.u. for a finished surface). Also a change in the
topography of the surface occurs — there are no defects like the sharp peaks and
craters, which appeared after previous machining in connection with which the
wear force distribution has much more uniform character.

VMAM of the CBN BL group cutting inserts is an effective finishing
operation. The abrasive environment is clinging to the insert’s surfaces during the
machining in the magnetic field, and due to the vibration effect, the process of
friction between the inserts’ surfaces and the abrasive environment, resulting in
micro-removal of the material, which reduces the roughness of the machined
surfaces of the cutting inserts. The cutting edges’ radius size of the CBN inserts
can be controlled by changing the parameters of VMAM in accordance with the
conditions of further operation of tools with such cutting inserts.

The cutting edge after VMAM has the correct geometrical form along entire
length with smooth junction of front and rear surfaces.
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Amnaromiit Yymak, Cepriit Knmumenko, Cepriit Knimenko, Anapiit MaHoXiH,
Amnppiit Hatinenko, Mapuna Komneiikina, Bitaniit Bypukin, Kuis, Ykpaina,
Makcum bonnapenko, Yepkacu, Ykpaina,

BikxTop Bypmakos, Mapiymons, Ykpaina

@IHIIIHA OBPOBKA PIBAJIBHUX IIJIACTHUH 3 KOMIIO3UTY
HA OCHOBI KYBIYHOI'O HITPUJY BOPY I'PYIIN BL

AuoTauisi. Posensnymi @iniwini memoou o6podKu pobouux enemenmis 3 HaOmeepoo2o KOMNO3UMY Ha
OCHO8I  KyOiuHo20 Himpudy 6Oopy epynu BL (CBN(45-55 00.%)-TiC). Hasedeni pesynomamu
QocniddceHb  POPMYBAHHS MIKDO2eOMempii NOGepXHi pI3aNbHUX NAACMUH Hpu 00poOYi GilbHUMU
NOpoOWIKAMU  CUHIMEMUYHO20 aMA3y, WAIQYSANbHUMU Kpy2amu ma MemoOOM 8iOpo-MacHimHo-
abpaszusnoi 06pobxu (BMAO). Po3pobneno cxemy ma CKOHCMpPYUOSAHO RPUCMpItl 05l NPAKMUUHOL
peanizayii npoyecy BMAQO pizanbHux niacmuH, wo 8KIYAE KOHMelHep 015l 00pOOISAHUX NIACHUH,
sibpayitiny cucmemy i npucmpiii O CMBOPEHHs eNeKmpoMazHimHoz2o nois. Bcemanoeneno, wo
000amKoee mMoHKe WiQy8anHs NOBEPXOHb PISANbHUX NAACHUH NOPOWKOM CUHMEMUYHO20 aiMa3sy
ACM 14/10 0o36015€ nokpawumu po3nooii IamepaibHuX CUil mepms no poOOYUX NOBEPXHSIX NIACMUH
ma npu 3abesneuye giocymuicme Oeghekmie y 6uensioi 20CMpux 6epuiun ma Kpamepis, 3aIUUEHUX
nonepeonvoio 0bpobroio. Ilokazano, wo 6 npoyeci 0b6pobxu BMAO pizanvnux naacmum, 3a805Ku
MASHIMHOMY OO Ma 6IOPAYiHOMY 6NIUEY 30IUCHIOEMbC NPOYEC MepPms Midic NOBEPXHAMU NAACTUH
ma abpasueHuM cepeoosuuem, 8 HacIiOOK 4020 6I00Y6ACMbCs MIKDOGUOANICHHS MAMEPIATY, Wo 6ede 00
3MeHWeHHs WOopPCMKOCmi 00poOIeHUX NO6epXoHb NAACMuH ma sabesneuye NOmpiOHe 3a0Kpy2leHHs
Pi3anbHOT KPOMKU, AKA MAE NPABUTILHY 2e0MEMPUYHY POPMY HO 6Cill 008IICUHT 3 NIAGHUM CHOTYHUEHHAM
nepeonvoi ma 3a0Hboi nogepxonv. Pezynbmamom SKICHO20 3a0KpYeleHHsi Pi3aIbHUX KPOMOK ma
opmyeants nosepxonv pi3anbHUX NAACMUH 3 MEHWOI0 WOPCMKICMIO € NidguweHHs MiyHocmi ma
3HOCOCMIUKICII Memaiopi3aibHO20 IHCMPYMEHMY Npu 8UCOKOWBUOKICHIT 00pobYyi demanell 8 yMO8ax
SHAYHUX MEPMOOAPUUHUX HABANMANCEHD.

KuarouoBi cnoBa: ammasna o6pobka; ibpo-macnimno-abpasusua obpobra; pizanvhi niacmunu; CBN;
WOPCMKICMb NOBEPXHI; CUIU MePMAL.
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INFLUENCE OF THE GEOMETRIC CHARACTERISTICS
OF THE DISCONTINUOUS PROFILE WORKING
SURFACES OF ABRASIVE WHEELS FOR PRECISION
AND TEMPERATURE WHEN GRINDING

Abstract. Grinding is the most common finishing method for hardened steel parts. Grinding is
accompanied by a large heat release in the cutting area, under the influence of which structural
changes appear in the thin surface of the processed parts, tensile stress and even microcracks, which
significantly reduce the operational reliability of machines that include these parts. The use of abrasive
wheels with an intermittent working surface makes it possible to reduce the temperature in the area of
contact of abrasive grains with the material of the workpiece and, as a consequence, stabilize the
quality of the surface layer of the workpieces. High-frequency vibrations in the elastic system of the
machine, accompanying the work of an intermittent wheel, are a positive factor that reduces the energy
consumption of the grinding process. However, under certain conditions of dynamic interaction of the
tool with the workpiece, parametric resonance may occur, which worsens the geometric and physical-
mechanical parameters of the quality of the surface layer of the processed part. The aim of the work is
to realize the possibility of predicting the quality parameters of the surface layer of parts during
intermittent grinding by studying the influence of the design features of the macrotopography of the
working surface of abrasive wheels and processing modes on the nature of the dynamic interaction of
the tool with the workpiece and the heat stress in the cutting area. It was found that the parametric
vibrations of the elastic system of the machine tool can be shifted to a more stable area, due to an
increase in the number of interruptions of the working surface of the abrasive wheel with a constant
ratio of the length of the protrusions and depressions. The increase in the number of breaks on the
wheel also contributes to a decrease in temperature in the cutting area. It was found that to maintain
the stable operation of the elastic system of the machine, it is necessary to reduce the number of cavities
on the grinding wheel with an increase in the cutting speed. However, both of these actions are
accompanied by an increase in the heat stress of the grinding process. It has been experimentally
established that for ordinary (pendulum) grinding, it is possible to achieve an increase in processing
productivity by increasing the speed of the longitudinal movement of the table.

Keywords: macrotopography of the working surface; surface roughness; degree of tempering; dynamic
interaction; processed material.

Grinding is the final method of mechanical restoration. High speeds of
rotation of grinding wheels make it possible to ensure, with this method of
processing, a high accuracy of shape and roughness of surfaces of parts. One of the
disadvantages of grinding is its high heat intensity, which can lead to a decrease in
the specified physical and mechanical properties of the machined surfaces and, as a
result, to a decrease in the durability of the mechanism. One of the reasons for the
increase in the heat intensity of the grinding process is a decrease in the cutting
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ability of the abrasive wheel due to the smoothing of the microrelief of its working
surface and the seizure of the processed material with cutting grains. [1,2,3]. The
studies [7,8,9] are devoted to the study of the influence of the shape of abrasive
grains on the heat intensity of the grinding process. Despite the difficulties
associated with ensuring the required physical and mechanical properties of the
machined surfaces during grinding operations, this method of processing continues
to be widely used in the industry. From works [10, 11] it is known that annually
consumed 240,000 grinding wheels with a diameter of 200-500 tons, used only for
flat grinding operations.

From works [12,13,14,15] it is known that the use of abrasive wheels with an
intermittent profile can reduce the temperature in the area of their contact with the
processed material by 30% or more. A decrease in temperature in the area of cuts
of the processed material by abrasive grains occurs due to periodic interruption of
the cutting process. [16,17] For the same reason, the cutting process is
accompanied by high-frequency oscillations, which facilitate the formation of
chips, promote periodic sharpening of cutting grains and, as a result, reduce the
energy consumption of the grinding process [18, 19, 20]. However, the periodic
interruption of the cutting process associated with the presence of cavities on the
grinding wheel leads to inconsistency, rigidity of the technological system, which
can lead to the appearance of parametric resonance [21, 22]. Parametric
oscillations lead to a cyclic change in the cutting temperature (to cyclic burns on
the processed surface) and a decrease in the accuracy of the shape of the ground
surfaces [21, 22]. The aim of this work is to study the effect of macrotopography of
the working surface of discontinuous-profile wheels and the parameters of
processing modes on the dynamics and heat intensity of the grinding process.

