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Abstract. Traditional machining processes, such as face milling, still play a very important role in the
production of machine parts and are the subject of ongoing research. One important area of research is
the investigation of high-feed milling processes. However, due to the increased feed per tooth value f,, it
is advisable to reduce the depth of cut (ap) in order to maintain the cutting forces at an appropriate level.
In this way, the ratio of these two technological parameters, the so-called cutting ratio, changes and we
can move into the range of inverse machining, where a, / f, < 1. In this paper, the consequences of this
change is investigated on the surface roughness and the components of the cutting force, and it is
discussed how the optimal cutting ratio can be found.

Keywords: high feed milling; cutting force components, surface roughness.

1. INTRODUCTION
Face milling is a very frequently used process in the production of various
machine parts. It is an unavoidable procedure during the production of practically
all larger flat surfaces. As a consequence of this, researchers have long been
interested in examining, perfecting, and pushing the limits of the process [1].
Nevertheless, it still has areas that are unexploited and still need to be investigated

[2].

The topic of the paper is the experimental investigation of the effect of
changing the so-called cutting ratio (which is the ratio of the depth of cut to the feed,
ap / f;) on the components of the cutting force and the roughness of the machined
surface during face milling. Traditionally, this cutting ratio is usually a value greater
than one (ap / f; > 1), which means that the allowance is removed with a large layer
thickness, but at a low speed. At the same time, nowadays, high-speed milling is
becoming more and more a trend, where the feed is drastically increased, and a given
layer is removed in much less time [2]. At the same time, due to the increase in feed,
it is necessary to reduce the depth of cut, because otherwise the cutting forces may
be unmanageably high due to the increase in the chip cross-section [3], [4]. Since
the blank products are also manufactured according to increasingly strict tolerances,
there is often no need to use more than one cuts, so the entire processing is faster
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and more economical [5]. Nowadays, machining processes are designed to use the
maximum possible machine power and simultaneously ensure the required surface
roughness, because there is simply no time to perform roughing and smoothing
operations sequentially [6], [7]. So, in fact, the problem to be solved is to remove
the same chip cross-section with as much feed as possible and, correspondingly, with
as little depth of cut as possible, while ensuring the appropriate performance and
roughness data [8]-[10]. That is why the researchers worked on the integration of
several different shaped milling inserts into one milling head [11]. At the same time,
the use of so-called wiper inserts to smooth-out the milled surface can be considered
a common practice [12]. However, the use of a wiper insert sometimes can have
negative impact on the stability of the process, so in some cases it is more practical
to use a curved invert to avoid unwanted vibrations [9]. The design of the cutting
edge is also of great importance when cutting with defined edge geometry [13].

In the present paper, it was investigated what effect the removal of a
constant chip cross-section with a changed cutting ratio has on the components of
the cutting force, as well as on the surface roughness In particular, we have
experimentally investigated the combined effect of the changed technological data
on force and roughness, and we were looking for the optimum point up to which it
makes sense to increase the feed rate with decreasing depth of cut.

2. MATERIALS AND METHODS
This section describes the machines and tools used, the characteristics of

the specimens, and the measuring and other instruments. The setup used in the
cutting experiments is shown in Figure 1. A Perfect Jet MCV-M8 type vertical three-
dimensional CNC milling machine, a product of the Taiwan-based Ping Jeng
Machinery company, was used for the tests. This equipment is specifically designed
for high precision, high rigidity and high-speed machining.

L€] K2

Figure 1. The experimental setup used for the cutting tests
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During the experiments, a CoroMill 200 R200-068Q27-12L face milling
head was used. A CoroMill RCKT 1204MO0-PM S40T grade coated carbide round
insert was clamped into the milling head, but only one insert was cutting in the
milling head at a time (this process variant is also known as fly-cutting, and it is
often used for experimental investigations).

The careful selection of the feed and depth of cut values used during the
tests was ensured that both traditional and inverse milling ratio values were included.
Based on the above, it is considered conventional cutting if the cutting ratio ap/f, > 1
and inverse if a,/f; <1. When choosing the feed values, the tool manufacturer's
recommendations were first taken into account, which for this insert is between
0.1 — 0.3 mm for the used C45 steel material. However, in order to ensure the inverse
chip ratio, it was also necessary to test feed values much higher than this, so the feed
range used in practice was between 0.1 — 1 mm. Since, at the same time, by changing
the depth of cut, the theoretical chip cross-section was kept at a constant value
(Ac = 0.1 mm?), so the larger feed could be safely used. The feed and depth of cut
values selected according to the above principles are contained in Table 1.

Table 1. Feed rate and depth of cut values used during the tests

Sample No. 1. 2. 3. 4. 5.
Feed per tooth ft [mm/tooth] 0.1 0.2 0.316 0.5 1
Depth of cut ap [mm] 1 0.5 0.316 0.2 0.1
Cutting ratio ap/f; 10 25 1 0.4 0.1

As can be seen in the table, in addition to the two conventional and two
inverse cutting ratios, in one case the depth of cut and the feed rate were the same
(0.316 mm), here the cutting ratio is a,/f, = 1. This can be considered a special
borderline case. Additional technological data were as follows: spindle speed
n =986 RPM, cutting speed v. = 270 m/min, which were chosen according to the
parameters of the milling machine and the recommendations of the tool
manufacturer.

The dimensions of the used test specimen can be seen in Fig. 2, its material
is the previously mentioned C45 material quality, the main characteristics of which
are shown in Table 2. The center line of the milling head was set to the center of the
workpiece.

Table 2: Chemical composition and mechanical properties of C45 steel [14]

Chemical Composition (average), [%]

C Mn | Si P S Cr Ni Mo Fe
0.48 | 0.74 | 0.36 | 0.011 | 0.01 | 0.09 | 0.02 | 0.002 | rest
Yield Strength (min.) Re=430MPa
Tensile strength(min.) Rm=740MPa
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[ Hardness(min.) | 250HB |
During milling, the components of the cutting force were measured and
recorded using the force measuring instrument inserted in the machining system.
The force was measured by detecting the force components in the x, y and z
directions acting on the workpiece attached to the Kistler 9257A type dynamometer
which was clamped to the machine table.

— gl

Figure 2. Main geometric characteristics of the used specimen

The dynamometer signals were transmitted by 3 Kistler 5011A charge
amplifiers to the National Instruments CompactDAQ-9171 type four-channel data
acquisition unit, which communicated with the connected computer via a USB port.
The data obtained in this way were processed, displayed and recorded by a
measuring program created in the LabView system. The milling configuration used,
the main process parameters and the directions of the cutting force components
acting on the workpiece are shown in Fig. 3
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Figure 3. The milling setup and axis directions for force measurements
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Two notable points are marked on Fig. 3: Point 1 is the entry point of the
insert, and Point 2 is the intersection of the centre line of the tool with the tip of the
insert. This is a point of interest because it is at this point that the force data were
evaluated and the comparisons were made. It is well known that the surface
roughness value is always highest when measured at the centre line, so the 2D
roughness data reported in the results were also measured here, and it is useful to
compare them with the corresponding force data.

The surface roughness was measured using an AltiSurf 520 three-
dimensional surface roughness measuring device with a CL2 type confocal
chromatic distance measuring sensor. The measuring head was also equipped with
an MG140 magnifier, giving a measuring range of 300 pm and an axial resolution
0f 0.012 pm. The measured roughness data were evaluated using AltiMap Premium
software. With respect to the roughness parameters, the parameters R, and R,
commonly used in industrial practice, and their three-dimensional equivalents S, and
S; were investigated. Two-dimensional profiles were measured and evaluated
according to EN 1SO 4287 and 4288, three-dimensional surfaces according to EN
ISO 25178-2:2012. These are not the latest versions of the relevant standards, but
the version of the evaluation software used can calculate the values of these
parameters, and the newer standards do not carry significant differences in
interpretation.

3. RESULTS AND DISCUSSION

The results of the experiments and measurements carried out are reported
below. First, the data of the roughness measurements are given in Table 3. The
numbers show that the roughness values increase monotonically with increasing feed
rate, which primarily affects the surface roughness. The really big jump occurs at
f, = 0.5 mm, where there are already 4.5 times higher values of R, and 3.3 times
higher values of R,. And at 1 mm feed there is already an increase of about 18 times
in Ra and nearly 12 times in R,. For the three-dimensional roughness parameters,
these values are very similar (the indicated numbers are the f, values in mm):

Sao,lao,si 4.6; Sao,lﬂﬁ 16; SZO'|H0,5: 2.6; SZo,]Hﬁ 8.9.

Table 3. 2D and 3D roughness results

ap/f; fz[mm] ap [mm] Ra [um] Rz [um] Sa [um] Sz [um]
10 0.1 1 0.29 1.92 0.34 2.97
2.5 0.2 0.5 0.42 2.44 0.46 2.99
1 0.316 0.316 0.64 3.43 0.64 4.27
0.4 0.5 0.2 131 6.40 1.59 7.87
0.1 1 0.1 5.29 22.81 5.44 26.4
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The measured 2D roughness profiles and the 3D surfaces are shown in
Figure 4, where the significant roughness degradation starting from f, = 0.5 mm is
visually well noticeable. In the following, the force measurement data are presented,
starting with the values of the force components measured at the centre line of the
milling head in Table 4.
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Figure 4. Measured roughness profiles and 3D surfaces
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When interpreting the force data, it is worth noting once again that the
undeformed (theoretical) chip cross section was the same in all cases while the
cutting ratio was varied, so, in theory, the same amount of material should be
removed in each case. It can be seen from the data that the change in all force
components shows a downward trend.

Table 4. The measured force components

apl/f; fz [mm] ap [mm] Fx [N] Fy [N] Fz [N]
10 0.1 1 289 389 812
25 0.2 0.5 231 335 659

1 0.316 0.316 201 308 587

0.4 0.5 0.2 180 287 543

0.1 1 0.1 155 264 473

Since the main aim of the investigations was to find some kind of optimum
cutting ratio, it is useful to plot the roughness data and the cutting forces in one
diagram, a practical implementation of which is illustrated in Figure 5.
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Figure 5. Variation of cutting force and surface roughness per feed change
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With the help of this visual representation, the trends of the changes of the
two output parameters under study and their relative positions to each other can be
seen much more clearly. The values of the force components decrease significantly
at low feed rates (up to f, = 0.316 mm). At the same time, between f, = 0.5 and 1 mm,
there is only a slight decrease, and the curves of the force components Fx and Fy are
almost horizontal. This means that a large increase in the feed rate no longer has a
significant effect on the force components, provided that the theoretical chip cross-
section is kept constant. However, the value of the applicable feed is basically
limited by the value of the roughness parameters prescribed for the machined
surface: above a certain feed, the roughness deteriorates to a great extent. In the
present experiments, this occurs approximately after f, =0.316 mm. However, we
must also note that the cutting of metals is a very complex process, during which an
extremely large number of factors must be taken into account in order to find the
optimal technological parameters, which requires great expertise and a thorough
examination of the given cutting conditions.

References: 1. Liang S. Y., Hecker R. L., Landers R. G.: Machining Process Monitoring and Control: The
State-of-the-Art. Journal of Manufacturing Science and Engineering 2004 126, 2: 297-310
https://doi.org/10.1115/1.1707035. 2. Kar B. C., Panda A., Kumar R., Sahoo A. K., Mishra R. R.: Research
trends in high speed milling of metal alloys: A short review. Materials Today: Proceedings 2020 26:
2657-2662 https://doi.org/10.1016/j.matpr.2020.02.559. 3. Henz R. O., Campos F., Araujo A. C.,
Fromentin G.: Cutting Forces in High Feed Milling., presented at the 25 International Conference for
Mechanical Engineering, Uberlandia, Brazil, 2019. 4. Kundraik J., Markopoulos A. P., Makkai T., Nagy
A.: Correlation Between Chip Ratio and Specific Forces with Increasing Feed per Tooth and Cutting
Speed in Face Milling of Steel. WSEAS Transactions on Environment and Development 2018 14, 1: 338—
346 5. XuJ., LiL., LinT., Gupta M. K., Chen M.: Machinability analysis in high-speed milling of AISi7Mg
alloys under EMQL conditions: An approach toward sustainable manufacturing. Journal of
Manufacturing Processes 2022 81: 1005-1017 https://doi.org/10.1016/j.jmapro.2022.07.010. 6. Wang Y .-
C., Kim D.-W., Katayama H., Hsueh W.-C.: Optimization of machining economics and energy
consumption in face milling operations. Int J Adv Manuf Technol 2018 99, 9: 2093-2100
https://doi.org/10.1007/s00170-018-1848-6. 7. Sztankovics I.: The Effect of the Circular Feed on the
Surface Roughness and the Machining Time. Cutting & Tools in Technological System 94: 70-76
https://doi.org/10.20998/2078-7405.2021.94.08. 8. Varga G., Kundrdk J.: Effects of Technological
Parameters on Surface Characteristics in Face Milling. Solid State Phenomena 2017 261: 285-292
https://doi.org/10.4028/www.scientific.net/SSP.261.285. 9. Borysenko D., Karpuschewski B., Welzel F.,
Kundrdk J., Felhé C.: Influence of cutting ratio and tool macro geometry on process characteristics and
workpiece conditions in face milling. CIRP Journal of Manufacturing Science and Technology 2019 24:
1-5 https://doi.org/10.1016/j.cirpj.2018.12.003. 10. Sztankovics I, Kundrak J.: Chip Removal
Characteristics with Constant Chip Cross-Sectional Area and Different ap/fz Ratios in Face Milling. 2017
11. Berio J., Marikova 1., Vrdbel M., Karpuschewski B., Emmer T., Schmidt K.: Operation Safety and
Performance of Milling Cutters with Shank Style Holders of Tool Inserts. Procedia Engineering 2012 48:
15-23 https://doi.org/10.1016/j.proeng.2012.09.479. 12. Toledo J. V. R., Arruda E. M., Junior S. S. C.,
Diniz A. E., Ferreira J. R.: Performance of wiper geometry carbide tools in face milling of AISI 1045
steel. J Braz. Soc. Mech. Sci. Eng. 2018 40, 10: 478 https://doi.org/10.1007/s40430-018-1400-5. 13.
Fedorovych V. O., Ostroverkh Y. V., Kozakova N. V.: The Methodology of Sharpening of Blade Tools

10



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 99

Made of Superhard Materials. Cutting & Tools in Technological System 2019 91: no.91
https://doi.org/10.20998/2078-7405.2019.91.17. 14. Skoczylas A., Zaleski K.: Studies on the Selected
Properties of C45 Steel Elements Surface Layer After Laser Cutting, Finishing Milling and Burnishing.
Advances in Science and Technology. Research Journal 2016 10, 32: 118-123
https://doi.org/10.12913/22998624/65127

Yaba denbxo, MilKobIl, YTOpIMHA

AHAJII3 BIIJINBY 3MIHU KOE®IIIEHTA PI3AHHSA HA
CHJIOBI CKJIIAJJOBI TA IIOPCTKICTBh NOBEPXHI ITPH
TOPIOEBOMY ®PE3EPYBAHHI

AHotauis. Tpaduyitini npoyecu mexaniunoi 06poOKU, Maki sk mopyese (hpezepyéanis, K i pauiuie,
gidicparoms Oydce 6aXNCIUY PONb Y BUPOOHUYMSI Oemaneti MawiuH i € npeoMemom NOCMIUHUX
docnioncerb. OOHUM 3 BANCIUBUX HANPAMKIE OOCHIONCEHb € BUBUEHHS NPOYECi8 PI3aHHS 3 BUCOKOIN)
nooaueio. OOHAx y 36'13Ky 31 30L1bUeHUM 3HAUEHHAM nodayi Ha 0oun 3y0 T, doyinbno smenwumu enubuny
pizanns (ap), wob niompumyeamu 3ycuins pisanus Ha HANejicHomy pieni. Taxum yuHom, 3MIHIOEMbCA
CNiBBIOHOWIEHHSL YUX 080X MEXHONO2IYHUX NAPAMEMPIE, MAK 36aHULL KOeDiyicHm Pi3aHHs, | MU MOICEMO
nepeiimu 6 dianason 360pommoi 00pobxu, de ayl T, < 1. V daniti po6omi docrioxncylomoca nacioku Oii
yi€el 3MIHU HA WIOPCMKICIMbG NOBEPXHI | CKIAOOBUX CUNU PI3AHHA, 4 MAKOHC 002080PIOEMBCH, K MONCHA
3HQUMU ONMUMATbHE CNI6GIOHOUIEHHA YMO6 pisaHnHA. Pesynbmamu nposeedenux excnepumenmie i
BUMIDIOBAHL NOKA3YIOMb, WO 3HAYEHHS WOPCMKOCMI MOHOMOHHO 30inbWlylombCs 31 30LTbUUeHHAM
weuokocmi noodaui, wo 6 nepuly yepzy 6NaU6ae Ha wopcmxicms nosepxui. Ilo-cnpassxcnvomy eenuxuii
cmpubok 8iobysacmocs npu f; = 0.5 mm, 0e ace 6 4,5 pazu suwyi 3navennsi Rq i 6 3,3 pazu euwi snauenus
R,. A na 1 mm nodaui esce cnocmepieaemuvcsi npupicm npubausno 6 18 paszie y R, i maiidce 6 12 paszig y
R.. Ans napamempie mpueumipnoi wiopcmkocmi yi 3HaAueHHs Oydxce cX0XxCi (3a3HaueHi yucia €
suauennsmu f, 6 um): Sa 0,1—0,5: 4,6, Sa 0.1—1: 16, S, 0,1—0,5: 2,6, S, 0.1—1: 8.9. 3uavenna cunogux
CKIA008UX 3HAYUHO 3MEHULYIOMbCA NPU MATUX WEUOKOCHSX nodati (00 f, = 0,316 mm). IIpu yvomy midxc f,
= 0,5 i 1 mm cnocmepieacmucs auwe He3HAUHe 3MEeHUIeHHS, a Kpugi cunosux cknaoosux Fy i Fy matioce
2opuszonmanvhi. Lle o3nauae, wo 3uaune 30inbutents weUOKOCmI no0ayi edice He pooUNb ICIMOMHO20
6NIUBY HA CUNIOBI CKIAOOBI 34 YMOBU, UjO TMeopemuyHUll NOnepeynull nepepis CMpyjicKU 3aIUUacmscs
nocmiinum. OOHAK  6eUMUHA  3ACMOCOBYBAHOT WBUOKOCMI 8 OCHOBHOMY OOMENCeHA BeNUUUHOIO
napamempie WOPCMKOCII, NPONUCAHUX Ons 06pO6NIOBAHOI NOBEPXHI: 3 NepesuujeHHAM nooadi,
wopcmKicmy @ 3naunitl Mipi nociputyemuvcs. Y yux docnioax ye 8iobysacmucs npubausno nicas f; = 0,316
mm. OOHAK nOmMpiObHO MAKONC 3A3HAYUMU, WO DI3AHHA MEmanié € dyixce CKIAOHUM NPOYECcoM, 8 X00i
K020 HeoOXIOHO 6pax08yeamu HAO36UYALHO GEIUKY KITbKICMb (haxmopie 3 Memoio NouwyKy
ONMUMATILHUX TEeXHONO2IYHUX NAPAMEMPIB, WO UMALAE BENUKUX 3HAHb | PEMeNbHO20 BUSUEHHS 3A0AHUX
YMOG PIi3anHs.

Kuaro4uosi cioBa: gucoxowsuokicue gpesepysanns; ckiadogi cunu pizants; wopCmKicnib ROGEPXHi.
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Abstract. In the development of cutting procedure, the study of the cutting force is important to evaluate
the possible loads and elastic deformations in the machining system. The unusual relative position of the
cutting tool leads to a changing characteristic of the cutting force in tangential turning. Therefore, it is
particularly important to study the values and ratios of the cutting force components in different setups
in this finishing procedure. In this paper the depth of cut, feed, and cutting speed are changed, and the
effect of these parameters are analysed on the major cutting force, feed force and passive force. The full
factorial design of experiment method is applied in the selection of setup parameters and the evaluation
of the results. The maximal values and the ratio of the force components were analysed by the
determination of equations.

Keywords: design of experiments; feed force; major cutting force; passive force; tangential turning.

1. INTRODUCTION

The machining processes are needed to be developed continuously due to meet
the prescribed requirements of achievable surface quality, obtainable efficiency, and
increasing productivity [1]. The quality management of cutting tools is also an
important field [2]. In turning of cylindrical surfaces, one direction of the
developments is the correct selection of process parameters. Experimental
examination of turning operation, analysis of the most relevant parameter, and
optimization strategies is all part of the current research [3]. If material removal rate,
surface roughness and tool wear are considered, the usual order of impact of these
parameters are the depth of cut, the cutting speed, and the feed [4]. However, cutting
speed is more important, if we consider tool life [5], and tool wear is directly related
to the machined surface quality of the workpiece [6]. Moreover, the process
parameters also affect the shape accuracy [7]. Process conditions should be selected
with care to be able to reduce the machining time without increasing cutting forces
excessively [8]. Other effects must be taken into consideration, since the depth of
cut to feed ratio alters the force components [9], while the shear angle is also an
important factor [10].
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The application of tangential turning [11] as finish machining is spreading in
the industrial application, due to the achievable surface roughness [12] and form
accuracy [13], while obtaining low machining times. However, the analysis of
cutting forces is needed, to study the possible elastic deformations of the machining
system. In this paper, the cutting force components are studied in tangential turning
by changing the cutting speed, feed, and depth of cut. The maximal values of Major
cutting force, Feed force, and Passive force were measured and analysed. During the
measurement, the recommended adjustment values are set.

2. EXPERIMENTAL CONDITIONS AND METHODS

The aim of this research was the evaluation of the cutting forces acting between
the workpiece and tool in tangential turning. Therefore, several cutting experiments
were carried out to accomplish this task on a EMAG VSC 400 DS hard machining
centre. Cylindrical workpieces with 70 mm outer diameter were machined. The
chosen material was 42CrMo4 grade alloyed steel, which processed by hardening
heat treatment to 60 HRC hardness before the experiments. The tangentially turned
surfaces were pre-machined by a standard turning tool with a SANDVIK Coromant
CNMG 12 04 12-PM 4314 cutting insert. An inserted turning tool with 45°
inclination angle is applied in the tangential turnings, which made by HORN Cutting
Tools Ltd. and consisted of two parts: S117.0032.00 insert and H117.2530.4132
holder. The cutting edge of the tool was an uncoated carbide insert (MG12 grade).

The effect of the cutting speed (v¢), the feed per workpiece revolutions (f) and
the depth of cut (a) were analysed in this study. The 2° factorial design method was
applied in the parameter selection and analysis. A lower and an upper limit value
were chosen for each studied parameter. The lower value range of the parameters
are aimed in this study in the initial research of the topic. Therefore, the cutting speed
was chosen to be 100 m/min and 200 m/min, the feed was set to 0.3 mm and 0.6 mm.
Two kinds of depth of cut were also chosen: 0.1 mm and 0.2 mm. 8 different setups
are resulted, which can be seen in Table 1.

Table 1 — Experimental setups

Setup 1 2 3 4 5 6 7 8
- /‘;;in] 100 | 200 | 100 | 200 | 100 | 200 | 100 | 200
[mfm] 03 | 03 | 06 | 06 | 03 | 03 | 06 | 06
[mam] 01 | 01 | 01 | 01 | 02 | 02 | 02 | 02

The cutting forces were measured during the experiments with a Kistler 9257A
three component dynamometer. The measurement setup also contained three Kistler
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5011 charge amplifier, a N1-9215 data acquisition unit with cDAQ-9171 chasing and
NI Labview software. The forces measured by the dynamometer are equivalent to
the forces to be analysed, therefore no further calculations were needed.

In this paper, the following cutting forces are studied:

» Fc— Major cutting force, acting in the direction of cutting speed [N]

» F¢—Feed force, acting in the direction of feed [N]

+ Fp— Passive force, acting perpendicular to F¢ and Fs [N]

Equations were worked out for the analysis of the cutting process using the form
in Equation 1 according to the 28 full factorial experimental design method. The y is
the dependent value and k; are the coefficients describing the effect of the different
factors on the dependent value. The independent variables are the cutting speed (vc),
feed (f) and depth of cut (a)

Y(Ve, f, @) = Ko + Kive + Kof + kza + Kiavef + Kisvea + kosfa + Kizavefa Q)
3. EXPERIMENTAL RESULTS

The experiments were carried out and the cutting forces are measured for each
setup. The resulted force-time curves were evaluated, and the maximum value of the
force components were calculated for each studied cutting force component in the
constant chip cross-sectional phase. These values are shown in Table 2. Equation 2-
4 shows the determined mathematical formulas, which are calculated by the
application of the necessary numerical analysis.

Table 2 — Measurement results

Setup 1 2 3 4 5 6 7 8
[Ilijc] 188.0 | 197.9 | 313.0 | 283.1 | 315.3 | 393.1 | 597.7 | 554.2
[Il:\lp] 137.7 | 205.9 | 238.6 | 298.2 | 202.2 | 463.6 | 369.1 | 457.7
[Ef] 61.3 61.1 | 1049 | 108.4 | 114.0 | 149.4 | 242.1 | 237.8

Fe(ve, f, @) = 192.6 — 0.9953v, — 246.5f — 1793.2a + 1.387vf + @
+ 14.93v.a + 7960.3fa — 27.14vfa

Fi(ve, f, @) = 132.7 — 0.8291v; — 293.7f — 1109.6a + 1.569vf + 3)
+ 7.897v.a + 4265.7fa — 14.45vfa

Fp(ve, f, @) =319.1 — 2.808v, — 402.8f — 3591.1a + 5.190v.f + @)
+ 35.75vca + 7676.4fa — 54.76vfa
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During the study of the cutting forces, it is important to look at the ratio of these
forces. It can tell a lot about the chip removal process, if these ratios are changing in
different setups. Therefore, using the result presented in Table 2, the F¢ /F,, Fc /F;
and Fp /F¢ ratios are also calculated in the 8 experimental setups. These outcomes
can be seen in Table 3. Equation 5-7 present the mathematical formulas for these
values, which will be used in the deeper discussion of the results.

Table 3 — Calculated ratios of the cutting forces

Setup 1 2 3 4 5 6 7 8

Fe /Py 1.37 0.96 1.31 0.95 156 | 0.85 1.62 121
[]

Fo IFy 3.07 3.24 2.98 2.61 2.77 2.63 247 | 233
[]

F‘E_/]Ff 2.25 3.37 2.28 2.75 1.77 | 3.10 1.52 1.92

Fe ! Fi (v, f, @) = 1.657 + 0.0157v, + 4.082f + 7.693a — 0.03626Vvf — (5)
—0.085vca — 25.31fa + 0.1807v.fa

Fe/ Fp (ve, f, @) = 1.213 + 0.00124v, + 0.1803f + 6.507a — 0.00735v.f — ©)
—0.05695v.a — 4.953fa + 0.08726v fa

Fp ! Ft (v, f, @) = 1.125 + 0.0128v, + 2.243f — 6.81a — 0.012146vf + 0
+0.04891vca + 0.127fa — 0.09437vfa

4. DISCUSSION

The analysis of the effect of the setup parameters on the cutting forces consists
of two sections. First the maximal values of each force components were analysed,
which is followed by the evaluation of the ratios between those.

Figure 1 presents the cutting force in function of the feed and cutting speed on
two levels of the depth of cut. Firstly, we can see, that both f and a has an increasing
effect on Fc. From the two, the depth of cut has a more significant effect, because
the two-fold increase of a resulted in nearly two-fold increase of the major cutting
force. However, the two-fold increase of the feed has a lower impact resulting with
around 1.5-1.8-fold increase. This can be explained by the fact, that the depth of cut
affects the chip width, while the feed affects the chip height. Increasing the letter
lowers the specific cutting force, which results in a lower increase in the cutting force
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by the same increase in the chip cross-sectional area. The cutting speed has a
neglectable effect on the major cutting force.
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Figure 1 — Alteration of the Fc in the studied range

e oo
OO S
SRS X

OO SO SO SR

y8

OO,

S

S S

o o~ B 8

B e
@

a=0.1mm ap=0.2mm
Figure 2 — Alteration of the Fr in the studied range

We can see the feed directional force in function of the feed and cutting speed
in Figure 2. It can be seen, that in case of 0.1 depth of cut, the alteration of the feed
has a lower (increasing) impact than in case of 0.2 depth of cut. However, the two-
fold increase of the depth of cut resulted a nearly 2.5-fold increase in Fy in the studied
range. This can be explained by the change in the shape of the cross-sectional area
of the chip. The projection of the cutting tool in the base plane can be described with
a hyperbolic function. If the depth of cut is higher, this results in the change of the
direction of the resultant force in the base plane, which shifts from the direction of
the tool holder to the direction of the feed. Therefore, the depth of cut has a higher
impact in the studied range. The cutting speed has a low effect on this cutting force
component.

In Figure 3, the alteration of the passive force can be seen. The first, and most
interesting conclusion can be drawn by the analysis of the cutting speed change. The
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two-fold increase of the cutting speed results in a 1.5-2-fold increase in the F, value.
This phenomenon can be explained by two suggestions. First, the increase of the
cutting speed results in a different, much higher deformation rate in the workpiece
material, which results in a higher plastic deformation as well. This causes a higher
radial load on the tool. Secondly, higher v. results in a greater area of material, which
will be in contact with the cutting tool in a given time period. However, this
phenomenon should be analysed more thoroughly in a later study. The effect of the
feed on F; is higher than its effect on Fr, while the effect of the depth of cut lowers.
this can be explained by the previously mentioned change in the chip shape.
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Figure 3 — Alteration of the Fp in the studied range

The study continues with the evaluation of the ratios between the cutting force
components. Figure 4 presents ratio between the major cutting force and the feed
directional force. In this figure it can be clearly seen that the feed and cutting speed
have a small effect on this ratio, however the two-fold increase of the depth of cut
results in a nearly 1.3-fold increase in F¢/Ff This means, that by the variation of the
setup parameters in the studied range, the direction of the active force (the resultant
from the summation of F; and Ff) remains nearly the same. Figure 5 presents the
alteration of the ratio between the major cutting force and the passive force. The
effect of the cutting speed on F, also affects the alteration of the ratio: increasing the
V. results in a lower ratio. The two-fold increase of the depth of cut increases the
studied attribute by 1.2-fold, however the increase of the feed has a neglectable effect.
Among the analysed setup parameters, the cutting speed has the highest effect.
Finally, the ratio between the passive force and the feed directional force is analysed
using Figure 6. Here we can see the increasing effect of the cutting speed on the
studied ratio. This is caused by the fact that the passive force is affected by the
change in v, however the feed directional force is unaffected. The depth of cut has
also an increasing effect on this ratio: a two-fold increase in a results in a nearly 1.3-
fold increase in Fp/Fr. The feed rate has a neglectable effect on the ratio.
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Figure 4 — The ratio of Fc and Fr in the studied range
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Figure 5 — The ratio of Fc and Fp in the studied range
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Figure 6 — The ratio of Fp and Fr in the studied range
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5. CONCLUSIONS

The need to improve of productivity draws the attention of researchers on
machining procedures, where high feed rate can be applied, while the surface
roughness can be held below the prescribed values. Tangential turning allows the
creation of ground-like surfaces, however the feed rate can be set to higher values,
than used to in traditional turning. In this paper, cutting experiments were carried
out to study the cutting force components in tangential turning, which values play
an important role in the shape correctness. In the evaluation of the resulted data the
following conclusions were drawn:

e The major cutting force and the feed directional force is unaffected by the
alteration of the cutting speed; yet, it has an increasing effect on the passive force.

¢ The change of the depth of cut changes the shape of the active section of the cutting
edge, which changes the direction of the resultant cutting force.

e The ratio between the analysed cutting force components can be manipulated by
the adjustment of the setup parameters.
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Irrean CrankoBuy, ItrBan [Tactop, Mimikomel, YropiuuHa

SMIHHICTBH CKJIAJOBUX CHUJIN PI3BAHHSA ITPU
TAHI'EHIIAJIBHOMY TOYIHHI

Anotauis. [Ipu po3pooyi npoyedypu pi3aHHsA 6adCIUEe 3HAYEHHS MAE BUSYEHHS CUNU PI3AHHA ONIA OYIHKU
MOJNCTUBUX HABAHMANCEHb | NPYICHUX Oegpopmayiil 6 cucmemi 06pobku. Hessuuaiine 63acmme
PO3MAULYBAHHSA PIXHCYHO20 THCMPYMEHMY Npu3600umb 00 3MIHU XAPAKMEPUCMUKY CUTU PI3AHHA Npu
manzenyianoHoMy nosopomi. Tomy 0coOIUE0 6adNCAUEO BUSUUMU 3HAYEHHA MA CNi6GIOHOULEHHSA
KOMNOHEHMI6 CUNU PI3aHHs 6 PIHUX YCMAHOBKAX V Yill npoyedypi giniwnoi 06pooku. Ananiz eniugy
napamempie yCmamo8Ku HA 3VCULIA DI3AHHA CKIAOAEMbes 3 060X po3oinie. Cnowamky 6Oyau
NpOaHANi3068aHi MAKCUMANbHI 3HAYEHHA KOJICHOI CKIA0080I Cumu, NiClA 4020 NPOBOOUNACHL OYIHKA
cnigsioHouleHb Midie HUMU. BUOHO, wo enubuHa pizanua mac Oinbl 3HAYHUL BNIUE, OCKITbKU 080paA308e
iT 30inbuenHs npuseno 0o matidxce 080paz06020 30iNbleHHs 0CHO8HOT cunu pizanus. OOHak 06opasose
301IbUWEHHS NOOAYT MAE MEHWUL BNIIUE, WO NPU3BOOUMb 00 30iNbUleHHs cutu npubausto 6 1,5-1,8 pasu.
Lle mooicha noscnumu mum, wo enMUOUHA PI3anHs 6NAUBAE HA WUPUHY CINPYIICKU, 8 MOIL YaC AK N00add
snausac Ha ii eucomy. 30inbuieHHA WEUOKOCI 3HUNCYE NUMOMY CUNY DI3AHHA, WO NPU3600ums 00
MeHW020 30i1bUIeHHs CUNU PI3AHHA 30 PAXYHOK MAK020 Jic 30iNbleHHsA Nouji NOnepeyrHo2o nepepisy
cmpyoscku.  Lllsuokicmo pi3anHA HE3HAYHO 6NAUBAE HA OCHOBHY CUNy pi3auHA. Y Oauii pobomi
SMIHIOIOMbCA 2MIUOUHA PI3AHHS, N00aya i WEUOKICMb DI3aHHA, d MAKOXMC AHANIZYEMbCA BNIUE YUX
napamempie Ha OCHOBHY CUNY pi3auHA, culy nooaui i nacueny cuny. Tloswutl gakmopruii nian
eKcnepuMeHmy 3acimoco8yemuvcs. npu GuOOpi napamempie yCMAHOGKU ma OYinyi pe3yibmamis.
MakcumanvHi 3Ha4eHHA | CNI6BIOHOWEHHS CUNOBUX CKIAOOBUX OYIU NPOAHANIZ08AHI WIAXOM DilleHHs
pisusnb. Tpu oyinyi ompumanux 0aHux 6yau 3po6ieHi HACMYNHI GUCHOBKU: HA OCHOBHY CUJLY DI3AHHS Ma
CHpAMOBANY CUly nooadi He enaueac 3mina wieuokocmi pizanns; [Ipome éona éce binviue enausac Ha
NACUBHY CUTLY; 3MIHA 2NUOUHU PI3AHHS 3MIHIOE POPMY AKMUBGHOT OLISHKU PIXICYUOI KPOMKU, WO 3MIHIOE
HANpsIMOK pe3yIbmyIouol cunu pizanis, CHiGGIOHOUEHHAM MIJC AHATI308AHUMU KOMNOHEHMAMU CUTU
PI3aHHA MOJICHA MAHINYII08AMIL, Pe2yNioIouy napamempi yCmaHosK.