Theoretical studies were carried out on the basis of thermal physics of cutting
processes and theories of oscillations. Experimental studies were carried out on a
3G71M flat-grinding machine. As the test samples, we used flat rectangular tiles
made of 18 khgt steel, 150 mm long, 20 mm wide, and 10 mm high. Grinding was
carried out with three abrasive wheels PP 200 x 20 x 76 24A 40 CM2 7 K5, one of
which had a continuous working surface. The working surface of the second wheel
had 12 evenly distributed straight-profile depressions, the dimensions of which
were half the size of the cutting protrusions. On the working surface of the third
wheel, there were 30 depressions with the same ratio of the lengths of the
projections and depressions. The study of the surface roughness was carried out
using the "Profilometer 296" device.

Calculations were performed according to the following formulas:

@] > (L+W)/2 @)
q):[sin ”1'T1'(”12 -sinn, -1, —n’ ~sinn)—2~n1~n2 -€osn, -, -COSN, -(rﬁr)}ﬁ @
+
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Where: 11 — contact time of the abrasive tool with the processed material, s;
T2 — time during which there is no interaction of the wheel with the workpiece, s;
I, — gap width of the working surface of the abrasive wheel, m;
I — distance between two adjacent discontinuities, m;
Co — reduced stiffness of the elastic system of the grinding machine, kg / m;
t) tr — theoretical and actual thickness of the workpiece removal in one pass, mm;
Wir,Rir— speed (m/ s) and radius (m) of the grinding wheel, respectively;
n — number of gaps of the same width evenly distributed over the working surface
of the abrasive wheel,
m?* — is the reduced mass of the wheel, (N * S2) / m;
no— cutting hardness kg / m;
h —is the coefficient of damping of oscillations in time.

The results are shown in the figures 1-2.
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Figure 1 — Dependencies @ = f (n) plotted for different values of N
taken from the interval 0.29<N<0.35
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Figure 2 — Dependencies @ = f (N), plotted for different values of n,
taken from the interval 11 <n <19

Fig. 1,2 shows the dependence of the left side of inequality (1) on the number
of depressions on the working surface of the wheel n and on the coefficient N,
which shows how many times the width of the depression differs from the length
respectively. It can be seen from fig. 1,2 that the dependence @ = f (n, N) is a wavy
surface. When this surface is cut by planes parallel to the coordinate plane (®, n),
semi-ellipses are formed, the major axes of which have the same length, and the
sizes of the minor axes depend on the numerical values of the coefficient N. When
cutting the surface @ = f (n, N) by planes parallel to the coordinate plane (®, N),
semi-ellipses are formed, the minor axes of which have equal dimensions, and the
values of the major axes significantly depend on the number of depressions on the
working surface of the discontinuous wheel.
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Figure 3 — Dependencies (1+y)/2=f (N) plotted for different values of n = 6,25,50

Fig. 3 shows the effect of the geometric parameters of the working surface of

0.5

0.7

0.8

the wheel N and n on the right-hand side of inequality (1).

Fig. 3 shows that the dependence (1+y)/2=f (n,N) looks like a plane that can
be considered parallel to the coordinate plane (n, N). It follows from inequality (1)
that the parametric instability of the elastic system of the machine arises when the
tops wavy surfaces, described by the graph @ = f (n, N), protrude above the linear

surface described by the graph (1+y)/2=f (n,N)

Fig. 4 shows the cut line by the plane (1+y)/2=f (n ,N) of one of the surface

waves ®=f (n,N).

The cut line looks like an ellipse, the major axis of which is parallel to the n

axis, and the small one is parallel to the N axis.
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Figure 4 — Line of intersection of a ruled surface (1+y)/2=f (n,N)
with a non-ruled surface @ = f (n; N)
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Figure 5 — Ellipse-like lines bounding the regions of parametric instability
of the elastic system of the machine

Fig. 5 shows the ellipse-like boundaries of the regions of parametric non-
stability of the elastic system of a grinding machine, which represent both lines
of intersection of the surface described by the graphs (1+y[1/2=f (n, N) (linear
flat surface) and ®= f (n, N) (undulating nonlinear surface).

From analysis of the shape and size of ellipses, built in the coordinate system
(n, N), limited by the intervals 0,35<N<0,80;5 <n<55 it is seen:

-with an increase in the number of ruptures (n) of the working surface of
an abrasive tool, the areas of unstable operation of the elastic system of the
machine are lengthened (the sizes of large axes and ellipses increase; the
distance between these areas (areas of stable operation) also increases;

-with an increase in the discontinuity coefficient N, the parametric non-
stability area thickens (the size of the small axes of the ellipses increases). In
this case, the distance between two adjacent ellipses also increases;

- a decrease in the discontinuity coefficient N shifts the area of parametric
instability in the region of stable operation of the elastic system of the machine
in the direction of large values of the breaking numbers of the working surface
of the abrasive wheel.

It follows from everything that in order to ensure the stable operation of the
elastic system of the machine, it is necessary to increase their number on the wheel
when decreasing the size of the cavity in relation to the cutting protrusion.

For example, with N = 0.73, stable operation of the elastic system of the
machine is provided by two intervals of the number of cutting protrusions: 9 <n
<12 and 18 <n< 26, and with a decrease in the discontinuity coefficient to N =
0.375, the intervals of the number of cutting protrusions will change: 10 <n< 14
and 22 <n< 34.

From fig 6. it can be seen that an increase in the circumferential speed of the
wheel Wi, leads to a shift in the regions of stable operation of the elastic system of
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the machine (these areas are shaded) in the direction of a decrease in the number of
slots on the working surface of the wheel n.
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Figure 6 — Displacement of the areas of stable operation
of the elastic system of the machine when changing the cutting speed
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Figure 7 — Displacement of non-cut areas of intermittent grinding
when the temperature of continuous grinding changes

Fig 7. three curved lines are shown, each point of which is a set of such
geometric parameters of the working surfaces of the abrasive discontinuous wheel,
at which the surface temperatures of continuous grinding T = 600°C, 750°C, 900°C
decrease to values that do not cause structural and phase transformations. From
fig7. it can be seen that the areas of cut-free intermittent grinding with an increase
in the temperature of continuous grinding are displaced in the direction of an
increase in the number of depressions on the abrasive tool.
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Fig. 8 shows the graphical dependence of the tempering degree of the
workpiece surface layer on the longitudinal feed of the table of the surface grinding
machine is presented. The degree of tempering was determined by the formula:
N '= (Hm - H'm) * 100 / Hin, where: Hr, is the microhardness of the starting material
before grinding, kg / mm?; H'y - microhardness of the layer lying at a depth of 20-
30 mkm after the grinding, kg / mn2 Samples of steel 12x2N4A were ground
without cooling with a continuous wheel 24A 25 CM2 7 K5 in the following
modes: Wir=22 m/s; t =0.03 mm; Wy =3 m/ min; 6m / min; 9m / min; 12 m /
min ; 15m / min. From fig.8 it can be seen that the degree of tempering of the
processed surface decreases with an increase in the longitudinal feed. After
grinding flat parts made of 18 KhGT steel with an intermittent wheel, which has 30
cutting projections, and a solid wheel with same characteristics, the roughness
heights of the machined surfaces have similar numerical values (fig.9). In other
words, as the number of cuts on the discontinuous wheels increases, the surface
roughness formed by these wheels approaches the surface roughness obtained by
continuous grinding.

A
20
A
10 —A\
0
3 6 9 12 15
d , m/min

Figure 8 — Displacement of non-cut areas of intermittent grinding
when the temperature of continuous grinding changes

Fig. 9 shows the experimental dependencies of the roughness parameter R, on
the longitudinal feed rate Wy when grinding flat samples of steel 18 KhGT with solid
and two intermittent (N = 0.5; n = 12; n = 30) wheels 24A40 CM 2 7 K 5 at modes:
Wi =30 m /st =0.025 mm; Wg=3 m/min; 6 m/min; 9m / min; 12 m / min; 15m /
min, without cooling.
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Figure 9 — Dependence of the roughness height of the processed surface
on the longitudinal feed rate when grinding with a solid wheel (continuous line)
and broken wheels (dash-dot lines)

From fig 9 it can be seen that an increase in the speed of the longitudinal
movement of the table of the grinding machine surface leads to an increase in the
roughness height of the machined surface. Moreover, the surface formed during
grinding with a continuous wheel has a lower roughness in comparison with the
surfaces processed by intermittent wheels. With an increase in the number of
cutting protrusions on the wheel, the roughness parameter R, decreases.