KuaiouoBi cioBa: nianyeanns excnepumenmis, cuia nooaui, OCHOBHA CUNA PI3AHHA; NACUBHA CUNA,
man2eHyiantbHUll NOGOPOM.
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Abstract. For a tool equipped with a circular cutting insert, a dependence is proposed for calculating
the nominal area of the contact area on the back surface. It is proved that the actual area of the contact
area of the tool differs significantly from the nominal one due to the presence of a system of micro-
irregularities, which makes a difference in the assessment of machining process parameters. Using the
example of a tool equipped with a circular cutting insert made of polycrystalline cubic boron nitride
ciborite, an approach to determining the actual contact area of the back surface with the workpiece
during finishing turning of hardened steel is considered. The possibility of taking into account the
influence of the system of irregularities in the contact area, determined by the parameters of its
topography, on the size of the actual area is shown, and the ratio of the actual and nominal areas of the
contact areas of the tool is determined, and it is found that, depending on the degree of development of
the microrelief, the ratio of the actual and nominal areas of the contact surface of the cutter differs by at
least 20%. It is shown that the actual contact area is also related to the total length of the main and
auxiliary cutting edges, determined by the maximum values of the main and auxiliary angles in the cutter
plan, and the size of the wear chamfer on the back surface of the cutter.

Keywords: cutting tool; clearance face; Kyborite PCBN; contact area; irregularities; actual contact
area.

1. INTRODUCTION

There are many scientific publications devoted to the determination of contact
stresses on the working areas of cutting tools.For example, [1,2] provides a general
methodology for determining contact stresses on tool working areas, and [3] adjusts
this approach to the case of using tools made of superhard materials when machining
hardened steels.At the same time, when determining the stresses in these works, the
distribution of cutting forces relative to the nominal contact area is considered both
on the rake and clearance surfaces of the tool. It is quite clear that such a
simplification is justified for approximate calculations, but can introduce significant
errors in the case of the presence of a developed system of waves and icronormalities

© O. Manovytsky, S.4. Klymenko, S. Klymenko, M. Kopeikina, 2023
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on the contact areas of elements of any friction pair, which results in a significant
discrepancy between the value of the actual contact surface area and
the nominal one [4, 5]. The formation of such a system of irregularities on the
working surfaces, and, accordingly, the determination of the actual area of the
contact area, should be considered as a result of wear of the cutting tool [6, 7].

This paper proposes an approach to determining the actual contact area of a
tool, considered on the example of the clearance face of a cutter equipped with a
round cutting insert made of a polycrystalline superhard composite (PCBN)
Kyborite [8], when machining hardened steel.

2. METHODS

The study was carried out when turning hardened steel IIIX-15 with a cutter
with a round insert RNMN 070300 made of Kyborite PCBN. Cutting modes: cutting
speed - 120 m/min, feed - 0.08 mm/rev.

The images were obtained using a BRUKER ContourGT 3D Optical
Microscope. The length of the profile was determined by the KU-A curvimeter using
longitudinal and transverse profilograms with the same scale along the X, Y axes.

3. RESULTS

For a better understanding of the processes of contact between cutting tools and
the workpiece, we use a predictive model, according to which, at the moment the
clearance face of the cutter touches the workpiece, the processed material deforms
on the cutting surface. Gradually, the deformation of the material being processed
changes from elastic to plastic. Being in a deformed state, the material undergoes
plastic shear and turns into chips, and both plastic and elastic deformation occurs on
the clearance surface of the cutter during contact, accompanied by elastic recovery
of the processed workpiece material after it leaves contact with the cutter.

It should be noted that the actual contact area of a sharp cutter in the plastic
contact areas depends on the set of irregularities formed during tool manufacturing
and is larger than their nominal area. The areas of elastic contact are smaller than
their nominal area.

To find the nominal contact area of a tool equipped with a round cutting insert
with the workpiece surface, the contact diagram shown in Fig. 1. For a simplified
view of the contact surface, the part of the contact surface formed by the cutting edge
with a radius of curvature is not shown.

Assuming that the radius of curvature of the cutting edge and the back angle of
the cutter are the same along the entire working length of the cutting edge, we assume
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that the contact surface will be limited to the ABDC shape, which is a truncated cone
with a generic OO; and an angle a.. However, such a solution introduces some errors,
since the radius of curvature and the contact length of the elastically restored part of
the deformed material are comparable values. So, let's imagine the area of this
surface as a rectangle, which is a scan of the surface of a truncated cone with a part
of a circle with a radius r equal to the radius of the top of the cutting tool and a
rectangular scan of a part of a toroidal surface with a large outer radius r equal to the
radius of the top of the cutting tool and an end radius p equal to the radius of
curvature of the cutting edge.

In fact, such a shape is similar to a trapezoid, but in real conditions, due to the
small values of the clearance angle, this distinction can be neglected by aligning the
bases of the trapezoid and considering them equal to the total length of the cutting
edges.

Then the contact area is defined as:

A, =h (b+b). )

Figure 1 — Diagram for determining the contact area of the clearance face of a cutter with a
radius at the tip with the machined surface

To calculate the nominal contact area of a cutting tool with a radius at the tip
with the machined surface, the diagram shown in Fig. 2. According to it, we have:
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Figure 2 — Diagram for calculating the nominal contact area of a cutting tool with a radius at
the tip with the surface to be machined
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After substituting into equation (6) the values of the length of contact between
the back surface and the machined surface from equation (5), the value of the elastic
recovery height from equation (2) and the total length of the cutting edges from
equation (1), we obtain the equation for calculating the nominal contact area of a
sharp cutter with a radius at the apex:

A =p arccos{0,5+ij+0,4(£j . 7)

(o o7 Sina

-r arccos(l— t ]+arcsini{8+0,4p(l—iﬂ
rcosy 2r o

During the prewear period of the tool, when the sharp edge of the cutter plunges
into the workpiece, an active interaction with the workpiece occurs, accompanied by
micro-crushing of particles from the tool composite, wear of the tool along the rake
and clearance surfaces, which leads to an increase in the radius of curvature of the
cutting edge, an increase in the contact surface and a more even distribution of
thermobaric loads on the working part of the cutter, which creates the prerequisites
for the transition to the period of steady-state wear.

A typical example of a worn back surface of a tool is shown in Fig. 3 [9]. It
should be noted that the contact surfaces have characteristic furrows, grooves, and
protrusions located in the direction of the common cutting feed — speed vector [9—
11].

Fig. 4 shows optical-electronic images of the worn area on the clearance surface
of a tool equipped with a round cutting insert made of Kyborite PCBN after turning
ShKh-15 steel. Although the geometrical parameters of the cutting parts of the
BZN6000 cutters shown in Fig. 3 and the RNMN 070300 Kiborite PCBN insert
shown in Fig. 4 differ significantly, the topography of the worn surface has a similar
appearance with rounding of the cutting grooves characteristic of PCBN and
breakouts of crystallite blocks from the superhard tool material. Such images and the
resulting profilograms by coordinates allow us to quantify the depth of depressions
and the height of protrusions relative to the nominal position of the cutting edges [7].

25



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 99

= ! !
by

[ R e -

 Transferred layer

A A

Malten chip, Lo T 4
T

ZRONCRS

Figure 3 — Contact surfaces of a tool made of BZN6000 PCBN when turning hardened steel

Digital processing of the obtained images makes it possible to determine the
line of protrusions and depressions on the worn surface of the tool. The 3D image
and quantitative values of the heights of the protrusions and the depths of the
depressions shown in Fig. 3, b, clearly demonstrate the contour of the worn area on
the clearance surface of the insert and show that the actual contact area of the cutter
with the workpiece is much larger than the nominal one.
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50

Figure 4 — 3D image of the wear area on the cutter surface (a) and 3D image of the wear
area on the clearance face (b) of a PCNB cutter after machining IIIX15 steel, pointed to the
straightened cutting edge

This circumstance should be taken into account when determining contact
loads on the clearance face of the tool and calculating the components of the cutting
force. Consider the profilograms obtained at different areas of contact between the
worn clearance surface of the tool and the machined surface of part (Fig. 5).

The X-axis scanning direction is along the tool's straightened cutting edge, and
the Y-axis scanning direction is along the cutting speed vector, i.e., the width of the
wear chamfer. The profilograms show both the height of the depressions and the
depth of the profile depressions on the worn surface and the frequency of their
formation, which correlates well with the transverse feed rate of the workpiece
during machining.
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Figure 5 — Topogram of the contact surface (a, b), profilograms of irregularities in the
directions of X (c, d), Y (e, f) by coordinates: Y = 105.3 um (direction 1) (c),
Y =102.4 pm (d), X =199.0 um (direction 2) (), X = 87.9 um (f)
(a,c,e—areal;b,d, f-area?2)

The profilograms also show the maximum values of microroughness Z and the
angles of inclination of the profile irregularities. Fig. 5 shows the tribograms and
profiles (according to directions 1, 2) of the worn surface.

Analysis of the obtained data on the profile of the worn surface allows us to
establish the ratio of the profile length to its projections in different parts of the worn
surface.

Depending on the coordinate, the measured data characterize the profile of the
worn surface both in the areas of plastic and elastic contact with the treated surface.
The obtained data on the actual and nominal lengths and their ratio are summarized
in Table 1.

Analyzing the difference in the actual bump profile along the wear zone along
the cutting edge, we observe a longer bump length near the area where the main
cutting edge cuts into the allowance material. The actual length of the profile in this
direction is on average 1.37 times longer than the nominal length.

The difference between the lengths of the actual and nominal (100 um) profiles
in the direction from the front surface to the wear boundary in the same area is on
average 1.62 times. The average deviations from the nominal length of the profile
from the cutting edge to the wear boundary are 1.29 times. That is, a more developed
wear surface is observed in the direction along the cutting edge.

Having obtained such data on the values of the profile lengths in each direction
of the defined sections and on the segments by coordinates, we can find the integral
values of the actual contact areas on each segment of the measured profile of the
wear surface irregularities by solving the defined integral of the form:
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Lx Ly;

Agiy = [ [dixdly. ®)
Lo Ly
Table 1 — Absolute and relative values of the profile length on individual sections of the
wear surface

Ne Coordinate Y Site, um Lx, pm X, um Lx/X
1 28-100 95 72 1,32
2 105,3 100-200 125 100 1,25
3 200-315 130 115 1,13
213 28-315 350 287 1,22
4 0-100 143 100 1,43
5 102,4 100-200 110 100 1,10
6 200-315 150 115 1,30
46 0-315 403 315 1,28
Coordinate X Site, um Ly, um Y, um Lv/Y

7 0-50 97 50 1,94
8 50-100 65 50 1,30
9 199,0 100-150 55 50 1,10
10 150-200 55 50 1,10
11 200-237 40 37 1,08
Y71 0-237 312 237 1,32
12 0-50 65 50 1,30
13 50-100 65 50 1,30
14 87,9 100-150 65 50 1,30
15 150-200 66 50 1,32
16 200-237 40 37 1,08
21216 0-237 301 237 1,27

Similarly, the nominal rear surface on the same coordinate segments can be
calculated by solving the integral:
X Y
Ay = [ [dxdy. ©

Xo Yo
The obtained numerical values of the actual and nominal areas of the worn
clearance face of the cutting tool calculated by formulas (8) and (9), respectively,
and their relative values are summarized in Table 2.
Analyzing the data obtained, it should be noted that on the worn part of the tool
with a round Kyborite PCBN cutting insert, the largest difference in the actual
contact area with the machined surface compared to the nominal one is observed in
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the zone of greatest wear, which is closest to the front surface, at a distance of ~ 100
pm.

Averaging the data obtained over the total length of the worn profile from the
front surface to the boundary of the wear zone, the actual contact area exceeds the
nominal one by 1.6 times.

To find the actual contact area along the entire contour of the wear zone, which
can be represented as a curved triangle, let's try to solve the defined integral, in which
the length of the profile in the direction of the cutting edge is indicated as the average
value of the actual length Lx = 376.5 um over the entire area from 0 to 315 pm, and
Ly =306.5 um over the area from 0 to 237 um.

Table 2 — Absolute and relative values of actual and nominal areas in individual sections of
the wear surface profile

Site, um y y
. D, H,

No Coordinates X v um? um? Aol An
1 28-100 0-100 9215 3600 2,56
2 _ 100-200 100-200 8125 5000 1,63
3 i(( ; iggg?g 200-315 200-237 7150 5750 1,24
4 ' 28-315 0-237 109200 68019 1,61
5 0-100 0-100 9295 5000 1,86
6 X = 87873 100-200 100-200 7150 5000 1,43
7 % :_102' 380 200-315 200-237 9750 5750 1,70
8 ' 0-315 0-237 121303 74655 1,62

In general, the integral equation is as follows:
L% Ly
AtDLxLy = J. J.O'Sd LXdLy ) (10)
Lx Lyo

According to the calculation, the actual area of the contact area is AoLxy =
0.058 mm?, the nominal area is Auwxy = 0.037 mm2,

4. CONCLUSIONS

As aresult of the measurements and calculations, it was found that the presence
of grooves on the worn rear surface of a tool equipped with a round Kyborite PCBN
cutting insert when turning hardened steel ShKh—15 leads to an increase in the actual
area of the contact area with the workpiece by 1.57 times compared to its nominal
area.

31



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 99

However, it is necessary to take into account the fact that the projection of the
worn part of the cutter will not always have a shape close to a triangle, and to carry
out calculations in accordance with the actual wear contours.

Comparing the obtained ratios and taking them into account the increase in the
length of the actual contours in the Y direction equal to 1.6, it can be argued that the
data obtained in [7] on the ratio of the actual and nominal areas of the cutter wear
surface have values that are at least 20% lower.

The obtained quantitative results reflect exclusively the ratio of contact
surfaces as a result of the interaction of the tool material PCBN Kyborite with the
machined hardened steel ShKh-15, but the described methodology for estimating
the actual area of the worn area can be applied to other superhard polycrystals with
a similar wear pattern. At the same time, for a more reasonable conclusion about the
contact area, in addition to the surface profilogram of the plastic part of the contact,
it is necessary to consider several profilograms of the surface of the elastic part, due
to the fact that the height of micronorhomogeneities along this area decreases to its
level on the unworn surface.

Given the use of a round insert, depending on the complexity of the workpiece
profile, the actual wear area is determined not only by the total length of the main
and auxiliary cutting edges, determined by the maximum values of the main and
auxiliary angles in the cutter plan, but also by the size of the wear chamfer on the
clearance face of the cutter and the degree of development of the microrelief of the
contact area on the worn surface of the cutter.
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Onekcanap Manosuubkuii, Cepriii Kitumenko, Cepriii Knumenko, Mapuna
Koneiikina, Kuis, Ykpaina

®AKTUYHA IUIOIMA KOHTAKTHOI JIITHKA HA 3HOIIEHIA
3ATHIMA TOBEPXHI PI3IIS 3 KPYTJIOKO PI3AJIbHOIO IVIACTHHOIO
KNBOPUTY

AHoTauis.  /[na iHcmpymenmy, OCHaweHo2o0 Kpyeroi pi3anibHoi NIACMUHOI, 3ANPONOHOBAHA
3ANENHCHICMb OISl PO3PAXYHKY HOMIHAILHOL NIOWI KOHMAKMHOT OLISAHKY NO 3A0Hil nosepxHi. [loeedeHo,
Wo paxmuyna nIowa KOHMAKMHOI OLISHKU IHCIMPYMEHMY CYMMEBO GIOPI3HACMbCS 610 HOMIHALHOL 3
DAXYHOK HAABHOCMI cucmemu MIKpoHepisHOCcmell, Wo 6HOCUMb NOMUIKY NIO Yadc OYIHKU NOKA3HUKIE
npoyecy o0pooku. Ha npuxnadi incmpymenmy, OCHAWEHO20 Kpy2noio pi3aibHOI0 NAACHMUHONW 13
nonikpucmaniuno2o Ky6iunozo nimpudy 6opy (IIKHB) kubopim, posensnymo nioxio 00 6usHaueHHs
Gaxmuunoi naowyi KOHMAKmMy 3a0HbOI NOGEPXHI IHCMPYMEHmY 3 00poOII08aHOl) O0emainio i3
3aeapmosanoi cmani nio wac Yucmoeo2o moyinus. Ilokasana MoOICIUBICHb 6PAXYBAHHA BNIUBY CUCTIEMU
HepieHOCmell Ha KOHMAKMHIN OLISIHYL IHCMPYMEHmY, U3HaueHol 3a napamempamu ii monozpagii, na
PO3MIp  (paKmuuHOI NAOWUHU MA GUSHAYEHO CRIGGIOHOWEHHS. (YAKMUYHOI ma HOMIHATLHOI Niow
KOHMAKMHUX OiIAHOK iHCMpymMenmy. Bcmanoeneno, wjo 6 sanescHocmi 6i0 cniyneHio po3euHeHOCMi
MIKpOpenvedy cniegionouleHHss Gakmuynol [ HOMIHANbHOI NAOW KOHMAKMHOI NOGEPXHI  pi3ys
siopizHsiomocs, ujonaumenue, na 60%. Ompumani Kinokicni pezyrvmamu 8i000paNCAIOMb GUKIOUHO
CNi6BIOHOWIEHHS. KOHMAKMHUX NOGEPXOHb 6 Pe3yabmami 63aeMooii incmpymenmy, ochaujeno2o IIKHB
Kkubopim, 3 o0bpobdmosanolo demanno i3 3azapmosaroi cmani LLX-15, ane onucana memoouxa
BU3HAYEHHS (PAKMUYHOL NAOWI 3HOWEHOI OUISAHKY MOJice 6Ymu 3aCmoco8ana i Ois iHCMpYyMeHmie 3
IHWMUMU  KOMNO3UMAMU 3 AHANORIYHOIO KAPMUHOW 3HOULY6aHHs. B moii owce uac, Ons Ginbu
06IPYHMOBAHO20 BUCHOBKY NPO NIOWY KOHMAKMHUX OLIAHOK [HCMpPYMeHmy, KpiM npoginozpamu
nogepxui NIACMUYHOI Yacmuny KOHMAKMy, HeoOXiOno po3ensdamu OeKilbKa npo@inozpam noeepxmi
NpYJUCcHOT yacmuny OLIAHKY KOHMAKMY, V 36'513KY 3 MUM, WO 8UCOmMa MiKponepisHocmeti Ha yiil OiiAnyi
3MeHuyemvcs 00 il pieHs Ha He3nowleHil nosepxui. Hasedeno, wo gaxmuuna niowa KOHMAKmMHo!
OLIANKY NOB A3AHA MAKOJIC I3 3a2ANbHOI0 CYMAPHOIO O08ICUHOIO 20JI06HUX | OONOMIJICHUX PI3ATbHUX
KDOMOK, GUSHAYEHUX MAKCUMATbHUMU 3HAYEHHAMU 20J06HO20 MA OONOMIJICHO20 KYmig y naami
IHCMpYMeHmY, a MaKoX*C 8eIUHUHOI0 PACKU 11020 3HOCY NO 3AOHIll HOBEPXHI.