After grinding flat parts made of 18 KhGT steel, an intermittent wheel with
30 cutting projections and a continuous wheel of the same characteristics of the
roughness heights of the machined surfaces have similar numerical values (Fig. 9).
In other words, as the number of cuts on the discontinuous wheels increases, the
surface roughness formed by these wheels approaches the surface roughness
obtained by continuous grinding.

Conclusions.

1. As a result of the research carried out, it became possible to predict the
dynamic and thermal phenomena during intermittent grinding, when changing the
operating parameters of the processing of the geometric parameters of the
macrotopography of the working surface of abrasive wheels.

2. It was found that in order to maintain the stable operation of the elastic
system of the machine, it is necessary, with an increase in the cutting speed, to
reduce the number of depressions on the grinding wheel. However, both of these
actions are accompanied by an increase in the heat stress of the grinding process. It
has been experimentally established that for ordinary (pendulum) grinding, it is
possible to achieve an increase in processing productivity by increasing the speed
of the longitudinal movement of the table.
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3. It was found that the parametric vibrations of the elastic system of the
machine tool can be shifted to a more stable area by increasing the number of
interruptions of the working surface of the abrasive wheel, with a constant ratio of
the length of the protrusions and depressions. The increase in the number of breaks
on the wheel also contributes to a decrease in temperature in the cutting area.
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cutting equipment/S.P. Nikitin V.K.Zal’taberg//Russian Engineering Research. Vol. 32, Nel, pp. 90-92
(2012). 24. Khanov A.M. Elastic and Thermal Dynamic Processes in the Grinding of Thermoprotective
Coatings/ A.M Khanov, S.P. Nikitin, L.D Sirotenko. E.O. Trofimov,E.V.Matygullina// Russian
Engineering Research. (2015). Vol. 35, Ne9, pp.708-710.

Onexciii SIkimoB, JIro6oB bosuerpa, Bononumup ToHkoHOTHI,
Bnanucnas Baiicman, Biktop Crpens6inbkuit, [nna Cinbko, Oneca, Ykpaina

BIIVINB TEOMETPUYHNX XAPAKTEPUCTUK IIEPEPUBYACTOI'O
MMPOPLIIIO POBOYUX NIOBEPXOHb ABPABUBHUX KPYI'IB
HA TOYHICTbD I TEMIIEPATYPY IIPU IJII®YBAHHI

Auorauis. [lnigysanns € Halbinow nowupenum memooom QiHiwHoi 06pobru demaneti i3
3azapmoganux cmaneil. LLInighysans cynposooicyemvpcs GUOLIEHHAM 6EIUKOT KIIbKOCMI MeNd 6 30Hi
pisanns, nio 0i€l0 K020 8 MOHKOMY NOBEPXHESOMY wapi 0Opobienux Oemaneti GUHUKAIOMb
CIMPYKMYPHI 3MIHU, HANPYIICEHHA pO3MA2Y | HABIMb MIKDOMPIWUHU, WO ICIMOMHO 3HUNCYIOMb
EeKCHIyamayitiHy HAOIHICMb MAWUH 00 CKIAQY SKUX 6X00amb yi demani. 3acmocy8anHs abpasusHux
Kpyeié 3 nepepuguacmoro pobouoio nogepxuer0 003601510Mb 3HUUMU MEMNEPamypy 8 30Hi KOHMAKmMy
abpasusHux 3epeH 3 mamepiaiom oemaii i, K HACAIOOK cmabIinizyeamu sSKICMb NOBEPXHEB020 WAy
obpobmosanux  demaneil. Bucokouacmommi xoaueamms 6 npydcHill cucmemi @epcmama, AKi
CYNPOBOOXCYIOMb  POOOMY  NEpepusuacmo2o Kpyed, € HOSUMUBHUM YUHHUKOM, WO 3HUNCYE
enepzoemuicms npoyecy winigpysannsn. OOHak, npu nesHUx ymMoeax OUHaAMiuHOi 63acMo0ii incmpymenmy
i3 3020MOBKOI0 MOJICe BUHUKHYMU NAPAMEMPUYHUL PE3OHAHC, AKULL NO2IpULye 2eomemputni i @izuxo-
MEXaHiuHI napamempu SIKOCmi N0GepxXHes020 wapy 06pobnenoi demarni. Memorwo pobomu € peanizayis
MOIHCTUBOCT NPOSHO3YBAHHS NAPAMEMPIE AKOCI NOBEPXHE020 wiapy oemaell npu nepepusiacmomy
wnihysanti 3a paxyHox GUEYEeHHs BNIUSY KOHCHPYKMUBHUX 0cOOIus0Ccmel Makpomonozpadii pobouoi
no8epxXHi abpa3UGHUX KPY2ig Ma Pedicumie 00podKu Ha Xapakmep OUHAMIYHOT 63a€MOOIT IHCMpYMenmy 3
3a20MIBKOI0 | MeNnIoHanpydIceHHICmb Y 30Hi pizanHa. Bcemanoeneno, wo napamempuyni Koaueawus
NPYIUCHOI cucmemu 8epcmama MOJICHA 3pyuiumu 6 Olibul CMIUKY 001acmb 3a PAXyHOK 30i1bUleHHs
KiIbKOCmi  nepepusanb poboyoi noeepxHi adpasuHoco Kpyea npu He3MIHHOMY CHIG8IOHOWEHNHT
NPOMANCHOCI GUCHYNIG | 3anadut. 30inbuenHs YUCIa PO3PUsie y Kpy3i CNpusc maxoic 3HUNCEHHIO
memnepamypu 6 30Hi pizanHs. Bcmanosneno, wo 0ns niompumxu cmitikoi’ pobomu npysicHol cucmemu
eepcmama  HeoOXiOHo npu  30iMbUWienHl  WEUOKOCMI DI3aHHA 3MEHWY8amuy Yucio 3andaouH Ha
winighysanvrhomy Kkpysi. OOHax, o6udsi yi Oii CynposoOICYIOmMbCs 30LIbULEHHAM MENIOHANPYICEHOCT
npoyecy wiigpyeanna.  Excnepumenmanvhum  wiisxom — 8CMAHOGAeHO, W0 O 36UHANIHOZO
(MAAMHUKOB020) WNIPYBANHS MOICHA OOMOSIUCS NIOGUWEHHS NPOOYKMUSHOCMI 0OPOOKU 3a PAXYHOK
301LIbUEHHS WBUOKOCMIE NO3008ICHHO20 NepeMillyeHHst POOOH020 CIOILY.

KuawuoBi cinoBa: makpomonozpaghisi poboyoi nogepxui; wopcmkicms No8epxHi; Cmynits 6i0nYujeHHs.,
OQUHAMINHA 63AEMOOIsT; 0OPOOIIOBATLHULL MAMEDPIA.
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TECHNOLOGICAL PROVISION OF THE ACCURACY
FOR THE THREAD FORM OF ROD PUMPS

Abstract. Aspects of thread manufacturing used in downhole rod pumps are considered. Technological
defects of distortion of lateral surfaces of a thread profile arising in the course of processing on CNC
machines are described, and the factors which most influence formation of these defects are established.
The influence of profile defects on the reliability of the threaded connection during the operation of rod
pumps is analyzed, as well as the research on the dynamics and oscillations of machine systems is
analyzed. With the performed analysis the mathematical model of real technological system in the
course of machining process is created and investigated. The main technological factors that have the
greatest influence on the occurrence of error in the shape of the thread surface are identified. With the
help of software for analysis of dynamic systems, the necessarily calculations were performed and the
behavior of the dynamic system in the process of forming the thread profile was considered. Based on
the analysis of the obtained results, a system for managing the parameters of the technological process
of threading and technological solutions formulated. The introduction of which had a positive impact on
the stability of the machining process and reduce the frequency of the above defect.

Keywords: threaded connection; thread profile; technological system; cutting mode; oscillations;
amplitude; mathematical modeling.

Introduction. There are different types of rod pumps, which differ in the
layout and design of the fastening system in the downhole, the design of certain
components. The pump is a device with a length of more than ten diameters, the
structure of which includes working, basing and connecting elements. Movable
units are made with precise fits. The general design of the downhole pump consists
of tubular parts connected by threads. That is, each pump part has at least two
threaded surfaces. Rod pumps use different types of threaded connections, which
differ in the type of profile, and generating, and technological requirements. The
accuracy of the dimensions of the various threads is regulated by the relevant
standards, which contain formulas for calculating the tolerance fields and/or a
number of marginal deviations for individual dimensions and surface shapes [1,2].

Formulation of the problem. When machining threads with CNC lathes, a
defect appears from time to time, which is a significant deterioration in the
roughness of the side surfaces of the thread. The appearance of large notches,
cyclically located along the turn of the thread is seen. Figures 1 and 2 show
examples of parts with this defect on the internal thread. As can be seen in the
figures, one part has more notches at the end of the threaded area (Fig. 1), and the
other almost along its entire length (Fig. 2).