KurouoBi cioBa: pisanvnuil incmpymenm; 3a0Ha nosepxus;, kubopum [IKHB; konmaxmua Oinsiuka;
HepigHOCMI;, (paKmuuna nIowa KOHMaxKmy.
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Abstract. A comprehensive theoretical and experimental analysis of technological topographic
adaptability is carried out, based on an idealized description of the topographic parameters of the
working surface of the grinding wheel, their changes during its wear and experimental laser scanning of
the working surface of the grinding wheel and the processed superhard material (SHM). It has been
established that the protrusion height of diamond grains affects the intensity of destruction (removal) of
stock through a change in the number of working grains and the actual contact area of the SHM with the
working part of the grinding wheel surface. In a controlled grinding process, it is possible to stabilize the
working height of the grains in any of the 3 stages of their wear intensity, equating this intensity with the
intensity of removal of the intergranular bond. A method has been developed for determining the actual
contact area of the working surface of the grinding wheel and changing its technological adaptability. It
has been established that in the process of topographic adaptability, the actual contact area can change
by several orders of magnitude, respectively, the specific pressure at the contact of diamond grains with
the SHM will change, and, consequently, the nature and intensity of their mutual destruction.
Keywords: superhard polycrystalline material; diamond grains; working surface of the grinding wheel;
microrelief of diamond grains; concentration of diamond grains in the grinding wheel.

1. INTRODUCTION

The widespread use of superhard materials and the organization of mass
production of cutting, smoothing, drawing, drilling and measuring tools from them
require the development of highly efficient and precise methods and technology for
their processing. The relevance of the problem being solved is dictated by the high
labor intensity and low productivity of the SHM grinding process, the high
consumption of expensive diamond grains of grinding wheels and, as a consequence,
the high cost of processing. It is necessary to improve the reliability and quality of
SHM tools, without which it is impossible to use them in automated production.

The process of diamond grinding of superhard materials is characterized by
abnormally fast adaptability of the contacting surfaces, which is manifested in

© V. Fedorovich, Y. Ostroverkh, D. Romashov, 2023
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changes in their topographic, structural-phase and energy characteristics. All this
changes output parameters such as productivity, specific consumption of diamond
grains, and the quality of the processed surface. Thus, adaptability as an objective
phenomenon determines the efficiency of the SHM diamond grinding process.

2. APPLIED METHODS

Previously, the maximum height of the protrusion of grains from the diamond-
retaining bond was taken as the main topographic parameter of the working surface
of the grinding wheel (WSGW) [1]. It turns out (and this has been theoretically and
experimentally proved) that the height does indirectly determine the value of the
actual contact area, but this is a necessary but not a sufficient condition. The analysis
showed that, other things being equal (granularity z, concentration K, grain grade,
grinding modes) with the same grain height on different binders (different critical
value of grain embedding, her),the actual contact area may be different [2, 3]. Thus,
the efficiency of the slimming process is determined not only by the working height
of the grains on the WSGW, but also by the properties of the bond material, which
have a twofold effect on the value of the actual contact area of the SHM with the
WSGW [4]. The properties of the bond determine the value of the actual contact area
not only due to the degree of diamond retention, but also due to the elastic (and
sometimes plastic) pressing of diamond grains into the bond material, which also
leads to a change in the actual contact area (further investigated by 3D modeling of
the stress-strain state of the “SHM — grain — bond” system).

Previously, it was found that the maximum productivity of the process is
achieved at the maximum height of the protrusion of the grains above the bundle, i.e.
with a newly threaded grinding wheel [4, 5]. However, the analysis showed that the
grinding of SHM does not require a high level of development of the WSGW at the
macro level, since it does not determine the productivity due to the depth of grain
penetration into the processed material (PM), and the volume of placement of
grinding products is negligible. In this regard, the grain height hp should be selected
only from the conditions of contact or non-contact of the metal bond with the
material to be processed [6]. An increase in the working height of the grains
inevitably leads to a decrease in the size of their embedding in the bond and, as a
result, an increased consumption of diamond grains. A more in-depth study of the
effect of grain height on the output of the grinding process found that an increase in
hy affects the processing productivity not due to the depth of grain penetration into
the PM and an increase in the cutting parameters or a more favorable placement of
grinding products, as in the case of processing other groups of materials, but due to
a significant increase in pressure at the points of contact between the SHM and the
grain and, as a result, a decrease in the number of cycles before destruction [7, 8].
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It has been established that the height of the grain protrusion affects the
intensity of destruction (removal) of stock through a change in the number of
working grains and the actual contact area of the “SHM — WSGW?”. This feature
takes place only in the treatment of SHM, when the introduction of grains into the
processed material is practically absent, since their hardness is almost the same.

The number of working grains is determined by their concentration in the
grinding wheel K and the working height of the grains hy, i.e. the degree of their
protrusion above the bond level:

n :f(hw, K)

It has been established that the determining topographic parameter of the
process of adaptability in the process of diamond grinding of SHM is the value of
the actual contact area in the "WSGW — SHM" system.

The actual contact area also depends on the degree of wear of the grains 4h, i.e.
on the mass nature of the formation of wear points on the grains. In a controlled
grinding process, it is possible to stabilize the working height of the grains in any of
the 3 stages of their wear intensity Vworn, €quating this intensity with the intensity of
the removal of the bind (Vs = Vworn) [9, 10]. At the same time, the lower the working
height of the grains, the greater their number in contact, and the greater the degree
of wear (wear pads) of most working grains. Specific loads per grain are reduced,
the critical value of their embedding in the bundle is reduced and, as a result, the
utilization rate of diamond grains is significantly increased.

To study the process of topographic adaptability, a comprehensive theoretical
and experimental analysis of the 3D parameters of the topography of the working
surface of the wheel and the treated surface was carried out, based on the theoretical
description of the parameters of the relief of the working surface of the wheel and
their change in the process of its wear, and experimental laser scanning of the
WSGW and the surface of the SHM. A method has been developed for theoretical
and experimental determination of the actual contact area in a system of surfaces
that are fundamentally different in relief: discrete (WSGW) and quasi-continuous
(SHM) in conditions where diamond grains are not embedded in the processed
material.

Having established earlier [1] that the relative value of the actual contact area
has a decisive influence on the intensity and nature of the mutual microdestruction
of the elements of the "SHM-grain-bond" system, a theoretical analysis of the
parameters of the grinding wheel and their changes as the grinding wheel adapts
(wears) is carried out. The design model of the 3D grain-bond model is shown in
Figure 1.
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Fig.1. Computational model "Grain—bundle system"

Theoretical dependencies were obtained for calculating and tracking the
change in the wear of the grinding wheel of such parameters as the number of grains
on the grinding wheel (n) and the relative area of the bearing surface (trosa)
dependingon the grain size of the wheel (Igs), concentration (K), the properties of the
bond material, the degree of wear of the grinding wheel, the working height of the
grains (hy) and the critical value of their integration into the bundle (he):

n= Uorher)S e loshorh )

L =

16\3 1_62/3 1
(K) lgssacs lKJ 2 gs

where: Sacs is the average cross-sectional area of the grain.

These dependencies will be used in the development of the theoretical module
of the expert system of the SHM grinding process.

It has been established that the relative reference area of the grain relief on the
working surface of the wheel (tmsa) at 100% of the grain concentration in the absence
of contact of the binder with the processed material cannot exceed 20.7%. The value
of the relative area of the bearing surface of the WSGW, determined by the value of
the actual contact area in the “WSGW-SHM” system, depends not only on the height
of the protrusion of the grains (hw), but also on the critical value of their embedding
in the bundle (hcr). With the same working height of the grains, the value of the actual
contact area of the SHM with the WSGW will be different for different bundles.
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Fig.2 Design diagrams of the contact of the elements "SHM—grain—bundle": a — at the
macro level; b, ¢ — at the micro level (finite element mesh of the "grain—-SHM" model).

The experimental study of the relief parameters of the WSGW was carried out
by laser scanning of the working surface of the wheel. One of the most important
advantages of this method is the ability to analyze the dynamics of changes in such
an important parameter for the process under study as the relative reference area of
the tmsa profile in a three-dimensional version and in computer mode. A method of
theoretical, two-stage determination of the actual contact area of the WSGW with
the SHM has been developed, based on the artificial replacement of the discrete
surface of the grinding wheel with a solid one and taking into account the elastic
deepening (deformation, indentation) of diamond grains into the bond and its change
in the process of grinding wheel wear. At the first stage, the actual contact area of
“WSGW-SHM” is calculated at the macro level through the relative area of the
bearing surface, and then, taking it as the area of the contour, using the modernized
method for calculating the parameters of the discrete relative bearing surface of the
WSGW (b and y), the actual contact area is calculated at the micro level "SHM —
grain microrelief" according to the known dependencies of N.B. Demkin and I.V.
Kragelsky [11] At the same time, as a characteristic the system does not use the
modulus of elasticity of the contacting materials, but the modulus of elasticity of the
metal bond. The computational models are shown in Figure 2.

A method for theoretical determination of the parameters of the topography of
the WSGW (b and V) taking into account its discreteness, based on the artificial
replacement of a discrete surface with a solid one. Options b and V The following
are defined theoretically:

_ 3Klgs(lgs—hcr—Khy)+0.75Kh5,

2
lés_hwlgs
%
b_[o.zsx(lgs—hcr) 0.25KhW” lgs—her ] @
lgs 215 | |lgs—her—0.5hy,
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The rounding radius of the vertices of the diamond grains is:

_ (0.01251{(195—}1CT))2
r= 8(lgs—her—0.95hy,)

where the designations correspond to (1).

It has been established that in the process of topographic adaptability, the actual
contact area can change by several orders of magnitude, respectively, the specific
pressure at the contact of diamond grains with the SHM will change, and,
consequently, the nature and intensity of their mutual destruction.

4)

3. RESULTS AND DISCUSSION

Figure 3b shows that the same value of the bearing area of the WSGW tyysa Can
be provided with significantly different values of hy, i.e., by controlling the working
height of the diamond grains, it is possible to control the value of tps, and,
consequently, the intensity and nature of the destruction of the grains and the SHM.

However, the reduction of the working height of the grains, as noted above,
leads to a decrease in the load on one grain, and, consequently, the contact pressures
in the “SHM-grain” system also decrease, which, naturally, leads to the
transformation of the nature of brittle self-sharpening of diamond grains into the
process of their abrasion and a sharp decrease in the intensity of stock removal. An
attempt to increase the pressure in the contact of the “SHM-grain” system by
increasing the total load in the “SHM-WSGW” system by increasing the transverse
feeding of St or hy can lead to the formation of defects on the treated surface of the
SHM in the form of a network of microcracks.

Of all the factors that determine the size of the actual contact area, the
concentration of diamonds in the grinding wheel remains the most controllable. By
reducing the concentration, it is possible to reduce the number of grains in contact,
increase the contact pressures in the “SHM-—grain” system (without changing the
total load on the processed SHM), resume the process of brittle self-sharpening
(microcracks) of diamond grains and, as a result, intensify the removal of allowance.

If we analyze the obtained dependencies of the influence of the working height
of the grains and the concentration of diamonds in the grinding wheel (Fig. 3a), we
can state that the concentration of diamonds in the wheel is the most influential factor
in the intensification of stock removal. This is convincingly proved (Fig. 3a) by the
possibility of ensuring the same output (Q = 8 mm?min) for grinding wheels of 50%
concentration and working height of grains hy= 65 um, or grinding wheel with 20%
concentration and grain working height hy, = 30 pm.
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Fig.3. Schematic modeling of control of working height of grains (a) and
wear of diamond grains (b)

It can be seen that if we reduce the working height of the grainshyby half,
then this is equivalent (for the value of tiss) to an increase in the concentration of
the grains by a factor of 2. Thus, if we determine from the dependence Q = f (hy)
that the maximum performance for a 200/160 wheel will be at hy= 140 um, then to
maintain the same trpsaat hyw = 20 um, the height of hy, should be reduced by a factor
of 7 or the concentration of diamond grains of the wheel should be no more than K
= 14.2%. At the same time, under the same conditions, the specific consumption of
diamonds is reduced by a factor of three. A schematic illustration of the analysis of
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the influence of the working height of grains on the change in the ratio of the worn
part of the grains and those that have fallen out of the bundle is shown in Figure 3 b.

Suppose that an increase in the concentration of diamonds in the grinding
wheel corresponds to a proportional increase in the number of loading cycles in the
“SHM-—grain” contact and a similar decrease in pressure in the contact. Calculations
have shown that when the load in the contact is doubled, which corresponds to a
halving of the concentration of diamonds in the wheel, the number of cycles required
to grind the stock with the SHM decreases by 10 times, and the number of cycles
caused by the decrease in concentration decreases only by 2 times.

Reducing the concentration of diamonds in the wheel, even taking into
account the reduction in the number of loading cycles in the "SHM-grain" contact,
can increase the intensity of stock removal by 2—-3 times only due to an increase in
pressure in the contact.

Thus, it has been theoretically substantiated and experimentally proven that
the concentration of diamonds in the wheel, the working height of the grains and the
critical depth of their embedding in the bond are interrelated most important factors
in the process of diamond grinding of SHM. A decrease in the concentration of
diamonds in the wheel to the level of 5 — 20% with a corresponding decrease in the
working height of the grains to the level of micro-irregularities of the bond and an
increase in the modulus of its elasticity does not lead to a deterioration in the output
indicators of the diamond grinding process of the SHM, since the value of the actual
contact area of the WSGW with the SHM remains unchanged, but the specific
consumption and processing costs are significantly reduced, and the degree of use
of diamond grains increases.

When grinding SHM, the concept of coarse-grained and fine-grained
wheels acquires a new special understanding, since in the process of microfracture
of the allowance with SHM, not all the grain takes part, but only its submicrorelief
(Fig. 2 c), since no grain is introduced into the PM. Coarse-grained grains with a
well-developed sub-microrelief may be more effective in terms of stock removal
than fine, but smooth, or ovalized grains. Therefore, even with a coarse-grained
wheel, it is possible to carry out a precise finishing operation for the processing of
SHM. Such a process can take place in case of mass formation of wear areas with
very fine sub-microrelief on large grains. Such sub-microedges act as a finishing
diamond paste with micro-edges rigidly fixed in the diamond grain.

It has also been established that in the case of SHM diamond grinding, the
determining topographic parameter is not the macrorelief of the grinding wheel, but
the sharpness of the submicroedges on the diamond grains. The protrusion height of
the diamond grains from the bond and their concentration in the wheel are
interrelated parameters through which the efficiency of the SHM diamond grinding
process can be controlled. The value of the actual contact area in the "WSGW-SHM"
system depends not only on the working height of the grain protrusion, but also on
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the critical value of their embedding in the bundle, since at the same working height
of the grains, the value of the actual contact area of the SHM with the WSGW will
be different for different bundles. It has been theoretically substantiated and
experimentally proven that the concentration of diamonds in the wheel, the working
height of the grains and the critical depth of their embedding in the bond are the most
important factors in the process of diamond grinding of SHM. Reducing the
concentration of diamonds in the wheel to the level of 5 —20% with a corresponding
decrease in the working height of the grains to the level of micro-irregularities of the
bond and increasing the modulus of its elasticity does not lead to a deterioration in
the output indicators of diamond grinding of the SHM, since the value of the actual
contact area of the WSGW with the SHM remains unchanged, but significantly
reduces the specific consumption and cost of processing, increases the degree of use
of diamond grains.

It is possible to control the efficiency of the diamond grinding process both
at the pre-production stage, i.e. by selecting the optimal concentration of diamond
grains in the wheel, and directly during the processing process — by changing the
intensity of targeted dosed removal of the binder and the forced formation of a
cutting submicrorelief on diamond grains [12].

It has been theoretically substantiated and experimentally proven that the
concentration of diamonds in the wheel, the working height of the grains and the
critical depth of their embedding in the bundle are interrelated most important factors
in the process of diamond grinding of SHM.

The anisotropy of the physical and mechanical properties of diamond
grains, which causes significantly different (up to 10 times) intensity of wear of their
different facets, should be taken into account when analyzing changes in the
parameters of the working surface of the wheel in the process of its wear, for
example, when calculating the number of actually working grains, the value of the
actual contact area in the “WSGW-SHM” system, and so on. confirms the
correctness of this provision.

Dependencies have been obtained that link the working height of grains,
their concentration with the number of grains on the WSGW and in contact with the
SHM, the relative support surface area of the WSGW, the values of the actual contact
area of the WSGW with the SHM, as well as their changes in the process of
adaptability. These dependencies will be used in the theoretical module of the expert
system of the SHM diamond grinding process [1].

Thus, a comprehensive theoretical and experimental analysis of the process
of topographic adaptability was carried out, based on the theoretical description of
the parameters of the topography of the working surface of the grinding wheel, their
changes in the process of its wear and experimental laser scanning of the surface of
the grinding wheel and SHM.
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It has been established that the value of the actual contact area in the
"WSGW-SHM" system depends not only on the working height of the protrusion of
the grains, but also on the critical value of their embedding in the bundle, since at
the same working height of the grains, the value of the actual contact area of the
SHM with the WSGW will be different for different bundles. Theoretical
dependencies were obtained to determine the number of grains on the WSGW and
in contact with the SHM, the relative support surface area and the length of the
profile of the WSGW, the value of the actual contact area of the WSGW with the
SHM, as well as the dynamics of their change as the wheel wears out and the critical
value of the grain embedding in the bundle changes. This makes it possible to
theoretically assess the change in the topography parameters of the WSGW during
the grinding process.

A method has been developed for determining the actual contact area of the
WSGW with the SHM and its change in the process of adaptability, based on the
artificial replacement of the discrete surface of WSGW with a continuous one and
taking into account the elastic deepening of diamond grains into the binder. A two-
stage method of 3D experimental-theoretical determination of the actual contact area
of the WSGW with the SHM in the absence of grain penetration into the processed
material and the absence of its contact with the bond is proposed, taking into account
the sub-microrelief of diamond grains and SHM, the anisotropy of the properties of
SHM crystallites and diamond grains, the elastic properties of the grinding wheel
bond. At the first stage, the actual contact area "WSGW-SHM" is calculated at the
macro level through the relative reference surface area of the wheel, and then, taking
it as a contour, using the modernized method for calculating the parameters of the
discrete relative support surface of the WSGW (b andy), the actual contact area is
calculated at the micro level "SHM — microrelief of grains" according to the known
dependencies of N.B. Demkin and I.V. Kragelsky. The stiffness system uses the
modulus of elasticity of the metal bond rather than the contacting materials.

Experimental determination of the actual contact area in the “WSGW-
SHM” system can be performed based on the results of laser scanning of their
surfaces and computer determination of the value of the relative support area.

4. CONCLUSIONS

It has been established that in the case of diamond grinding of SHM, the
determining topographic parameter is not the macrorelief of the wheel, but the
sharpness of the submicroedges on the diamond grains. The protrusion height of the
diamond grains from the bond and their concentration in the wheel are interrelated
parameters through which the efficiency of the SHM diamond grinding process can
be controlled.

Theoretical dependencies have been obtained that describe the relationship
and change of such parameters as the working height of the grains, the number of
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grains at the WSGW and in the contact, their concentration in the diffuvial wheel,
the relative reference length and the area of the WSGW profile, the actual contact
area, and the specific load in the process of wear of the diamond wheel. It has been
theoretically substantiated and experimentally proven that the concentration of
diamonds in the wheel, the working height of the grains and the critical depth of their
embedding in the bond are the most important factors in the process of diamond
grinding of SHM. Reducing the concentration of diamonds in the wheel to the level
of 5 — 20% with a corresponding decrease in the working height of the grains to the
level of micro-irregularities of the bond and increasing the modulus of its elasticity
does not lead to a deterioration in the output indicators of diamond grinding of the
SHM, since the value of the actual contact area of the WSGW with the SHM remains
unchanged, but significantly reduces the specific consumption and cost of processing,
increases the degree of use of diamond grains.
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Aworanist. [upoxe 3acmocyeanns naomeepoux mamepianie (HTM) i opeanizayis macoeozo
BUPOOHUYMBA 3 HUX PINCYHO20, WNIYBATLHOO0, 60JOYUTBHOZ0, CEEPONUTLHO0 | SUMIPIOBATLHOLO
iHCMpyMeHnty 8umMazaioms po3pooKU 6UCOKOEPEKMUBHUX | MOUHUX MemoOi6 i mexHono2ii ix 06podKu.
Axmyanvuicms  po36'13yeanoi npobremu  npoOuUKmMo8anHa GUCOKOIO MPYOOMICMKICHIO | HU3bKOIO
npodykmusnicmio npoyecy uwighysanna HTM, eenuxoro eumpamoio 00pocux aimasHux 3epeH
wiaiysanvHux Kpyeié i, AK HACHOOK, BUCOKOW eapmicmio 00pobku. I[IposedeHo KomnjiekcHull
meopemuyHull  ma eKCNePUMEHMAIbHULL AHANI3 MeXHON02IuHOI monocpagiunoi  adanmuenocni,
3ACHOGANUIL HA 10€ani306anoMy onuci monozpagpiunux napamempie po6oyoi noGepxXHi WiQhy6aIbHO2O
Kpyea, ix 3miHi npu 1020 3HOCI MA €KCHEPUMEHMATLHOMY NA3ePHOMY CKAHYBAHHI pOOOYOI NOGEPXHI
wnighyeanvHo2o Kkpyea ma o06pobnosanozo Haomeepoozo mamepiany. Bcmanoeneno, wjo eucoma
GUCMYNANHA  GIMA3HUX 3€peH GNIUBAE HA IHMEHCUSHICMb pYUHY6aHHA (GulanenHs) mamepiany
3a20MOBKU Yepe3 3MIHY KilbKocmi pobouux sepen i pakmuunoi niowi konmaxmy 06pobnosarnozo HTM
3 pobouoI0 YacmuHO NOBEPXHi WINIYBANbHOLO Kpyed. Y npoyeci KOHMPOIbOBAHO2O0 WINIQYBAHHS
MOXCHA cmabinizyeamu poboyy uUcomy 3epeH Ha OyOb-AKOMY 3 3-X CMYNeHi8 IHMEeHCUBHOCMI iX 3HOCY,
NPUPIGHABWU Y0 [HMEHCUBHICMb 00 [HMEHCUBHOCMI 3HOULYBAHHS AIMA30HOCHOI 36'A3KU  Kpyed.
Pospobnerno memoouxy eusnavenns ¢akmuunoi niowji Konmakmy pobouoi nogepxui wigyearvnozo
Kkpyea 3 nosepxneto HTM ma 3minu ii mexnonoziunoi adanmusHocmi. Becmanoeneno, wo 6 npoyeci
monozpaghiunoi adanmuerHocmi pakmuuna nIowa KOHMAKNy Modlice 3MIHIOBAMUCA HA KilbKa NOPAOKis,
8I0N0GIOHO, 6y0e 3MIHIO8AMUCA NUMOMUL MUCK Npu KoHmakmi aimasnux 3epen 3 HIM, a, omoxce,
xapakmep i IHMEHCUBHICMb X 83AEMHO20 PYUHYBaHHA. OMpUMaHo meopemuyui 3anedcHoOCmi, wo
ONUCYIOMb 63A€MO36 130K 1 3MIHY MAKUX napamempis, Ak poboya eucoma sepe, yucio seper na PITIIK
i 6 KOHMAKMI, IX KOHYEeHMpayis 6 aIMA30HOCHOMY Wapi Kpyed, 6iOHOCHA ONOPHA O08IUCUHA I NIoWa
npoghinto PIIIIK, pakmuuna niowa KoHmMaxny, numome Ha6aHmMax)ceHHs 6 NPOYeci 3HOCY AIMAZHO2O
Kpyea. Teopemuuno obIpYHMOBAHO | eKCHEPUMEHMANLHO 0080eHO, WO KOHYEHMpayis aimasie y Kpysi,
poboua sucoma 3epen i KpUmuiHa eIUOUHA IX 3aA2aHHSA 8 36’3yl € HAUBANCTUSIUUMY (akmopamu &
npoyeci armasnozo winipyeanns HTM. 3nudicenns konyenmpayii armasieé 6 kpysi 0o pisua 5 — 20% 3
BIONOBIOHUM 3MEHWEHHAM POOOUOL 8UCOmMU 3eper OO0 PiHs MIKpOHepigHocmell 36'A3Ku | 301IbueHHAM
MOOYIs IT NPYIHCHOCME HEe NPU3600UMsb 00 NOIPUIEHHS GUXIOHUX NOKAZHUKIE AIMA3HO20 WNIQY6aHHs
HTM, max six éenuyuna paxmuunoi niowi xowmaxmy PIIIK 3 HTM sanuwaemobcs nesminnoio, ane
BHAYHO 3HUIICYE NUMOMI SUMPAMU | 6apmicnb 06POOKU, NIOBUWYE CIMYNIHL BUKOPUCTNAHHS AIMA3ZHUX
3epett.

KurouoBi cioBa: naomeepoull nonikpucmaniyHuii mamepian, aimMasHi 3epHa; poooua NnoeepxHs
wighyeanvHo20 Kpyaa; MiKpOpenbedh armasHux 3epeH, KOHYeHmpayis arMasHux 3epeH y WaighyeanbHomy
Kpy3i.
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Abstract. In electro discharge machining (EDM or spark erosion) the roughness of the machined surface
plays a very important role in the applicability of the process. This paper deals with a comparative study
of the electro discharge machining of tool steels based on the roughness characteristics of the machined
surfaces. Another aim of the research is to investigate which tool materials (electrode material, copper,
or graphite) are most effective to achieve the best possible surface microgeometry. Based on the data of
the performed cutting experiments and the subsequent measurements, conclusions will be drawn
regarding the machinability of the tested tool steels and the applicability of the electrode materials used.
Keywords: electrical discharge machining; copper, graphite electrodes; functional roughness
parameters.

1. INTRODUCTION

Thanks to the development of the materials to be machined, industry has started
to work with materials of increasing hardness and strength, which would be
extremely difficult or impossible to machine with traditional methods. This has led
to the development of various non-traditional machining processes, one of the most
important of which is electro discharge machining or spark erosion [1]. This process,
which is suitable for machining electrically conductive, high hardness materials,
allows the formation of spatial surfaces. Its popular field of application is the
production of injection moulding tools.

Several papers deal with the examination of different tool materials, including
copper, bronze and graphite electrodes [2, 3, 4]. Paper [5] presents a comparison of
graphite and copper electrodes to analyse the efficiency of material removal. In
present article, we investigate the machinability of different tool steels used for
injection moulding machined with copper and graphite electrodes of plastic parts,
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based on the roughness of the machined surfaces. In the literature, several people
have already dealt with the roughness of EDM surfaces as a function of technological

data [6, 7, 8, 9]. In this paper, we present our research results obtained during
the examination of the microgeometric characteristics of EDM machined surfaces
with copper and graphite electrodes.

The EDM surface is made up of overlapping, irregularly spaced craters (Fig.
1), the formation of which is influenced by a number of process parameters such as
voltage, current, cycle time [1].

When using today's modern machine tools, most of these parameters are
automatically generated by the machine tool and set to optimal values for processing.
On EDM equipment, the optimization is based on the VDI grade, which is set by the
machine operator before the start of machining. VDI stands for German Engineering
Association (Verein Deutscher Ingenieure). This organization develops standard
technical recommendations to help solve various technical processes and problems.
The VDI 3400 standard deals with EDM. This recommendation groups machined
surfaces into so-called VDI grades based on surface roughness from
VDI 00 to VDI 45. The purpose of this is to standardize the surface characteristics
of the parts, which is an essential aspect for engineers to design injection mould
inserts produced by EDM. Today, the VDI scale is used worldwide in the tooling
industry. The parameter is a surface roughness characteristic and complements and
replaces the general surface roughness metrics.

The change of the roughness parameters was investigated as a function of the
VDI grade of the machining. Similar studies have been reported in [10]. The
implementation of the experiments and our measurement results are described below.

2. MICROSTRUCTURE OF THE EDM MACHINED SURFACE

The nature of EDM machined surface is different from that of a conventional
machined surface. There is no directionality or groove corresponding to the federate.
The machined surface is cratered. The roughness of the surface is created by the
interaction of overlapping craters (Fig. 1). The dimensions of the craters depend on
the characteristics of the spark discharge, the workpiece and electrode material.

S

Figure 1 Microstructure of EDM machined surface
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In the case of long-duration, low-energy discharges, wide and shallow craters
are created because the discharge channel widens. Such a surface is shiny in spots.
High-energy discharges of short duration create deep craters because there is not
enough time to dissipate the generated heat. Such a surface looks homogeneous, has
a silky, dull sheen. The energy content of the discharges can be controlled by
changing the electrical parameters. Among the electrical parameters, current strength
and pulse time have the greatest effect on surface roughness. However, these
parameters cannot be set on modern machining machines, they are chosen by the
machine itself depending on the specified VDI grade.

The roughness of EDM surfaces is now often only characterized by the VDI
grade. At the same time, other roughness parameters are often also important from
the point of view of operation. That is why it is important to choose the right
roughness metrics. In our research, we examined the amplitude and material ratio
parameters.

3. EXPERIMENTAL CONDITIONS
3.1 Machined materials and test pieces
During the experiment, the surfaces of four types of tool steel used for plastic
injection moulding tools were machined by electro discharge machining. The

chemical composition of the steels is shown in Table 1.

Table 1 — Chemical composition of plastic forming tool steels

Material C,% [Si,% | Mn,% | Cr,% | Mo, % | Ni,% | S%

C45U (1.1730) | 0.45 | 0.30 | 0,70

40CrMnMo7

(1.2311) 0.40 0.30 1.50 1.90 0.20
40CrMnMoS8-

6 (1.2312) 0.40 0.40 1.50 1.90 0.20 0.08
45NiCrMo16

(1.2767) 0.48 0.23 0.40 1.30 0.25 4.00

The test pieces were 100x120x20 mm, rectangular cross-section, non-heat
treated plates, the surface of which was pre-ground for more efficient sparking. 5
mm deep cavities were made on these test pieces by EDM Figure 2). On one test
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specimen was tested at 5 different VDI grades with both copper and graphite
electrodes. The VDI grades set were 18, 21, 25, 29, 36.

Figure 2 — Test piece machined with EDM
3.2 Electrodes

To carry out the machining experiments, copper (red copper) and graphite
electrodes were used for all test piece materials. The type of copper electrodes used
was CUETP electrolytic copper and graphite of type ELOR-50-F, with a cross section
of 55 x 15 mm.
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Figure 3 — Copper and graphite electrodes used for the experiments
3.3 Machine tools and measuring equipment

The machining experiments were carried out on a Neuar CNC-C50 type electro
discharge machine. During the machining, the test pieces were clamped in a vice and
the dielectric used was petroleum.

The surface roughness measurements of the machined cavities were carried out
in the laboratory of the Institute of Manufacturing Science of the University of
Miskolc, using an AltiSurf 520 three-dimensional surface topography machine.
During this, we also measured the profile and spatial roughness parameters. In this
article, we deal with the examination of profile parameters.

4. EVALUATION OF EXPERIMENTAL RESULTS

From the results of the EDM experiments, we can draw conclusions on the
effect of the set VDI grade on the profile roughness parameters of the machined
surface and the machining efficiency when machining different tool steels using
copper and graphite electrodes.

4.1. Profile (2D), amplitude surface roughness parameter analysis

Figures 4 and 5 show the variation of the average surface roughness parameter
Ra as a function of VDI grade for the tool materials tested, in the case of copper and
graphite electrodes.

Ra
in case of copper electrode

—o-C45U -—2—40CrMnMo7 —+—40CrMnMoS8-6 45NiCrMo16

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

VDI

Figure 4 — Variation of Ra parameter as a function of VDI grade for copper electrode
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Ra
in case of graphite electrode
——-C45U =-+—40CrMnMo7 —+—40CrMnMoS8-6 45NiCrMo16
11
10

R, [um]

o P N W A OO N ® ©

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
VDI

Figure 5 — Variation of Ra parameter as a function of VDI grade for graphite electrode

Figures 4 and 5 show that there is no significant difference in R, between the
different machined material grades. For both electrode materials, the lowest
roughness values were obtained on the unalloyed C45U material grade and the worst
roughness values were obtained on the 40CrMnMoS8-6 steel. The roughness of the
surfaces produced with the copper electrode varied between Ra = 1.4-9 um and with
the graphite electrode between Ry = 1.5-10.5 pm, i.e. the two electrode materials also
do not show significant values, although the roughness of the surfaces produced with
the graphite electrode is mostly higher than that of the surfaces produced with the
copper electrode.