© 1. Yakovenko, Yu. Vasilevskyi, Y. Basova, Milan Edl, 2021
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Figure 1 — Part with notches on the thread

All performed threads are machined on CNC lathes of different brands and
year of manufacture, using turning cutters with replaceable plates. Plates with a full
profile, which select the surface of the thread top on the last passes are also used,
as well as general purpose ones, which are more universal.

Figure 2 — Part with notches on the thread along its entire length

Cutting modes are selected according to the recommendations of the tool
manufacturer, other standards and are adjusted depending on the conditions of the
installment.

The appearance of the described defect is unsystematic. It takes place when
making parts of different designs, the use of material from different batches,
processing on different machines, different tools. But we can say that more often
its appearance is observed while:

- processing of internal and conical threads,

- processing of large diameter threads,

- large departure of the processed surface.
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Uncontrolled excessive reduction of surface roughness parameters and
accuracy of the thread profile shape has significant negative effects in the process
of further pumps functioning:

- stress concentration — areas with a small radius of curvature serve as a
focus of local concentrations of mechanical stress and provoke the emergence and
development of microcracks;

- violation of the tightness of the thread due to uneven load distribution on
the side surfaces of the profile and, including at the macro level due to deviations
in the contact density;

- undesirable deviation in geometry of the location of the connection parts;

- negative impact on the quality of galvanic coatings — insufficient
uniformity and adhesion leads to local destruction of the protective layer, which
contributes to unpredictable corrosion;

- provoking more intensive corrosion wear of products due to accumulation
in the irregularities of aggressive substances.

The appearance probability of the abovementioned problems indicates that
the considered production defect is unacceptable. In practice, in case the rejected
parts cannot be corrected by elaborating the thread to a satisfactory quality, these
parts are rejected and are not allowed to be used in the product. To minimize such
cases, the technology of manufacturing parts must ensure the stable performance of
threading operations on a given equipment with maintained quality.

The purpose of this article is to develop a mathematical model of the
dynamics of forming the surface of thread profile on lathes based on the
identification and study of factors that determine the errors of the shape of the
threaded surface profile, as well as control the parameters of thread formation to
ensure stable quality of the process.

The deviation of geometric shapes from the theoretically given ones is caused
by the circumstances inherent in the method of threading and arises as a result of
the manifestation of a number of technological reasons [3]. For the non-systemic
nature of shape errors, the most important factors are: unsatisfying mechanical
properties of the workpiece material; workpiece locating errors; inaccuracies in the
adjustment of all technological equipment and, as a consequence, dynamic
phenomena of the cutting process, such as vibrations. When considering the
conditions of vibration, it is necessary to make allowance for the rigidity of the
entire processing system. And this: the lathe machine itself, the foundation under
the machine, the device for different turning conditions, the tool, the part itself and
the processing modes (Machine-Tool-Workpiece system or MTW) [4]. The most
common type of vibration when working on metal-cutting machines is self-
oscillation [5,6]. Self-oscillating or «autoexcitation» is a process in which non-
extinguishing oscillations can be excited due to an energy source that does not
have oscillatory properties. Intense self-oscillations of the tool occur mainly in the
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direction of the tangential component of the cutting force, where the rigidity of the
cutter system is the lowest. They occur under the influence of friction forces on the
back surfaces of the tool [7]. Prof. A. I. Kashirin and his followers consider this
reason, along with the change of friction forces in the process of machining and
wear of the tool, to be one of the main factors supporting self-oscillations [8].
Moreover, I. S. Amosov showed that the role of changes in the cross section of the
cut during self-oscillations can be estimated at 85%, and the role of all other causes
only in 15% [9]. These studies are mostly general in nature and do not take into
account modern technological systems and their capabilities.

In [10] the issues of intensity of self-oscillations at change of effort due to
intermittent cutting process and influence of oscillations on shape errors during
processing by cutting tool are considered, and conditions of excitation of
parametric resonances, and also their intensity at boring of intermittent surfaces are
studied. The discontinuity of the bored surface is described by the piecewise
constant functions ®(t). The calculations according to the proposed model are in
good agreement with the experimental data when varying the cutting modes.
Studies of the Provincial Key Laboratory for Green Cutting Technology and
Lanzhou Institute of Technology, Lanzhou, China [11] are devoted to the mutual
influence of cutting process parameters and equipment condition on the occurrence
of vibrations and their intensity during machining on CNC machines. In the
research [12] the issues of damping of self-oscillations during machining with a
cutting tool due to variation of the cutting depth parameter are considered.

However, all the considered works take into account the specific processing
conditions and MTW system, which differ from the existing ones for the studied
problem, and the use of these models requires reliable and complete information
about the dynamic state of the mechanical cutting system. The analysis of the
considered sources allows to use to some extent the techniques offered by authors
for development of dynamic model of thread cutting process, its further research
and development of recommendations for production.

The main elements of the MTW dynamic system, interacting with each other,
in the study of its characteristics are hysteretic damping system (springing system)
the working processes of friction, cutting and processes occurring in the engines.

Mathematical modeling is based on solving the Lagrange equation (1) for
individual coordinate directions:

d (dT dT dil dR 5 1
a<d_xl) - dx d_5<i+ Q, (1)
where T — the Kinetic energy,

[T — potential energy,

R — the dissipative function,

Qi — external forces,
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Xi — coordinates of displacements.

A dynamic machining system can be represented by a system with one degree
of freedom. Figure 3 shows the surface of the part fixed in the chuck of the lathe,
and the cutter in the carriage, which is set to turning with a depth of t, mm. The
carriage is connected to the frame by stiffness j, N/m and damping coefficient b,
Kgls.
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Figure 3 — Scheme of the process of longitudinal turning
in the plane perpendicular to the axis of the part

When set to a given depth of cut (t) turning process provides a cutting force
(P), which causes deformation of MTW system (y), which in turn affects the actual
position of the cutter edge. This closed-loop system can be described by the
following block diagram (Fig. 4):

o

—t tactual—» W1 W2 ——y—

Figure 4 — Block diagram of the turning process
with one degree of freedom

For a single coordinate it can be expressed by:

Wl=K=-
t

assuming that at the initial moment of time P, t, K are constants;
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1
W2 =—7———,
m-s2+b-s+j

based on the equation of forces (linearization of the Lagrange equation).
Then the total transfer function of this system will be:

O WL-w2 K
T14+W1-W2 m-s24+b-s+(j+K)

where m, b, j — dynamic characteristics of the system, adopted on the basis of
experimental studies for a specific MTW system,

K — the coefficient of proportionality of the cutting force, which reflects the
influence of the turning depth on the resulting force and is calculated by the cutting
modes,

s — the complex variable of Laplace transformation.

For the proposed dynamic system as controlled parameters, it is advisable to
consider cutting modes (only depth and cutting speed, because it is not possible to
vary the feed when cutting threads), as well as the length of tool and workpiece as
elements that affect the rigidity of the system. The stiffness of other elements of
the MTW system was established experimentally, and in the proposed model is
taken into account as a constant. To control other characteristics related to the
rigidity of the equipment (design of the device and the machine) is also impractical
in this case, as it requires additional costs for equipment upgrades, in addition, the
equipment is used not only for machining threaded surfaces.

Simulation of process dynamics is performed using special software. Figure 5
shows an example of a simulated system, which is given by the block method (top),
as well as using a special block "transfer function” (bottom). The second option is
more convenient, although it requires additional calculations to determine the
coefficients of the transfer function, which can be performed automatically in
Excel along with the variation of parameters.

Multiple simulations of the threaded surface forming with specific geometric
parameters with a step of 2 mm and a length of 40 mm was carried out.. In the
simulation process, the following parameters were varied separately: cutting depth
t, which depends on the number of passes of thread formation (and its dependent
cutting force P), cutting speed v, system rigidity j, which was set experimentally.
The values of all other parameters were fixed as constants. All parameter values
varied within the allowable ranges. The values of other parameters were constant
and equal to the previously accepted.

The cut depth (number of passes) varied from 0.236 mm to 0.071 mm. The
average of the values of the position deviation of the cutter from a set level was
0.0656 mm, and the average of the maximum position deviatons of the cutter from
the steady state was 0.121 mm.

131



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 94

When changing the cutting speed (turning speed) in the range from 25 m/min
to 95 m/min, the average of the values of deviations of the cutter position from the
set level was 0.0805 mm, and the average of the maximum deviations of the cutter
position from the steady state was 0.1498 mm.
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Figure 5 — Modeling of a dynamic system

The rigidity of the system varied from 1-10% N/m to 1.9-105 N/m. When
changing this parameter, the average of the values of deviations of the cutter
position from the set level was 0.0688 mm, and the average of the maximum
deviations of the cutter position from the steady state was 0.1225 mm.