Figures 6 and 7 describe the variation of the mean roughness depth R; as a
function of VDI grades. The general observations made for the R, parameter are also
valid here. The general statements made for the R, parameter are also valid here.
There are minor differences between the workpiece materials here as well, the mean
roughness depth parameter R, changes analogously to the R, parameter depending
on the VDI grade. For copper electrodes, R, values ranged from 15.8 to 62.6 ym and
for graphite from 16.7 to 70.3 pm. The values of R, compared to R, vary in the ratio
R; = (6+13)-Ra. This ratio is usually estimated by the manuals as R; =~ 8Ra.

Figure 6 — Variation of parameter R, as a function of VDI for copper electrode
Figure 6 — Variation of parameter R; as a function of VDI for copper electrode
Figure 6 — Variation of parameter R; as a function of VDI for copper electrode

51



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 99

R,
in case of copper electrode

—-C45U —+-40CrMnMo7 ——40CrMnMoS8-6 45NiCrMo16
80

70
60
50

40

R, [pm]

30

20

10

0
18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
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Figure 6 — Variation of parameter R as a function of VDI for copper electrode
RZ
in case of graphite electrode

——-C45U —+-40CrMnMo7  —+-40CrMnMoS8-6 45NiCrMo16
80

70
60
50

40

R, [pm]

30

20

10

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
VDI

Figure 7 — Variation of parameter R; as a function of VDI grade for graphite electrodes

Among the functional roughness parameters, the variation of the so-called
material ratio parameter (Rmr) Was investigated. The material ratio parameter Ry is
used to characterise the functional and wear properties of surfaces. The higher the
percentage Rmr value of a given surface, the more favourable its functional properties.
In our tests, the values of the material fraction parameter were determined at a depth
of ¢ = 10 um. Figures 8 and 9 show the change in the material ratio parameters of
surfaces made with copper and graphite electrodes in each VDI grade.
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) le’
in case of copper electrode

—-C45U =+40CrMnMo7 —+—40CrMnMoS8-6 45NiCrMo16
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Figure 8 — Variation of Rmr parameter as a function of VDI grade for copper electrode
Rmr
in case of graphite electrode

——-C45U —+-40CrMnMo7  —+-40CrMnMoS8-6 45NiCrMo16
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60
50
40 ‘\
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Figure 9 — Variation of Rmr parameter as a function of VDI grade for graphite electrode

In Figures 8 and 9, it can be observed that the best material ratio values are
achieved at VDI 18 and that with increasing VDI grades, regardless of tool and
workpiece material, the surface properties deteriorate and the material ratio
parameter difference between steels decreases. In the case of copper electrodes,
outstanding performance characteristics can be achieved when machining
40CrMnMo7 and, in the case of graphite, the same can be said for C45U and
45NiCrMol6.

4.1. Examination of machining times
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We can draw conclusions about the productivity of the EDM process, i.e. the
machining performance, from the machining time of each cavity. During the
experiments, cavities with a cross-section of 55x15 mm and a depth of 5 mm were
made by block EDM. Figures 10 and 11 show the machining time of the cavities
made on the four types of tested tool steel workpieces as a function of the VDI
degrees, in the case of copper and graphite electrodes.

Machining time
in case of copper electrode

-—-C45U —4-40CrMnMo7 —+—-40CrMnMoS8-6 45NiCrMol6

180
160
140
120
100
80
60
40
20

0
18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

VDI
Figure 10 — Variation of machining times depending on the VDI grade in the case of a
copper electrode
Machining time
in case of copper electrode

Machining time [min]

——-C45U =+-40CrMnMo7 =—+—40CrMnMoS8-6 45NiCrMol6
— 180
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= 160
£ 140
g 120
= 100
=4 80
e ——
= 40 —
Q
[ 20
=

0
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Figure 11 — Variation of machining times depending on the VDI grade in the case of a
graphite electrode

From Figures 10 and 11, it can be seen that as the VDI grades increase, the
machining time decreases, i.e., the machining becomes more productive. For the tool
steels studied, for both copper and graphite electrodes, it can be said that the
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proportion of alloying elements in the material being machined is related to the
machining time. The less alloying elements the material tested contained, the shorter
the time required for spark erosion. Accordingly, cavities made on unalloyed C45U
steel took the least time to machine, and those made on 45NiCrMo16 steel with the
most alloying elements took the longest. The most striking difference was observed
between the two electrode materials The productivity of the graphite electrode is
almost twice that of the copper electrode, which means that the spark cutting process
takes significantly less time than with copper.

5. CONCLUSIONS

Summarising the results of the research work on the comparison of tool steels
of different alloys machined by EDM, the following conclusions can be drawn:

e Regarding the amplitude roughness parameters (Ra and R;), the surface
roughness value deteriorates with increasing VDI grades. In the tested range,
small roughness differences can be observed between the individual tool steels.
Increasing the amount of alloying elements slightly worsens the surface
roughness. Regarding the two types of electrode materials, it can be said that
the roughness of the surfaces produced with a graphite electrode is usually
greater than that produced with a copper electrode.

e In the case of EDM surfaces, the mean roughness depth R, varied
analogously to the average roughness Ra,. Based on the measurement results,
the relation R; = (6+13)-Ra can be written for their relationship.

e According to the material ratio parameter (Rmy) determined at a depth of
¢ = 10 um, the best operating and wear properties are achieved at VDI grade
18, which continuously deteriorate as the grade increases, and the results
obtained on each tool target show a decreasing difference with increasing
grades. The effect of the amount of alloying elements is more evident for the
Rmr parameter than for the R, and R, parameters. For smaller alloying amounts,
more favourable (higher) material ratio parameter values are obtained.

e In connection with the examination of the machining times, it can be said that
increasing the VDI grades reduces the processing time, i.e. increases the
material removal rate. From this point of view, the less alloyed materials were
more machinable. Regarding the two electrode materials, a significant
difference can be shown between graphite and copper. The material removal
rate of graphite is much higher than that of copper, which means that the
machining times for copper are about twice as long as for machining with a
graphite electrode.

Summarizing our findings, it can be said that the surface roughness parameters
deteriorate as the VDI grades increase (Ra and R; increase, Rmr decreases). At the
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same time, increasing the VDI grade reduces the machining time, i.e. increases
productivity. No significant differences were found for the tool steel materials
machined in the test. However, unalloyed or less alloyed steels could be machined
more productively and with a better surface quality. In terms of roughness, the two
electrode materials (copper and graphite) showed no significant differences, but the
productivity of graphite was about twice that of copper electrodes. We intend to
continue the research work by evaluating further profile and 3D roughness
parameters.
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JTOCJIKEHHSA EJJEKTPOPO3PSTHOI OGPOBKH
THCTPYMEHTAJIBHUX CTAJIEA 3A IIOPCTKICTIO
OBPOBJIIOBAHUX ITOBEPXOHb

AHoTauisn. Ilpu erexmpopospsaoniui obpobyi (erekmpoepositina abo icKpoéa eposis) wiopcmxicmb
06pobII06aHol nosepxHi 6idigpae Oysce 8axtCIUY poib y 3acmocosHocmi npoyecy. [lana poboma
NPUCBAYEHA NOPIBHATLHOMY OOCTIONCEHHIO eNeKMPOPO3PAOHOT 06POOKU THCMPYMEHMAIbHUX CIalell Ha
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OCHOBI XAPAKMePUCMUK WopCmKocmi 06pooio8anux nosepxons. Inuia mema 00CHiONCEHHs NOAAE 8
momy, wo6 3'scyeamu, AKi IHCMpyMeHmalbHi Mamepianu (e1ekmpoOoHul mamepiai, mios abo epagim) €
Hauobibw  ehpexmusHuMU Ol OOCACHEHHS. HAUKpaujoi modcausoi mikpozeomempii noeepxti. Lo
cmocyemucsi napamempie amnaimyonoi wopcmkocmi (Ra i Ry, mo suavenns wopcmxocmi nogepxui
nocipuyemocs 31 36inowennam mapok VDI 'V eunpobysanomy oianasoni modcna cnocmepicamu
HeGeNuKi BIOMIHHOCIMI WOPCMKOCMI MIdC OKpeMuMU IiHCMPYMEHMATbHUMU CMAiimu. 30i1buenHs
KIIbKOCMI 1e2ylouux enemMenmis oewjo noziputye wopcmkicmo nosepxti. LL{ooo 06ox munie enekmpoonux
Mamepianié MOJICHA CKA3AMU, WO WOPCMKICIb NOBEPXOHb, OMPUMAHUX 3d OONOMO20I0 2pahimoeo2o
eekmpooa, 3a3euuail OLbWA, HINC WOPCMKICIb, OMPUMAHA MIOHUM  eleKmpoooM. Y 6unaoky
eNIeKMPOepPO3IUHUX NOBEPXOHb CepedHs enubuna wopcmrocmi R, sminiosanacs ananociuno cepeomii
wopcmrocmi Ra. 3a pezynemamamu sumipiogans gionowenns R, = (6+13)Ra moocna 3anucamu ons ix
8IOHOCUH. Bionosiono 0o napamempa cnisgionowenns mamepiany (Rmr), susnavenozo na enubuni ¢ = 10
MKM, HAUKpawi eKcniyamayitini ma 3Hococmiiki enacmueocmi docsazaiomocs Ha 18 pisui cmanoapmy
VDI, ski 6e3nepepsro noziputyromscs 3i 30iIbWUEHHAM DI6HS, d pe3yTbmamu, OMpPUMAHI HA KOJICHIU
MIWEH] THCMPYMeHmYy, NOKA3YIOMb 3MEHWYBAHY PIsHUYl0 31 30i1bWenHsIM pieHs. Bnaug xinbkocmi
Jle2yoyux enemeHmia 6inb ouesuoHo 0na napamempa Rue, Hide 0na napamempis Ry i Ry, Ilpu menuux
KIIbKOCMSAX 1e2Y8AHHSL 6UX00Mb Oibll 6UCIOHI (OLIbW BUCOKT) 3HAYEHHS NAPAMEMPIE CNiBBIOHOWEHH S
mamepianie. Y 36'a3Ky 3 6USUEHHAM MEPMIHIE MEXAHIUHOL 0OPOOKU MOJICHA CKA3AMU, WO 30LIbUEHHS
pisna VDI ckopouye uac 06pobku, mobmo 36ineulye weuUOKicms 3uamms mamepiany. 3 yiei mouxku sopy,
MeHw ne2o8ani mamepianu Oyau Oinvuw obpobmosanumu. ILJo cmocyembcs 080X  eneKmpoOHUX
Mamepianie, mo MOJNCHA NOKA3AMU 3HAYHY PI3HUYIO MIdC epagimom i mioow. Llleudkicmsy sudanenHs
mamepiany epagimy nabaeamo euwja, HidC y Midi, @ ye 03HAUAE, Wo 4Ac 0OPOOKU 3 OONOMO20I0 MiOi
NPUOIUZHO 801U 08U, HIJIC OISt 0OPOOKU 2paghimosum erekmpodom. Ha niocmasi danux npoeedeHux
eKcnepumenmie 3 00OpOONsHHA | NOOAILWUX BUMIDIOBAHL  OYOYmMb  3DOONEHI  BUCHOBKU U000
06pobIosanocmi GUNPOOOBYEAHUX THCMPYMEHMATLHUX CMALEll [ 3ACMOCOGHOCME GUKOPUCTIOBYBAHUX
eeKMpPOOHUX MAMEPIAIG.

KuarouoBi ciioBa: erexmpoeposiiina 06pooka, MioHi, 2paghimosi enekmpoou,; yHKYIOHAIbHI NOKAZHUKU
wopcmocmi.
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Abstract. In machining with defined cutting edge tools, in some rotational tool processes (e.g. face
milling) the tool edge may scratch the surface of the workpiece one more time, depending on the cutting
conditions, during one revolution of the tool. As a result, the topographies with single or double cutting
marks will be different from each other. The deviation, depending on its size, can also affect the functional
performance (e.g. friction conditions) of the operating surfaces. In this article, face-milled topographies
created with a symmetrical setting and with single or double milling marks are compared according to
the magnitude of the roughness and the degree and nature of the inhomogeneity.

Keywords: face milling; surface roughness; back-cutting of milling tool; secondary material removal.

1. INTRODUCTION

The aim of manufacturing is to create products and their parts with the required
accuracy and surface quality so that structural, functional and other usage requirements
can be achieved. Such expectations can be wear or corrosion resistance, sealing ability
with or without sealing material, thermal and electrical conduction, possibility of
coating, aesthetics, etc. In many cases these can be achieved by machining, where the
tool separates the material of the workpiece, thereby creating chips and a new
machined surface. The shape of the tool edge(s) is imprinted on the surface, creating a
pattern specific to each cutting process [1]. In addition, many — often unknown —
factors take place during the process (tool wear, change in chip cross-section, change
in cutting force, vibrations, workpiece material heterogeneity, etc.) [2]. These
machining process characteristics and phenomena that influence the formation of
topography were described for turning in an Ishikawa diagram by Bajic et al. [3]. We
supplemented this with a few points, considering the specifics of machining with
rotating tools, which are circled on the graph (Figure 1). Many researchers study the
effects of these parameters on roughness and countless articles are published about the
results of their analyses.

In the case of machining with defined cutting edge tools, it is usually
characteristic that during finishing the final topography is formed by the tool, leaving

© A. Nagy, J. Kundrak, 2023
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a single impression of its edge(s) [4]. However, in machining with rotating tools (e.g.
face milling), it happens that the tool edges cut the surface of the workpiece twice due
to the movement conditions. In the beginning of the cutting, the edges separate material
from the workpiece in each revolution [5], which is their front cutting movement. In
this case, cycloid arcs are formed on the surface shifted by a feed distance. During the
further feed movement, the same edges may scratch the already machined surface
again during their return, during which further material separation, “re-cutting” occurs
[6]. In this case double milling marks are formed on the surface [7]. In this case the
texture consists of lozenge-like protrusions, and they become smaller as they move
further away from the plane of symmetry — the path of the tool axis [6]. This occurs
when the tool axis is perpendicular to the machined plane surface [6] and the length of
the feed movement is greater than the radius of the tool.

Cutting tool Machining parameters
Process
Material : :
l Cutting kinematics
adge Stepover Cooling
i radius P fluid

errors Tool
Diameter Wear angle Tool-workpiece
(rotating Feed position
tools) Tool axis tilt rate Depth
(rotating) Cutting of cuit
Shape
speed
Surface
Roughness
Material Accelerations
i Friction in the
Length Chip !
g Diameter formation cutting zone
(rotating
Surface workpiece)
i Hardness Vibrations Cutting
force
Workpiece Cutting variation

Phenomena
Figure 1 — Factors affecting surface roughness [3]

Milled surfaces having both single [8] and double [9] cutting marks are produced
in industry for the same purpose of use, but these topographies have different
characteristics. A lower roughness can be measured on the topography with double
milling marks, where the degree of reduction is significantly affected by the phase
difference (the ratio of the distance between a front-cutting and its nearest back-cutting
mark measured in the symmetry plane and the feed), depending on the diameter of the
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tool and the magnitude of the feed [7,10]. The roughness is also affected by the fact
that the front- and back-cutting traces are not of the same depth, because of the bending
of the tool due to the cutting forces and the elastic recovery of the workpiece material
after cutting [11]. As the difference in depth decreases, the values of Ra and Rt
decrease slightly [10].

No matter the texture, the face milled surface topography is various and its
roughness is different when measured in various places, which was investigated on
experimental surfaces [12,13] and on theoretical topographies produced analytically
[14]. One of the main findings is that the profiles measured in the direction parallel to
the tool advance are regularly repeated (periodic) with the feed distance. The
roughness values are maximal in the symmetry plane, they decrease in other parallel
planes the further away from it [12,15], and the degree of difference increases with
increasing feed [16]. In perpendicular direction, the number of peaks increases on
measured profiles further away from the symmetry plane, and their Ra and Rz values
decrease.

In addition to the technological data and machining process characteristics, the
roughness of the face milled surface topography is also influenced by the type of the
texture; however, the topographical and functional effect of the secondary material
separation is not known in sufficient depth. In this article, the aim of the study is to
compare the topographic characteristics of the two types of patterns and to determine
how the surface roughness and its deviations change due to the secondary material
separation.

2. EXPERIMENTAL CONDITIONS

Milling experiments were carried out on a Perfectlet MCV-M8 vertical milling
center. The workpiece material was C45 unalloyed carbon steel in a normalized state,
on which the plane surfaces were machined on an area of 58x50 mm?. They were
cut with a Dijet SEKN 1203 AFTN type, JC5030 quality insert mounted on a Canela
0748.90.063 milling head, whose nominal diameter was D, = 63 mm, the cutting
edge angles were «; = 45°; v, = 0°; 0, = 20°, and the width of the chamfer was 0.85
x 45° (Figure 2). We set the feed f, = 0.4 mm/rev, the depth of cut a, = 0.8 mm and
the cutting speed ve = 300 m/min. The tool axis was in a perpendicular position to
the machined surfaces, so the range of the feed movement of the workpiece
determined the formed impression. As the workpiece was moved until the tool axis
line generated only front-cutting traces (Figure 2a), creating the M1 surface.
However, the other workpiece was moved under the tool with a full length feed,
where due to the motion conditions the edges scratched the surface twice (during
front-cutting and back-cutting movement as well), producing surface M2 (Figure 2b).
During the examination, we take into account that according to the directions of the
cutting and feed speeds, two sides of the surfaces separated by a symmetry plane can
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be distinguished; up-milling takes place on the workpiece from the start of cutting
until the symmetry plane; after that, down-milling occurs. When evaluating the
deviations and distributions of roughness values, the surface parts are marked with
a superscript, where U is up-milled, D is down-milled.