As shown by the results of the analysis of the proposed models, the position
of the cutting surface of the tool has not just a fixed position error, but is in an
oscillating state. Moreover, this condition has a significant amplitude during
surface cutting, and also has a clear relationship with the varied parameters.

For a more detailed assessment of the impact of the considered parameters,
the calculations were performed, which establish how the change of each
parameter is reflected in the change of the initial value. The considered parameters
have different degree of influence on the modeled system. For example, a small
relative change in the cutting depth parameter causes a larger relative change in
amplitude than the same or even a larger relative change in the cutting speed
parameter.
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This allowed to develop a software for managing technological parameters in
the processing of threaded surfaces. These calculations are valid only for the
considered specific processing system and the formed model of constant values of
parameters which are established experimentally, and ranges of the varied
parameters.

The calculation results, which were obtained on the basis of the proposed
model, were checked during the processing of specific threaded surfaces of rod
pump parts. The form errors in this case were avoided, which shows the adequacy
of the model and the software.

Based on the evaluation of the obtained data and analysis of the simulation
results, general technological measures are offered to improve the thread cutting
process for specific geometrical parameters and shapes of threaded surfaces used in
the manufacture of rod pumps (use of lubricants, timely control, sharpening and
changing of cutting tools for ensuring the energy characteristics of the process in a
given range, proper tightening of equipment connections, avoidance of imbalance
of movable joints, etc.)

The proposed general measures are fully in line with the abovementioned
recommendations.

Conclusions:

1. Based on the analysis of the defect nature, the causes and factors that
affect the appearance of defects in the side profile of the threaded surface of the
rod pumps parts are identified. The quantitative nature of the occurrence of
springing deformations in the MTW system during machining was also established,
which allowed to create a dynamic model of the thread machining process.

2. The proposed model allows to determine the technological parameters of
the operation (cutting speed and depth, tool departure parameters) for a specific
thread profile with specific geometric parameters (diameter, pitch, length, profile),
which will provide the required accuracy of the threaded surface shape. The
software block of models allows to define processing parameters from the point of
view of optimization of two factors: maintenance of stable process of cutting
without return of self-oscillations and maintenance of the maximum productivity
(minimum time of forming of a carving surface). The proposed model allows to
use it to determine the parameters of operations of processing of threaded surfaces
by cutters on similar equipment.
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TEXHOJIOI'TYHE 3ABE3INEYEHHSA TOYHOCTI
®OPMHU NPOPLIIO PI3bBU HITAHI'OBUX HACOCIB

AHoOTaNiA. Posenanymo acnekmu 6u2omosnenHs pizbOnens, AKi 6UKOPUCIIOBYIONbCA 6 CEEPONIOBUHHUX
wmanzosux Hacocax. Onucano mexwono2iuHi OegeKmu cnomeopenHsi GOKOBUX NO6epXoHb Npoiis
PIi3bONenHs, Wo GUHUKAIOMb 6 npoyeci 0bpobru na eepcmamax 3 YIIK, ma ecmanosneno gpaxmopu, sixi
HaUOIbW 6NAUBAIOMb HA YMEOpeHHs yux Oeexmis. [Ipoananizosano eniug degexmie npoghinto Ha
HaoiuHicme  pizb006020 3’€OHAMHA @ Npoyeci eKcnaAyamayii WMAHeO08UX HACOCI6, a MaKoic
NpoOananizo8aHo OOCHIOHCEHHS 3 NUMAHb OUHAMIKU 1 KOJIUBAHb Gepcmamuux cucmem. 3ae0saxu
BUKOHAHO20 AHATIZY CIMBOPEHO | 00CTIONCEHO MAMEMAMUYHY MOOeTb PealbHOl MexHONI0IYHOI cucmemi,
SIKA BUKOPUCMOBYEMbCSL 8 npoyeci 06pobKu pizb6060i nosepxhi. Bcmanogieno ocHoeHi mexHoi02iuni
gakmopu, sKi maiome HAUOITLWUL 6NIUE HA SUHUKHEHHS. NOXUOKU gopmu pizb6060i nosepxhi. 3a
00NOMO2010 NPOSPAMHO20 3a6e3NneyeHHss Osl OOCAIONCEHH OUHAMIYHUX CUCTEM BUKOHAHO HeoOXiOHi
Po3paxynku ma posensinymo nogedinka cucmemu Bepcmam-IIpucmocysanns-3azomosxa-Incmpymenm
6 npoyeci popmyeanns npoghino pizvou. Ha niocmagi ananizy ompumanux pe3ynomamie po3pobiena
cucmema KepyeamHs NAPAMEmMpamu MexHON02IYHO20 npoyecy 00pobKu pizb0060i noeepxwui ma
chopmynbo6ani  MexHONO2IUHI  pIWeHHs,  6NPOBAONCEHHS AKUX MAN0 NO3UMUEHUL 6NIUE HA
cmabinbHicmy AKOCmI npoyecy 0OpoOKU ma HA 3MEHUIeHHS HACMOMU NOSAGU PO32IAHYIO20 6UUje
decpexmy mounocmi popmu npointo pizeOaeHHs ma niOBUWUNIO eheKMUBHICb BUPOOHUYMEA.
KuarouoBi ciioBa: pizb6oge 3’ conannsi; npoins pizbOnenHs; MeXHON02INHA CUCEMA; PENCUM DI3AHHS,
KONUBAHHS, AMNIIMYOa; MameMamuine MoOenO6aHHs.
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QUALITY MANAGEMENT OF CUTTING TOOLS
ON HEAVY MACHINES

Abstract. The work is devoted to improving the efficiency of cutting tools on heavy machines by
developing a quality management system for its operation, determining rational operating regulations
and developing general machine-building standards for cutting. The developed model of the tool
operation control system for the first time allowed to systematically consider the structure and
relationships of all components of the process. The qualimetric approach to the tool operation process
made it possible to develop methods for quantitative assessment of the process quality and substantiate
the structure of the preparatory information subsystem.

Keywords: quality management; cutting tool; machines; rational operation of the tool; system
approach; quality system.

Improving the efficiency of metalworking, introducing resource-saving
technologies in mechanical engineering, improving the quality and competitiveness
of products is possible without the development of scientifically grounded
regulations for the operation of cutting tools, which significantly affect the working
conditions and technical and economic indicators of mechanical engineering.
Ukraine is implementing international standards I1SO 9000 version 2000, which
regulate the development of quality management systems for products and
processes, the development of standards and regulatory materials [1-3]. In this
regard, the issues of certification of production processes, in particular, the
processes of operating the cutting tool, the determination of scientifically grounded
cutting modes, consumption rates and other regulations for the operation of the tool,
are of particular importance.

The solution of these issues is especially important when using cutting tools
on heavy machines of high cost. This is what determines the need to reduce their
downtime and organize the rational operation of the tool. The large dispersion of
processing parameters on heavy machines, the variety of factors that affect the
operation process, require an integrated approach to determining the control
parameters of the tool operation process, the methodology of which requires
development.

Purpose of the present work: increasing the efficiency of using cutting tools
on heavy machines by developing a quality management system for the process of
its operation, defining rational operating procedures and developing general
machine-building standards for cutting.

The methodological basis of the work is a system approach to the study of the
process of operating a tool, its conditions and features, the patterns of processes.

© G. Klymenko, Y. Vasylchenko, Ye. Donchenko, 2021
135



ISSN 2078-7405. Cutting & Tools in Technological System, 2021, Edition 94

Theoretical research is based on the fundamentals of qualimetry, reliability
theory, operations research, decision making, probability, and mathematical
statistics.

Existing works considered certain aspects of the operation of tools, which
concerned medium-sized machines and did not comprehensively investigate the
whole process. As a result of the transition to market conditions for the operation
of machine-building enterprises, the operating conditions for cutting tools on heavy
machines have somewhat changed [4—7]. Foreign and domestic literature sources
indicate the growing interest in assessing the quality of various production
processes [8-10]. Nevertheless, there are no systematic studies of the quality of the
tool operation process, which allow one to take into account all the variety of
factors and their relationships that affect the control parameters, in the literature.

The current standards for cutting conditions in Ukraine give very
contradictory recommendations, do not take into account modern processed and
tool materials, do not take into account modern designs of cutting tools and their
reliability, do not fully contain mathematical models that allow the use of
computers to determine cutting conditions on heavy machines. The study of the
reliability of the tool was limited to operational tests of their reliability. The use of
tools for prefabricated structures requires the development of new mathematical
models, taking into account complex reliability indicators. The costs of the cutting
tool are calculated without taking into account the probabilistic nature of its
operation, without taking into account the design of the tool and cutting conditions.
Statistical studies of the processing parameters of parts on heavy machins allowed
us to establish more common operating conditions for the tool. The work shows
that 70% of the operations that are performed on rough heavy lathes are
longitudinal turning of parts with a carbide tool. All parameters of tool operation
on heavy machines have a large scatter, which confirms the need to consider the
stochastic nature of the tool operation process. All these factors determined the
main tasks of scientific research.

Based on the use of principles of the international standard 1ISO 9000: 2000, a
quality system model of the process of operating tools on heavy machines has been
developed. When building the structure of the system, the operation of the tool is
for the first time considered as a set of processes: organizational, resource
management, maintenance of the technological system, preparatory information,
processing of parts and providing feedback (assessment, analysis, improvement).

The rational operation of the cutting tool is understood as such a process of its
use, in which, along with high productivity and minimal costs, the lowest possible
consumption of the tool is achieved with a given reliability and psychophysical
load on the machine operator.

A qualimetric approach was used to quantitatively assess the quality of the
operation process. The developed hierarchical structure of properties that make up
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the quality of tool operation (Fig. 1) contains properties of purpose, which are
characterized by target functions for multi-criteria optimization of the quality of
the cutting tool operation process [1]. They represent a vector of process quality
management criteria (the number indicates the level of consideration).

ul= (Uf,ug,ug’,uff,ug).
Quality assessment is determined by:
K = f(P,/P,9T),
where Kf - assessment of the complex i-property at the j-level of consideration;

P u P|3T - production quality indicators and reference (basic).

The operational quality level (which is considered at level j+1) is
determined by:

il _ Sy Rl
Vit =2 KB,
i=1

where BiJ - the weight of the i-property at the j-level of consideration.

Indicators of the levels of properties were determined on the basis of a
questionnaire survey, instant observations, long-term statistical studies, laboratory
experiments. The basic indicators adopted are the recommendations of norms,
standards, and other regulatory documents [2]. An expert assessment of the
properties that characterize the quality of operation made it possible to identify the
most important of them, which were taken into account when developing an
information and preparatory subsystem for the rational operation of the tool (Fig.
2).

Statistical studies of the quality of the operation of tools were used on the
basis of an information databank, which calculates more than 5000 cases of
machining parts on heavy machines, which are collected at factories in various
fields of mechanical engineering.

For theoretical studies of the quality of operation, a methodology and
software for a computer have been developed using the theory of qualimetry, as
well as a methodology for expert assessment of the quality of tool operation.

To select a tool design from an information databank of designs, it is
proposed to use the cluster analysis technique, which is developed on the basis of
applied mathematical statistics using a computer (Statistica 5.5 software package).

When forming clusters, the used agglomerative hierarchical cluster-procedure.
Instrument designs from the databank are combined into classes that are
characterized by the area of regulations for their rational operation.
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Operational and laboratory tests were carried out with VK8, T5K10, T15K6
carbide tools with wear-resistant coatings, vibration treatment and ion implantation.
The acoustic emission method was used to control the quality of the coatings. To
assess the mechanical properties of the studied steels (45, 40Kh, ShKh15SG,
12Kh18N9T, 9KhS), mechanical tests of the samples were carried out in
accordance with the standards (DSTU 1497-73). The study of the operational
strength of structures in order to determine the correction factors for the feed,
which depend on the type of structure, were carried out in accordance with the
method of stepwise increasing feed.

Quality of operation of the cutting tool

Properties The technical properties Properties Organizational
of purpose connected to processing of service properties
I
[ ] [ ]
Quality Quality Quality Other properties
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Figure 1 — The system of properties that make up the quality of the tool operation process
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Conclusions.

1. For the first time, the new model of the operational process management
system considered the structure and capabilities of all the constituent parts of the
process.

2. The qualimetric approach to the process of the tool operating made it
possible to develop methods for quantitatively assessing the quality of the process
and to substantiate the structure of the preparatory information subsystem.

3. The research results were used in the development of general machine-
building standards for cutting on heavy machines.
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T"anuna Knumenko, fIna BacuibueHko,
€preniit Jloruenko, Kpamaropcrk, Ykpaina

YHPABJITHHA AKICTIO PI3BAJIBHUX IHCTPYMEHTIB
HA BAKKUX BEPCTATAX

AHotauiss. Poboma npucesauena niosuwyennio ehpekmusHocnmi GUKOPUCIMAHHS PI3ATbHO20 THCIPYMEHny
HA 8AXCKUX 6EPCMAMAX WIAXOM PO3POOKU CUCTeMU YRPAGIHHA AKICIIO Npoyecy 11020 eKCHayamayii,
BUBHAYEHHS PAYIOHATLHUX PeIaMeHmi6 eKCniyamayii ma po3pooxu 3a2aibHO-MAUUHOOYOI6HUX
Hopmamusie pizanns. Memooono2iunoio ocHosoo pobomu € cucmemuuil nioxio 00 GueueHHs npoyecy
excnayamayii - iHCmpymenmy, 1020  YMO8 md  0COOMUBOCMEN,  3AKOHOMIpHOCMEN  Npoyecis.
Cmamucmuuni 00CHIOdNCEHHs napamempie o00OpoOKU Oemainell HA BAMNCKUX BEPCMAMAX OQ0360MUNMU
8CMAHOBUMU HAIOITbUWL NOWUPEHI YMO8U eKcnayamayii incmpymenmy. Y pobomi nokazaro, wo 10%
onepayiil, w0 GUKOHYIOMbCA HA YOPHOGUX BAJICKUX MOKAPHUX BEPCMAMAX, CKAAOAE NOB3006ICHE
o06mouyeanus oemaneii meepoOOCnIAHUM iHCmpymenmom. Bei napamempu excnayamayii incmpymenmy
HA BAJICKUX 6EPCMAMAX MArmMb 6elUKe PO3CIIOBAHHS, WO NIOMBEPINCYE HeOOXIOHICMb pOo321sdy
cmoxacmuuno2o xapakmepy npoyecy excniayamayii incmpymenmy. Ha ocnogi euxopucmanis
npunyunie miscHapoornoeo cmarnoapmy 1SO 9000: 2000 cmeopena modenv cucmemu SAKOCmMi npoyecy
excnayamayii  iIHCmpyMeHmié Ha 6adickux eepcmamax. Jns  KinbKiCHOI oyinku sKocmi npoyecy
excnayamayii - 8UKOPUCMAHO — KealiMempuyHutl  nioxio. Pospobnena  iepapxiuna — cmpykmypa
eracmugocmetl, wWo CKIA0AIOMb AKICMb  eKCAyamayii  IHCmpyMeHmy, MICmums  81acmueocmi
NPUBHAYEHHS, WO XAPAKMEPUIVIOMbCs YinbosuUMU PYHKYiamu 015 OaeamokpumepiansHoi onmumizayii
saKocmi npoyecy excnayamayii pizanvhoeo incmpymenmy. Pospobaena modenv cucmemu kepysamms
npoyecom excniayamayii incmpymenmy @nepuie O00360IUNA CUCHIEMHO DO32TAHYMU CMPYKMYpy ma
830EMO036 A3KU YCIX CKAA008uUx yacmuw npoyecy. Kearimempuunuil nioxio do npoyecy excniyamayii
iHCmpymMenmy 0ag 3M02y po3podumu Memoou KilbKiCHOi oyinKu AKOCMI npoyecy ma oOIpyHmyeamu
cmpykmypy hnio2omoguo-inghopmayitinoi niocucmemu. Pesyibmamu 0ocniodicenb UKOpUCMani npu
PO3podYi 3a2a1bHO-MAUUHOOYOI6HUX HOPMAMUGIE PI3AHHA HA 8AICKUX 6€PCIMAMAX.

KuawuoBi cioBa: ynpagninHa skicmwo,; pizaibHuti iHCMpyMeHm, 6epcmamu, payioHanvHa poboma
iHCmpyMenmy, cucmemHuil nioxio; cucmema AKOCHi.
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EVALUATION OF THE FORECASTED EFFICIENCY
OF PERFORMANCE OF RATIONAL ORIENTATION OF THE
PRODUCT IN THE WORKSPACE OF ADDITIVE INSTALLATIONS

Abstract. Preliminary evaluation of the predicted efficiency of the optimization problem of the rational
orientation of the product in the working space of layered construction of additive units is proposed to
perform based on the analysis of the original triangulation 3D-model of a complex product by its
spherical mapping. The condition of reflection on the sphere is that the values of angles in the spherical
coordinate system for the faces normal of the triangulated model of product fall into the range of values
of a certain triangular face of the sphere model. Examples of evaluation based on the analysis of
spherical mapping of the original 3D model of products are considered. Industrial products with
different surface complexity were selected as test 3D models. This approach allowed to perform a
comparative analysis of the results depending on the design features of the products. The practical
implementation was performed in the subsystem of visual assessment of geometric characteristics of
triangulated 3D-models, which is part of the technological preparation system for the complex product
manufacture by additive methods. This system was developed in NTU "KhPI" Department of Integrated
Technologies of Mechanical Engineering named after M.F. Semko.