Initial position | > Final position
Range of feed movement

Down-milled side — M1P

e - Symmetry plane

a, Single milling marks on surface M1

Surface M1

Up-milled side — M1Y

b, Double milling marks on surface M2

Initial position | F".‘t?'
Range of feed movement positon
Down-milled side — M2P
Symmetry plane - 4. ===~ .- = -
Surface
Up-milled side — M2V M2

Figure 2 — Range of workpiece feed movement for creating topography having single (a) or
double cutting marks (b)

This was followed by topography measurement on an AltiSurf 520 3D surface
measuring device with a CL2 confocal chromatic sensor. To evaluate the roughness
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deviations, 25 measurement points on the surface were determined in such a way
that they designate examination planes parallel and perpendicular to the feed (Figure
3). These are important for milling regarding the kinematics and the position of the
points. One of the planes in the feed direction is identical to the symmetry plane
(path of the tool axis) (plane C), and the other parallel planes are taken at 10 mm
distance between each other (planes A, B, D, E). The planes perpendicular to these
(planes I-V) have a distance of 8 mm between each other. At the measurement points,
profiles were measured in directions parallel and perpendicular to feed, and they
were evaluated at 4 mm length with a section length of 0.8 mm.
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Figure 3 —Position of measurement points and planes on surfaces

Table 1 — Ra and R; parameter values of profiles measured in feed direction

Single cutting marks — Surface M1 Double cutting marks — Surface M2
Lonoom vV | R Ionom vV | 4R
248 253 251 250 251 050 Al 164 148 152 152 2.09 Of
305 303 303 302 305 oéo B| 112 111 116 126 149 °é3
g 0.0 0.1
2320 319 320 32 37| % [c| 282 293 299 201 287| %
o 0.0 0.5
305 308 306 309 308|° D| 211 233 255 256 264 %
257 258 260 260 265 oéo E| 225 246 240 237 243 oiz

% | 072 066 070 071 066 170 182 183 165 1.38
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105 102 102 102 105 0.3 1.6
5 p : : ol 4 |A| 849 849 761 718 882|°,
126 126 125 126 127|041 25
_ 9 5 8 1 1| 3 |B| 616 611 659 727 867|
€| 130 130 132 132 132|02 c| 107 113 114 111 111]07
E 7 4 1 4 ol o 0 3 4 5 2| 4
12,7 128 127 128 129]| 0.2 1.7
5 0 3 7 6| 3 |D| 794 864 930 950 965
109 108 108 109 111 0.2 108 2.1
0 8 6 9 4| & |E| 877 963 922 949 gl 1
T | 255 280 296 299 2.62 454 522 485 397 245
3. RESULTS

We report the values of the average R, and maximum R; height of roughness
profiles, which are the most frequently evaluated in industry, measured in the
direction parallel to the feed (Table 1) and perpendicular to it (Table 2). In the tables,

the degree of the deviations (4R) in each examination plane is given in italics.

Table 2 — Ra and R; parameter values of profiles measured in the direction perpendicular to

feed
Single cutting marks — Surface M1 Double cutting marks — Surface M2
| 1 11 v \Y AR | 1 11 \Y \Y AR
140 149 151 147 146|011 | A | 097 094 097 106 1.34|0.40
) 057 062 063 0.63 063|006 |B| 054 055 056 053 0.51|0.05
% 027 019 019 020 019|008 |C| 017 019 020 0.18 0.19|0.03
© | 064 063 063 063 062|002 |D| 049 052 051 059 0.58]0.10
155 157 153 156 159|006 |E| 159 159 154 165 156|0.11
% 128 138 134 136 140 142 140 134 147 137
745 812 764 735 759|077 |A| 6.03 480 572 555 7.46| 266
= 401 412 380 371 379|041 |B| 343 335 347 319 3.07| 040
| 149 1.08 111 125 1.02| 047 |C| 115 121 131 126 162|047
| 392 374 380 403 375|029 |D| 322 307 265 328 3.44]|0.79
792 852 801 792 794|060 |E| 740 709 6.74 817 7.28| 143
% 6.43 7.44 690 6.67 6.92 6.25 588 543 691 584
4, DISCUSSION
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After completing the roughness measurements, we examined and compared the
topographies made with the two types of textures, based on the data presented in
Tables 1-2. During this, we analyzed the distribution and deviations of the measured
roughness values in the examination planes on the surface according to the direction
of measurement. On the topographies, the distribution is illustrated in Figures 4 and
6 with surface diagrams. The magnitude of the values and their deviations in the
planes taken parallel (A-E) and perpendicular (1-V) to the feed are shown in Figures
5 and 7 with bar diagrams, where the height of the columns indicates the degree of
the deviation.

Meas. | Single cutting marks — Surface M1 Double cutting marks — Surface
dir. M2
I%g | m u v v Igg 1 n m v v
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Figure 4 — Distribution of roughness values in the direction of the feed on the examined
topographies

First, we analyze the Ra and R, values of the profiles measured in the feed
direction. On the surface with single milling marks (M1), the values in planes A—E
parallel to the feed show negligible differences, which can be considered as the
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standard deviation of the measurement results (Figure 5). The values are maximal in
the symmetry plane C and they decrease in both directions further away from it
(Figure 5). In the planes perpendicular to the feed (I-V), the deviations of the values
are similarly between 21-25% (Table 1). Also, the distribution of values in these
planes is the same (Figure 4). Negligible differences between the measured values
can be seen on the M1Y and M1P sides of the surface, at the same distance from the
symmetry plane (Figure 5). Among the parameters, the values of R, show greater
variety compared to Ra (Figure 4).

Meas. Planes parallel to feed Planes perpendicular to feed
direction
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N
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Figure 5 — Roughness values measured in feed direction and their deviations in the
examination planes

As a result of the secondary material separation, the values of the investigated
parameters in the planes parallel to the feed direction (A—E) decreased by 4-64% for
Ra and 2-52% for R, in the measurement points (Table 1). They are also maximal in
plane C, and they decrease in both directions towards the edges of the investigated
area (Figure 4). But as they are scarcely smaller in the middle plane than the values
measured here on the M1 surface (by 9% on average for Ra, by 15.2% on average
for R;), then the further away from it the degree of decrease is significant; max. 64%
for Ra, max. 52% for R, (Figure 5). On this topography, we already see remarkable
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deviations between the values of the two sides of the surface separated by the
symmetry plane (Figure 5); the values on the down-milled (M2P) side are higher
than those on the M2V surface part. This observation is identical to the finding
described in [18]. The largest deviation can be seen in plane A, on the up-milled side
(M1Y, Fig. 5), where the degree of difference was also maximal (on the surface) and
almost the same in our previous investigation [19]. In the numbered I-V planes, the
deviation of the values is significantly larger compared to the differences calculated
on the M1 surface, its extent is 1.5-2.5 times (Table 1). The distribution of values
has also changed; further away from plane C in both directions, the values of points
decrease but not in all cases (Figure 4). Ra parameter values showed more sensitivity
to the variations in roughness on this surface. In summary, the roughness difference
on the topography created with double milling marks is large and is significantly
higher compared to the surface with a single impression (2.7 times in R, and 1.87
times in R,).

Meas. | Single cutting marks — Surface M1 Double cutting marks — Surface
dir. M2
33 1 o m v v 33 1 o m v v
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Figure 6 — Distribution of roughness values measured in the direction perpendicular to the
feed on the examined topographies
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Next, we evaluate the results of profiles measured in the direction
perpendicular to the feed, starting with the M1 surface. The roughness values in the
feed direction planes A—E are almost identical (Figure 7), the differences in them are
ARz =0.02-0.11 pm, AR, = 0.29-0.77 um (Table 2). This contributes to the fact that
the distance between adjacent measurement points taken in the feed direction is an
integer multiple of the feed value, so profiles measured on the same plane that is
parallel to the feed direction, are theoretically identical. The values of the R, and R,
parameters examined on the topography are the lowest in the C symmetry plane and
increase in two directions moving further away from it (Figure 7), similar to findings
in [17]. The values and their distribution of the surface sides M1Y and M1P are
symmetrically almost identical to the symmetry plane (Figure 6). In the numbered
(1-V) planes, as shown in Figure 7, the degree of deviations of the R, values is almost
the same (1.28-1.4 um), in the case of the R, parameter they are very similar (6.43—
7.44 um), the distributions are the same (Figure 6).

Mesas. Planes parallel to feed Planes perpendicular to feed
direction
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Figure 7 — Values measured in the direction perpendicular to the feed and their deviations in
the examination planes
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On the M2 topography with double milling marks, the values of points in planes
B, C and D are minimally lower and the degree of deviations is similar compared to
the same points on the M1 surface (Figure 7). On the other hand, in the extreme
planes A and E, a greater degree of depreciation and larger deviations are
characteristic, based on the comparison with the M1 surface (Figure 7). In the
numbered (1-V) planes, the magnitude of deviations is slightly smaller compared to
the M1 surface (Figure 7). However, the distribution of values has changed to the
extent that higher values can be found on the M2Y up-milled surface side (Figure 6),
similar to the measurement results in the feed direction. The roughness deviations of
the profiles measured in this direction are shown by the values of the R, parameter
with greater sensitivity than the values of R, (Figure 7). Based on the measurement
results (Table 2), we conclude that the roughness deviations of profiles measured in
this direction are small.

5. CONCLUSIONS

In this article, the topography and roughness of plane surfaces face-milled
with a symmetrical tool setting were examined, considering the effect of secondary
material separation (back-cutting movement of the tool edge). The results can be
summarized as follows.

e Based on the results of profile measurements in the feed direction, the
values of Ry and R, parameters on surfaces M1 and M2 are maximum in the
symmetry plane and they decrease in both directions the further away from it
(except that they increase in the extreme plane A). On the surface where secondary
material separation occurred, the values decrease (minimally in the plane of
symmetry, significantly towards the edges of the surface), while their deviations
are larger.

e The results of the profile measurements in the direction perpendicular to
the feed show that the values on the M1 and M2 surfaces are minimal in the
symmetry plane and increase in two directions further away from it. In the case of
secondary material separation, the decrease in roughness is small in most points,
and the degree of deviations on the surface is greater. We find that by measuring
the profiles in this direction, the change in roughness is less than when measured
in the feed direction.

e The distribution of R, and R, values on the two — differently — machined
surfaces differs regardless of the direction of measurement. While on the M1
topography with single cutting marks, the value decrease is almost the same on the
up-milled (M1Y) and down-milled (M1P) side of the surface further away from the
symmetry plane, while on the surface with double milling marks (M2), the
roughness values are higher on the up-milled side (M2Y).
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o Different degrees of deviations can be measured on the face milled surfaces
in the two measurement directions, so the tribological (e.g. friction) conditions may
change if the milled surface in contact moves along these directions.

e During face milling, the secondary material separation changes the
roughness values measured in different parts of the topography and their deviations.
Under the investigated experimental conditions, the unevenness of the surface is
best expressed by the R, values measured in the feed direction.
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JOCJIJKEHHA MIOPCTKOCTI OAUHAPHUX I TOABIMHUX CJIIIIB
PI3AHHS HA TOPIIbOBO ®PE3EPOBAHIN ITOBEPXHI

Awuotauist. [lpu 06pobyi 3a 00noM02010 IHCIMPYMEHMIE 3 NEGHOIO PI3ANbHOI0 KPAUKOW, 8 OeSKUX
npoyecax npu GUKOPUCHAHHI 00epMAIbHO20 THCMPYMEHmY (HANpuKIao, mopyvose gpesepysanns)
Kpaiika incmpymeHmy modice e paz npomsacom 00H020 06epmy iHCMpyMennty, NOOPANAmu no8epxXHio
3a20MOGKU, 3ANENCHO 60 YMO8 pizanns. B pezynomami monoepagii 3 odunaphumu abo noositnumu
BIOMIMKaAMU Pi3anHs OYOYMb GIOPIZHAMUCS 0OHA 8I0 00HOI. BiOXUleHHs, 3a1edCHO 8i0 1020 pO3MIpY,
MAK0JIC MOJICe BNIUHYMU HA DYHKYIOHAIbHI XAPAKMePUCMUKU (HARPUKIAO0, YMOBU mepmst) pooouux
nogepxonv. YV yiti cmammi mopyeso-ghpeseposani monoepagii, cmeopeHi 3 CUMEMPUYHOIO
YCMAHOBKOI i 3 OOUHAPHUMU A0 NOOGIIHUMU (Dpe3epHUMU MIMKAMU, NOPIGHIOIMbCSL 8iON0BIOHO 00
BeTUYUHU WOPCIMKOCMI, CMYNEeHs | Xapaxkmepy HeoOHOPIOHOCMI. 3a pe3ynbmamamu 6Uumipioganb
npoginio 6 HanpsaMKy nooaui 3nauenHs napamempié Ra i R, Ha noepxwsx Maxcumanvhi 6 niowjuni
cumempii | SMEHUWLYIOMbCSL 6 0OUOBI CMOPOHU, YUM OAli 8i0 Hel (3a BUHIMKOM MO20, WO 30IIbULYIOMbCS
6 Kpatinii niowuni). Ha nogepxi, 0e 8i00yn0cs 6I00KpeMIeHHS. 6MOPUHHO20 MAMePIany, 6eIuduHU
WOPCMKOCMI 3MEHULYIOMbCA (MIHIMANLHO 68 NAOWUHI cuMempii, Oaudicue 00 Kpais nogepxHi), npu ybomy
ix gioxunenns Oinvwi. Po3nodin 3navenv R, i R, Ha 060x — no-pisHoMy — 00pOOIIOBAHUX NOBEPXHIX
BIOPIZHAEMbCSL HE3ANENCHO BI0 HANPSAMKY GUMIpIoganHs. Y moiti uac sk Ha monoepagii M1 3
OOUHAPHUMU MIMKAMU PI3AHHS 3MEHUIeHHs. 3HAYeHHs Malidce oOHakose Ha ¢ppeseposaniti (M1U) i
@peseposaniti (M1D) cmoponi nosepxhi, 6inbwl 6i00aneHiti 6i0 NIOWUHU cumempii, modi K Ha
noeepxHi 3 NOOSIHUMU (peseprumu mimkamu (M2) 3nauenns wopcmrocmi euwyi Ha peszeposaHiil
cmoponi (M2U). Ha mopyesux ¢ppeseposaniix no6epxHsx MOJICHA GUMIDIOGAIU PI3HI CIMYNEHI 8I0OXUIEHb
¥ 080X HANPAMKAX BUMIDIOBAHHS, MOMY MPUOOIOIYHT (HANPUKTAO, MEPMs) YMOBU MOJICYMb 3MIHUMUCS,
AKWo peseposana NOGEPXHs, WO KOHMAKMYE, PyXaemvcsi 6 yux Hanpamxax. I1i0 wac mopyesozo
@pesepysanns emopunne po30LIeHHs. MAMEPIANY 3MIHIOE 3HAYEHHSL WOPCMKOCN, GUMIPSHI HA PI3HUX
oinsAHKax penvedy, ma ix GioxXunenus. Y 00CmioxHcy8anux excnepumMeHmanrbHux YMOBAX HepiGHICHb
NOBEPXHI HAUIKpAUe BUPANCACbCS 3HAYEHHAMY R;, UMIPSHUMU 6 HANPSAMKY HOOAYi.

KuaiouoBi cioBa: mopyese pezepysants, wopcmkicnms no8epxHi; 360pommue pi3anis ppeseprozo
incmpymenmy; 6UOaneHHs 6MOPUHHO20 MAMEPIATy.
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Abstract. Laser measurements are used chiefly for experiments during metal cutting. The recent
development of laser technology offers chances that are advisable to take advantage of machine
manufacturing. This article presents some measuring applications for metal cutting. Its purpose is to
show separate literature on each technology to provide insight into the possibilities of laser measurements.
Keywords: metal cutting; laser measurement; in-process monitoring; LDV; optical sensors.

1. INTRODUCTION

In production systems, the maintenance of efficient productivity plays a
prominent role. The technological processes in machine manufacturing technology
have become more diverse in recent decades, and countless new procedures appear
every day (Research and Markets [1-5]).

Zaghal and Benke [6] report on determining reliable area sizes for 3D
roughness measurement in their work. In their article, Zhou, J., et al. [7] and Zhou,
H., et al. [8] analyse in detail the activities related to laser polishing. Lavrinenko et
al. [9] present a review study entitled “Modern Developments Related to the
Directed Impact on the Cutting Surface of a Diamond Abrasive Tool and its Contact
Zone in the Processes of Machining (review)". In their article, they examine in detail
the activity of laser sharpening evaluation on diamond wheels [10-11], and also
analyse the laser surface roughness measurement [12].

The driving force behind the increase in indicators is reducing production
time. At the same time, this phenomenon also affects traditional technological
processes. These production processes must also meet quality, reliability and
increased productivity [13-14]. Increasing the machining speed is a promising way
to speed up the different production steps. However, it also raises new problems. In-
situ metrology in production systems improves accuracy and reduces machining
time by eliminating repositioning and setting operations [15]. Various monitoring
methods and techniques help to achieve these goals. These procedures are
increasingly crucial in individual production technology operations [16]. This article
does not intend to deal with the various monitoring techniques. However, we must
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note that the respective areas are slowly separating. Some condition monitoring
procedures monitor the machine tool (MCM), while others focus directly on the tool.
The former mainly focuses on condition-based maintenance (CBM) [17-20],
providing data that can complement a risk-based maintenance strategy (RBM)
(offering a severe economic advantage for users). Other monitoring techniques
maximise the valuable working time spent on quality production by examining the
tool condition. [21-23]. Predictive maintenance uses analytical models to analyse
data from sensors that estimate the condition of a part, machine or process. Predictive
maintenance procedures benefit from machine data collection and more frequent
sampling, while condition-based monitoring applications benefit from multiple
sensing inputs [24-25]. At the same time, the condition-based inspection often acts
as an early warning system. In parallel with the systems that monitor the tool's
condition, we can observe the material separation process separately. This third
control strategy is closely related to the previous controls [11], [14].