Keywords: technology planning; additive manufacturing; triangulated model; assessment of
manufacturability, product orientation in the workspace.

Introduction. The current direction of research aimed at improving the
efficiency of the assessment of manufacturability, design improvement and
reasonable choice of manufacturing strategy by additive technologies is the
development of DfFAM (Design for Additive Manufacturing) approaches [1].

When it comes to additive technologies, the source geometric information for
manufacturing is a triangulated 3D-model of an industrial product, usually in STL
format [2]. The triangulated model unifies the representation of the product
surface, which creates the preconditions for the analysis of the system of triangular
faces without restrictions concerning the structural complexity.

One of the main optimization problems of the technological preparation of
additive processes is to determine the rational orientation of the product in the
workspace of the layered build of the installation [3, 4]. The possibility of solving
this optimization problem significantly depends on the geometric complexity of the
product surfaces. Preliminary assessment of the design (component surfaces) of the
product in the technological preparation for adaptation to the definition of rational
orientation is of interest to ensure the required level of efficiency of the processes
of the layered build.

Literature analysis. As a rule, the choice of the rational orientation of the
product is performed by solving the optimization problem using a set of criteria

© Ya. Garashchenko, N. Zubkova, 2021
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[3, 5]. The orientation option is chosen to take into account the most important
factors. Since the orientation affects many factors, its choice during construction is
based on the following:

- surface quality characteristics, building time, complexity, and volume of
auxiliary support structures [6];

- the number of construction layers [7];

- the height of the product on the coordinate axis Z [8, 9];

- the area of the surfaces in contact with support structures (the area of the
faces of the triangulated model with the coefficient of the normal on Z-axis in a
given range of values) [8];

- surface error (the area of the faces with normal that are not perpendicular or
parallel to the Z-axis, ie [Nz| #1 and Nz # 0 [7], the area of the faces with normal
INz| =1 and Nz =0 [10], the difference between the volumes of the original 3D-
model and the ready-made product [8]);

- physical and mechanical properties of the product [8].

Despite a large number of works [3-13] to solve this problem, there is still no
scientifically based quantitative assessment of the manufacturability of the product
to the definition of rational orientation. Therefore, to test the design for adaptability
to determine the rational orientation of the product in the working space, it is
necessary to develop a special assessment that takes into account the features of
layered manufacturing.

Taking into account the works [6, 14], to determine the rational orientation the
angle between the normal of the triangular faces and the vector of the build
direction (Z coordinate axis) is chosen as the studied feature of the triangulated 3D-
model of the product. This investigated feature is the most significant of the
geometric properties of the triangulated 3D-model, because it determines the
roughness and errors in shaping the surfaces of the product, and therefore, the
building step. Surfaces with a negative angle of inclination of the normal towards
the Z-axis determine the design of support structures and, therefore, the complexity
of post-processing processes for their removal.

The purpose of the article is to substantiate the possibility of a quantitative
assessment of the manufacturability of the structure as for the task of determining
the rational orientation of the product in the working area of layered building based
on the analysis of the spherical reflection of the triangulated 3D-model.

Research methodology. The research was performed using the subsystem of
visual analysis of the triangulation 3D-model of the product (screen form is
presented in Fig. 1), designed to test its design in solving problems of
technological preparation. The subsystem is a part of the system of technological
preparation for the materialization of complex products by additive technologies,
developed at the Department of Integrated Technologies of Mechanical
Engineering named after M.F. Semko in NTU "KhPI". This system allows to
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assess the manufacturability of the product design and analyze the effectiveness of
additive technologies in its manufacture.
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Figure 1 — Screen form of the subsystem of visual analysis of the product 3D-model

When developing the subsystem of visual analysis (color visualization) of the
triangulated product model, the following main tasks were solved:

- assessment of correctness and rationality of triangulation of CAD-model;

- testing the subsystem manufacturability;

- visual assessment of the possibility of determining the rational orientation of
the product in the working area of construction (examples are presented in Fig. 2).

The subsystem allows to perform color visualization on the surface of the
model and statistical analysis of the distribution of values according to the selected
feature of the 14 proposed characteristics [15, 16];

For additive technologies with layered building, the greatest roughness and
deviations from the correct shape of surfaces are observed for faces that have an
angle between their normal and the vector of the building direction (coordinate
axis Z) anz in a certain range of values. The following intervals of values are
conditionally distinguished: anz (0°, anziimit) and anz (180-anz limit, 180°) [17].
The threshold value of the angle anz limit (30°, 50°) depends on the chosen AM-
method, technological characteristics of the equipment, source material and for
some AM-methods (SLA, SLM, FDM, etc.) on the requirements of support
structures [18]. Surfaces with the smallest deviations of the form have an angle anz
(onz_timit, 180-anz imit). The minimum value of deviations is a characteristic for
surfaces with angles anz = {0° 90°}, i.e., for horizontal (directly formed without
contact with the support structure or with the medium from the source material)
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and vertical surfaces. For horizontal hanging surfaces, i.e., those which are with an
angle anz = 180, for example, for FDM such surfaces are ideal only if they are
adjacent to the table.

Kgo = 0,134 Kgo = 0,480

2
ace, aces
500+1000 100+500
10004000 5003000

Kgo = 0,369 Kso = 0,690

Face, MM _ TSrace, an®

: ~0+50
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Figure 2 — Examples of color visualization by mapping to a triangulated sphere the total area
of the faces of triangulated models of products at intervals of angles 6 and ¢ for vectors of
normal faces in a spherical coordinate system (the obtained calculation data and their
statistical analysis for the presented test 3D-models a-d are shown in Fig. 3 and in Table 1)

©)

In technological preparation, the visualization of a product 3D-model by
adding color to the surface areas depending on the value of the coefficient Nz,
offers information for decision-making on creating support structures and
subsequent processing. But such visualization has obvious limitations for products
that have internal surfaces (cavities) and a large number of complex-shaped
surfaces. Therefore, to remove the restrictions imposed by the features of the
studied design, it is proposed to perform the mapping of the product model to the
sphere (color scale of the studied feature - the total area of the faces). The
condition for mapping to the sphere is that the angles in the spherical coordinate
system for the normal faces of the 3D-model of the product fall into the range of
values of a certain face of the triangulation sphere model [19, 20]. The angles in
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the spherical coordinate system for the normal faces of the 3D-model are
calculated using the coefficients of the unit vector of the normal N, Ny, Nz [20].

The examples of spherical display of test 3D-models of products, presented in
Fig. 2, show a high enough level of informativeness to determine the rational
orientation. The problem of determining the rational orientation of the product in
the workspace using a spherical map is to orient the surface with a larger area so
that the normals of their faces are in a given range of values of their angles in the
spherical coordinate system. In this case, the minimum error of layered shaping of
the product surfaces is provided [3-13].

The proposed approach (visualization) also demonstrates the possibility of
working out the design (assessment of the suitability of the 3D-model) for the
rational orientation of the product in the working area of construction [19]. This
creates the conditions for quantitative assessment of the manufacturability of the
product based on the data of the distribution of the area of the 3D-model faces
taking into account the intervals of reflection on the sphere.

It seems most appropriate to assess the suitability of the structure to the
orientation by determining the deviations from the uniform distribution of the areas
of the faces reflected on the sphere. The sphere model, as a product, is the least
suitable for solving this problem. Therefore, the hypothesis is proposed that the
efficiency of the rational product orientation can be a coefficient of concentration
of the density of the surface area distribution along the triangular faces of the
sphere reflection (by the angles of inclination of the normals of the triangular faces
of the 3D-model 6 and ¢ in the spherical coordinate system) [21]:

1 n,m
Keo =Eizj:|Dij _dij ) @)

where n, m is the number of intervals for angles 6 [0, 180) ipe [0,360) in the

spherical coordinate system for the normals of the triangular faces of the 3D-
model, respectively (recommended value n = 4 + 6, m = 2n; Dj;, djj - the relative
area of the faces of 3D-models of the product and the sphere, respectively, that fall
into the ij-th region of the values of angles 6 and ¢ for the normals, d; =1/nm;

In case of uniform distribution of the investigated feature (product surface
area) when mapping to the sphere d; =1/n, ..., Where Ny _sphere is the number of

triangular polygons of the sphere.

Spherical display of the sphere 3D-model as a function (1) will have a
coefficient Keo = 0. Such value of the coefficient demonstrates the lack of a
rational solution for the orientation of the sphere. Obtaining a larger coefficient of
Ko will indicate the possibility of determining the smaller area of values of the
product rotation angles for its rational orientation. That is, a smaller relative
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number of variants of the rational orientation of the product model, and
accordingly a simpler solution of the optimization problem.

Results of the research. The hypothesis was tested by calculating Kco
coefficient using dependence (1) for test 3D-models of complex products mapped
to the triangulation model of the sphere (n=6, m=12, respectively
AG = Ap = 20°). The chart of the distribution density of the number of 3D-models
by Keo coefficient is presented in Fig. 3.

26

24

22

Number of 3D-models
o

00 o1 02 03 04 05 06 07 08 09 10
Coefficient Ko

Figure 3 — Chart of the distribution density of the number of 3D-models
by the value of coefficient Keco

The set of test 3D-models is a sample of a sufficiently large group of products
that were manufactured on SLA (laser stereolithography), SLS (selective laser
sintering), and FDM (fused deposition modeling). The sample size was 100
products.

Statistical analysis of Kgo coefficients allowed to determine the following
characteristics:

-minimum,  maximum and arithmetic mean  {Kco}min = 0.107,

{Kco}max = 0.909, K, = 0.611, respectively;

-lower and upper quartiles Qi{Keo}=0.519 and Qz{Kco}=0.733,
respectively;

- standard deviations {Kso} = 0.016.

Comparative analysis of Kgo coefficients (Fig. 2, 3) on the example of a
sample of 3D-models of products also confirmed the hypothesis. As the value of
Keo coefficient decreases, the predicted efficiency of the problem of determining
the rational orientation of the product in the construction workspace reduces. The
evaluation of the product design by Kgo coefficient is justified for the cases of
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solving this optimization problem according to the criteria that depend on the
location of the surfaces, i.e. the area of the 3D-model faces and their orientation.
Such optimization criteria include statistical characteristics of surface roughness
and deviation from the correct shape of surfaces.

Based on the analysis of the results of calculations and manufacturing practices
of the considered products for models with coefficient Kgo < 0.4+0.5 (for 15+25%
3D-models of products) the surface quality and accuracy of shaping should be
neglected and the following optimization criteria should be chosen for rational
orientation of the product: the height of the product gravity center, construction
height, number of layers or construction time. For Kgo > 0.5+0.6 (for most product
3D-models), multicriteria optimization should be considered.

It is important to determine the rational degree of detail (the number of
intervals of values of the angles of inclination of the normals) reflection on the
sphere. Therefore, Kgo coefficients were additionally determined for a small group
of 3D-models of products (Fig. 2) for several intervals of values of angles
0, ¢ = {5° 10° 20°; 30°}. The values of Kgo coefficients are given in table 1.

Analysis of the values of Kgo coefficient presented in table 2 shows their
growth as the sphere detail increases, and therefore, the number of intervals of
values of angles 0, ¢ rises. This increase in Kgo demonstrates the increase in the
manufacturability of the structure as the accuracy of determining the rational
orientation of the product in the construction working space rises. To ensure a
comparative assessment of manufacturability of products, it is proposed to use a
sphere to display 3D-models with the interval of values of angles 0, ¢ = {20°; 30°}.

In the case of mass customized additive production to ensure automated
technological preparation, it is of interest to group products according to Keo
coefficient. This approach will allow using uniform technological techniques for a
group of products with similar Kgos to solve the problems of orientation and their
placement in the working space of layered construction. This approach creates
opportunities to minimize the cost of technological preparation and increase the
efficiency of the subsequent problem of forming a set of layers according to the
adaptive strategy with a variable construction step.

Table 1 — Coefficients of the suitability of test 3D-models of industrial products to
determine the rational orientation of Keo

Test model The intervals of values of angles 6, ¢ in the spherical coordinate system
30° 20° 10° 5°

1 (Fig. 2a) 0.109 0.134 0.173 0.202

2 (Fig. 2b) 0.429 0.480 0.500 0.572

3 (Fig. 2¢) 0.323 0.369 0.437 0.496

4 (Fig. 2d) 0.581 0.690 0.778 0.802
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Conclusions. The proposed relative indicator Ko to assess the effectiveness
of determining the rational orientation of the product according to the quality
criteria of the obtained surfaces allows with high informativeness to assess
manufacturability (design suitability) for its manufacture by additive technologies.
Keo coefficient determines the relative number of rational options from the set
regarding the orientation of the product in the workspace of the layered building.

Manufacturability assessment to determine the rational orientation in the
workspace allows to group products with similar indicators. This approach will
allow ensuring the greatest efficiency of manufacturing technology in terms of
roughness and accuracy of the resulting surfaces by defining a unified
manufacturing strategy for a group of products with similar design features.
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Spocnas I"apamenko, Hina 3yokoBa, Xapkis, Ykpaina

OLIIHKA ITPOTHO30BAHOI EOEKTUBHOCTI
BUKOHAHHSI 3AJJAUI PAIIIOHAJILHOI OPIEHTALIi BUPOBY
Y POBOYOMY ITPOCTOPI ATUTUBHUX YCTAHOBOK

AuoTtanisn. 3anpononosano  euxomysamu nonepeonio  OYiHKY ~NPOSHO306aHOI  eghekmugHoCmi
onmumizayitinoi 3a0avi payioHaibHol opienmayii 6upo6y y pobouomy npocmopi nowaposoi no6yoosu
AOUMUGHUX YCMAHOBOK HA OCHOGI aHANi3y euxionoi mpianeynsyiunoi 3D-modeni cknaonozo eupoby
wiisixom i chepuuno2o 8i0006padiceHHs. Ymo60r 6i000padcents HA cghepy € NOMpAanisiHHi 3HAYEeHb
Kymig 6 cghepuuniti cucmemi KOOpOUHam O HOpMaJel Zpaneil mpianeyiayitiHoi mooeni eupoody 6
obnacme 3navenb negHoi mpuxymuoi epani moodeni cgpepu. Posensnymo npuxnadu oyinku na OCHOSI
ananizy cepuunoco 6idobpadicents euxionoi 3D-moodeni eupody. B sxocmi mecmosux 3D-mooeneii
00paHi nPoMUCIOs8i 8uUpPoOU 3 PI3HOI CKAAOHICMIO nogepxonb. Taxutl nioxio 003601U8 SUKOHAMU
NOPIGHANbHUTL AHANI3 Pe3YIbMAmi6 6 3aNediCHOCMI 6i0 KOHCMPYKMUGHUX 0COOIUGoCcmel upooie.
Haiibinbw O0oyinbHUM BUOAEMbCS OYIHKA NPUCMOCOBAHOCMI KOHCMPYKYIT 6upo6y 00 6UKOHAHHS
OnmMuMI3ayitiHol 3a0aui payioHAIbHOT OpiEHMAayYil WISAXOM SU3HAYEHHS BIOXULEHb 6i0 PIGHOMIDHO2O0
PO3n00iny niow epauell 8ioobpasicenux Ha cgepy. 3anpononosanutl 8IOHOCHUT NOKAZHUK OISl OYIHKU
eqhexmusHoOCmi  8U3HAYEHHS PAYIOHANLHOI opieHmayii 6upoby 3a Kpumepiamu SKOCHI OMPUMAHUX
Nn0BEPXOHbL  003607€ 3  O0OCUMb  BUCOKOIO  THGHOPMAMUGHICIIO — OYIHIOBAMU — MEXHONO2IYHICD
(npucmocoeanicms KOHCMPYKYiL) Onsi 1020 6UCOMOGNEHHSI AOUMUGHUMU MeXHORo2iAMU. Taxuil
NOKA3HUK BUBHAYAE GIOHOCHY KINbKICMb PAYIOHATGHUX 6APIAHMIE 3 MHOJICUHU MOJICIUBUX OO0
opienmayii  eupoby y pobouomy npocmopi adumugnoi ycmaroeku. Ilpakmuuna peanizayis
BUKOHYBANACH y nidcUcmeMi Gi3yanbHOI OYIHKU 2eOMemPUYHUX Xapakmepucmux mpianeyasayitinux 3D-
Mooeneli, wo 6x00ums 00 CUCmeMU MeXHOIOIYHOI NIO20MOBKU BUSOMOBIEHHS CKIAOHUX 6UpOOi8
aoumusHumu Mmemodamu. [any cucmemy po3pobreHo Ha kagedpi «Ilnmezpoeani mexHonozii
mawunodyoysannay HTY «XIII».

Ku04oBi ciioBa: mexnono2iuna niocomoska, aOumueHi mexHonozii; mpian2yiayitina Mooeib, OYiHKa
MEXHON02IYHOCMI, OPIEHMAYis 6UPOOY Y pOOOUOMY NPOCHIOPI.
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