Today, we have many different sensors and measurement methods at our
disposal. However, each has limitations, so the measurement is still burdened with
errors [26-27]. The more sensitive the measurement method (for example, laser) is
to the physical signal, the more accurately it can reproduce the phenomenon under
investigation. From this point of view, they, therefore, offer a definite advantage [28].
At the same time, they may require complicated installation, their area of use may
be limited, or their investment costs may be high, so they have not become
widespread [29-30]. It can be said for almost all optical sensors, the only exception
perhaps being the use of CCD detectors [31]. Using a laser as a measuring tool was
still considered expensive almost a decade ago. Today, however, the situation has
changed.

EA

laser
interferometers

level of
precision

accelerometers

nm

deflections  roughness subsurface damage
Figure 1. Applicability of laser interferometers compared to accelerometers and acoustic
emission sensors
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The laser as a measuring device was a costly procedure nearly a decade ago
[32]. However, due to the significant reduction in production costs and their
intensive use in the electronics industry, their scope of application has widened.
Laser devices are still developing at a tremendous pace today. This trend applies to
lasers, high-resolution cameras, smart devices, and microcontrollers performing
local computing tasks [33]. New application areas come to the fore through the
miniaturisation and embedding of measuring devices.

An example of such a device is the multi-beam, integrated semiconductor
laser developed by Li et al. [34]. Compared to previous devices, this new six-beam
laser chip reduces the loss caused by detection time and increases signal stability.
Li’s development is beneficial for measuring vibrations in the low-frequency range,
with an amplitude of up to a few 100 pum/s, a resolution and quality similar to
commercially available LDVs. Subprocesses of the cutting cycle and events that
occur (even unexpectedly) require additional attention, as they sensitively affect the
accurate evaluation of the measurements. In the case of laser measurements, it
happened, for example, that the displacement signal was sometimes "lost" (drop-out)
in the transition phase of the cutting cycle [35-36]. In the case of measurements
carried out with a Laser Doppler Vibrometer, the reflected signal may become low
in intensity and fall below the acceptable level. As a result, the measurement signal
itself disappears or becomes non-processable.

The shape of the tool is also an influencing factor. If it gets in the way of
the laser, it causes a (sometimes significant) abnormality in the reflected signal. Such
a phenomenon can be experienced, for example, in drilling [36].

The mentioned reasons partly explain the common practice that laser
measuring devices are usually not used alone but together with other sensors [35],
[37-41]. At the same time, laser devices may be required as an additional signal
source or to clarify the dynamic model of the system. This is especially true during
cutting.

Figure 1. (based on [42]) provides some information about the applicability
of laser interferometers used in ultra-precision machining as a function of accuracy
and control parameters.

2. LASER MEASUREMENTS IN TURNING

Turning is often the subject of investigation as a traditional machining
process. Many proven measurement methods have been developed for its study.
However, the power consumption calculated based on the current consumption of
the main spindle is used as the input parameter that forms the basis of condition
monitoring. The power consumption strategy is used primarily in performance-based
TCM (Tool Condition Monitoring) to identify the end-of-life condition of a tool. The
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disadvantage at the same time is that it is less suitable for effectively detecting tool
breakage and other similar sudden events [43].

In the case of turning, more superficial measurements are made with the
help of a laser. Its early consumption, which is still present today, is the tachometer.
First, its implementation is simple, so we can even measure the signal taken from
the chuck with it. Urbikain and his colleagues also used the laser this way when they
carried out measurements on a CNC lathe centre, investigating the practical
implementation possibilities of the SSV (spindle speed variation technique) [44]. In
the experiments, the measurement of energy consumption ensured the balance
between better stability limits and acceptable spindle behaviour. Accurate speed data
was required for feedback. This data was provided by the laser - successfully.

We should mention its other use as a surface scanning method. A procedure
used not only for turning but also for other cutting operations. A procedure used to
check both the tool and the machined surface. In their recently published article,
Adam Kiss and his colleagues looked for answers to the causes of self-excited
vibrations during turning [45]. They obtained the dynamic behaviour of the
vibrations generated during the machining process by comparing the results from the
measurement of the roughness of the machined surface with the theoretical
correlations. For this purpose, an industrial laser differential displacement meter was
used to measure the deviation of the surface from the ideal geometry. In the case of
most surfaces, the ratio of regular reflection and diffuse reflection is a function of
surface roughness. Therefore, the reflected light pattern carries information about
the quality of the surface. During their measurements, the sensor provided sufficient
accuracy for detection. As a limitation, the laser spot is not an ideal point but an
ellipse. Since the sensor measures the average of the surface roughness - moreover,
not symmetrically - this effect appears as a moving average along the measurement
line. Spot asymmetry is often encountered when the instrument uses a semiconductor
laser. In such a case, the measurement distance must be considered. In the case of
spatial-mode semiconductor solid-state lasers (SD), the semiconductor laser beam,
at a suitable distance both in the direction perpendicular to the active layer and
parallel to it, can only seem Gaussian [46] or Lorenz distributed [47]. Therefore, the
measurement distance is always problematic for these measurements - due to the
type of laser.

A similar laser application was included earlier in a series of experiments
by Wong and his research group [48]. In their article, they presented an optical
method that uses the scattering pattern of reflected laser light to track the condition
of the tool in case of roughing. During the measurement, the light beam of a low-
power He-Ne gas laser was reflected from the workpiece's surface. The scattered
light was recorded with a digital camera and then analysed using appropriate image
processing techniques. The average of the resulting pattern and its standard deviation
for the intensity image were examined. This method can detect a roughness
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corresponding to 1/8 of the laser wavelength. Of course, to analyse the tool's wear,
the quality of the surface, the optical parameters, and the tool degradation had to be
matched. According to their experience, surface quality, tool wear and optical
characteristics are not always consistent because they depend on many factors. The
scattered laser pattern itself does not correlate with tool wear, but the intensity
distribution of the pattern does — but only in a limited range of wear.

Self-excited vibrations were investigated by Prasad et al., but already
during a series of experiments with LDV. In their study [38], they looked for the
connection between the workpiece's vibration, the tool's wear, and the texture of the
machined surface. During face turning, the vibration in the feed direction was
measured with a laser. An FFT spectrum was formed from the received signal and
then evaluated. By carrying out the measurements on different materials, with the
sharp, the less worn, and finally, the blunt tool, they found that as the tool's wear
progressed, the vibration amplitudes also increased in the frequency range - as
expected. The further increase in vibration was attributed to the ever-increasing
friction between the workpiece and the cutting tool, which is also a consequence of
tool wear.

In another paper by Prasad, the cutting temperature and the dynamic
characteristics of the vibration signals were analysed simultaneously [39]. LDV was
used to extract the vibration data in the feed direction during orthogonal cutting, and
the temperature was measured by infrared thermography. They aimed to create an
experimental database to detect and monitor tool wear. Their experiments showed a
relationship between vibrations, cutting temperature and tool wear, depending on the
speed.

The article by Venkata Rao et al. [40] is related to turning but also touches
on the next chapter, in which the authors analysed the effects of cutting speed, feed
and tip radius of the cutting insert in hole turning. Vibrations in this process are
especially problematic when the tool is still at the beginning of the hole machining
and most of it is located outside the hole. The vibration of the workpiece was also
monitored with the LDV. The roughness and wear parameters were compared with
the vibration amplitudes by recording the FFT spectrum of the signal.

During hole turning, laser measurements were also performed in cases
where the machining process is aided by externally generated vibrations [49]. Chern
and Liang used a piezo crystal oscillator to vibrate the tool in the feed direction.
They aimed to improve the crossing holes and reduce the surface roughness. At the
intersection of the holes, even significant burrs can form, which, for example, cause
problems with flow technology in the case of valves. In their tests, the laser played
an additional role. The vibration amplitudes were analysed with a laser displacement
meter. Its sampling frequency was 50kHz, while the frequency that excites the tool
could be changed to 14kHz, so very high frequencies could also be tested.
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3. LASER INSPECTION DURING DRILLING

Recently, several articles have been published about using LDV during
drilling [36],[49-50], but it is by no means a commonly used method. Unlike
previous material separation operations, drilling is even less common to use a laser
as a sensor signal source. Nevertheless, this measurement method's advantages can
be seen precisely during this cutting process.

Electronic non-contact measurement techniques, such as inductive and
capacitive displacement sensors, offer limited possibilities for non-contact
measurement. These are limited only to close measurements and are sensitive to
thermal expansion. So, they must be arranged in two pairs for acceptable
measurement [35]. With drilling, direct control of the cutting process is impossible
—as it cannot be directly observed. Thus, only indirect measurement procedures help
understand the process's phenomena during cutting, even when creating a TCM
strategy. It is advisable to examine the tool's vibrations; for instance, individual chip
removal steps can be better observed by measuring the tool itself [51].

Chern and Liang repeated the same vibration tests performed in hole turning
for small diameter holes. The measuring range of the laser displacement meter
(50kHz) made it possible to measure the excitation in the higher frequency range
correctly.

During measurements during drilling, it was clearly observed that until
(with fixed cutting parameters) the drill bit begins to cut with its total diameter, the
individual temporal phases have a specific time and frequency range [50].

Balaji et al. deal with the effect of cutting speed, feed and groove angle on
drilling tool life (wear) [52]. His study examined the tool's vibrations during drilling
on a universal lathe with a Laser Doppler vibration meter. He determined the
relationship between the vibration amplitudes and wear, groove angle, surface
quality, and vibration parameters based on the measured data.

4. LASER MEASUREMENTS IN MILLING

Milling is the cutting operation that has been/is being researched the most
due to its versatility. This is why we often come across laser devices during
examinations. In their early work [53], Ryabov et al. used a laser to measure tool
wear during the process and to detect medium and large tool defects. The
measurement of noisy signals obtained under natural cutting conditions was based
on laser displacement sensors, and two laser sensors were used simultaneously. The
tool's cutting-edge shape was checked with the two lasers. In addition, the received
signals were fed into the control system and used as a synchronisation signal for
speed control. According to their experience, the reflection’s characteristics depend
on the light dispersion properties of the surface and the direction of the incident light
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beam. Based on the results obtained during practical measurements, average and
worn surfaces can be clearly distinguished through the light intensity patterns
resulting from the difference in the surface. However, they do not differ significantly
in their dispersion properties.

The article by Tatar and Grin also analyses tool vibrations during high-
speed milling [35]. Since, in the case of high-speed cutting when measuring spindle
vibration, low-vibration signal transmission, disturbances in the bearings, and
magnetic disturbances in the motor make classical measurements unreliable, a new
sensor was chosen. The task was solved with a non-contact laser sensor placed near
the tool. In experiments, LDV measured the speed of a given point of the tool and
its displacement, thanks to the built-in system. This possibility is a real advantage in
the lower frequency range. At the same time, due to the appearance of pseudo-
vibrations and transverse vibrations from the shape of the tool shank, they had to
perform additional measurements.

The topic of the work by Faassen et al. was self-excited vibrations occurring
during high-speed milling [54]. While others use constant parameters for the entire
spindle speed range to describe the machine dynamics and the behaviour of the
cutting process, they proposed a model that also considers the spindle speed to
construct the stability maps. In this model, the dynamics of the machine also play a
role. To measure the dynamic behaviour of the main spindle-tool holder-tool system
and determine the effect of the spindle speed on this behaviour, FRF (Frequency
Response Function) tests were performed with an impulse hammer. Measurements
were made with a stationary and rotating spindle, where the vibrations were recorded
with a twin-sensor industrial laser (LTS — Laser Twin Sensor) surface inspection
sensor. They could establish a frequency response characteristic in the range of 750—
1750 Hz through laser measurement. The previous experiments were supplemented
with microphone measurements to refine the stability limits.

Rantatalo's measurements were also made on a milling machine [55]. His
method was primarily aimed at analysing the vibrations of the main spindle. In his
complex work, he searched for an answer to the effect of the main spindle as a
rotating element on the system's stability. Its solution is general, so it can also be
used with other chucked devices.

The dynamic effect of the main spindle on cutting was also dealt with by
Osterlind and his research group [56], but unlike others, he used the method of in-
process modal analysis (OMA — Operational Modal Analysis). For static
measurements, the transfer functions were prepared with an impulse hammer, and
then the parameters during the operation were recorded with an OMA. They also
used several different sensors in their experiments. The vibrations of the workpiece,
the tool holder and the table were measured with accelerometers. In contrast, the
tool's response to vibrations was measured with a laser Doppler vibration meter. The
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measurement results were used to analyse the stability map of the system, examining
the changes that occurred during cutting.

Self-excited vibrations have been a topic of interest to researchers for a long
time. For example, in a previous article, Nakagawa et al. discuss the effects of
vibrations generated during the milling of hardened steel materials on the surface
quality [57]. Since the previously discussed eddy current sensor had both placement
and dynamic disadvantages (detection threshold in the lower frequency range), the
displacement of the milling tool tip was measured with an LDV. During
measurement, two LDVs simultaneously monitored the operation and the mutually
perpendicular displacements of the tooltip. They tried to correct the instrument's
relative measurement error by placing it relatively far from the measurement point.
During their experiments, with the help of high-resolution measurements, they
identified two different types of self-excited vibrations. It was possible to observe
the change in the unstable regions of the stability map.

The dynamic properties of the machine tool-tool-workpiece system were
also investigated by Norman et al., during which LDV was used to predetermine the
dynamic parameters of the system [58]. Since the stiffness of the machine tool itself
changes due to the changing working conditions (e.g. due to the variable bearing
stiffness depending on the speed), they prepared a test bench for their tests. The
effects of various factors affecting the system's dynamics were checked. The
response data measured with the LDV were monitored by examining different load
cases. So, the system's transfer function was defined in such a way that the main
spindle axis was in rotation all the time - i.e. during work. The results of their
experiments confirmed the advantage of testing with non-contact methods that the
disadvantages observed with traditional sensors, such as the mass load of the
accelerometers or the error caused by the damping of the pulse hammerhead, do not
occur during the measurement. The measurements can, therefore, be performed even
while the tool is rotating so that the changes in the system's transfer functions
determined at different rotation speeds can be monitored.

5. COMMON EXPERIENCES WITH LASER MEASUREMENTS

As with all sensor types, measurement errors with laser sensors are caused
by the conditions of their installation since the measured speed signal is relative.
During machining experiments for research purposes with the LDV measuring
instrument, it is a problem that the device (due to its dimensions) can often only be
used mounted on a stand [36], [59]. So, vibrations originating from the laser's
"capture” conditions also appear at the output of the LDV [60-61]. However,
isolation from the environment, which is an obvious solution, requires careful
preparation. In addition, it is complicated to eliminate low frequencies, so this
problem cannot be solved effectively. The author and several colleagues used an
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optical vibration-free table during his measurements in several different measuring
setups. He experienced vibrations independent of the choice of stand and originating
from the characteristics and design of the measuring device [62].

The idea of Halkon and Rothberg [63] offers a simple solution to the
relativity of the speed signal as a source of error. It has been proven in practice that
if an accelerometer is paired with a second one mounted anywhere on the instrument
and aligned in the laser beam, it solves this problem well. In their experiments, the
instrument was supplemented with two traditional acceleration sensors that measure
the vibration in the laser's direction. If they measure in the same direction and are
axisymmetric to the laser beam, the amplitude and phase spectra of the instrument's
vibrations can be well corrected. However, in addition to favourable experiences,
the correction may be impaired by the transverse sensitivity of the acceleration
sensor. Regardless, it is not only the relativity of the measurement that causes
problems but also the polarised coherence of the laser light. By itself, the interference
pattern would be an applicable property, for example, if it were a matter of
examining the quality of the surface. In the case of a light wave with this property,
if the light illuminates an optically rough surface - and most surfaces are like this -
then each small surface element will act as a point source of coherent light. Due to
the uncorrelated light waves created in this way, a granular pattern of dark and light
spots is formed on the detector due to the superposition. The sensor is several such,
i.e. collects a spot pattern with one sampling shape, and the current output of the
photodiode will be proportional to the sum of these instantaneous intensity
distributions [64].

If the spot pattern changes space and time (for example, a rapid movement
of the target perpendicular to the measurement direction or a sudden rotation), the
Doppler signal - and thus the output of the detector — is modulated by the change in
the pattern [65-66]. Therefore, the formation of pattern noise can be explained by
the fact that the point illuminated by the laser during the vibration was not the same
point during the entire movement period [67].

Nevertheless, in the case of vibration testing, it is a distinct disadvantage
because the sample fluctuates almost randomly [35-36], [41]. The effect of the
change in granularity on the measured signal can be reduced by averaging the
measurements [68-69]. However, spurious vibrations arising from the "repetition”
of the pattern due to rotation are still visible in the spectrum. Their name used in
international literature is pseudo-oscillations [69-70]. Therefore, if the laser scans a
workpiece or tool rotating at high speed, we will get disturbing peaks and higher-
order harmonics in the frequency spectrum due to the effect [64-65], [69].

For the simplest solution to this problem, it seems that making an "optically
smooth" surface for the measurements can be a good solution [35], [41], [58]. That
is, on the one hand, a clean and, on the other hand, smooth polished surface must be
created for good reflection. However, making such preparations or ensuring this
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condition permanently is not always possible. The question is similar to the speckle
noise phenomenon occurring in remote sensing (or laser-based remote sensing —
LIDAR - Light Detection and Ranging). Courville, although not working in the field
of metal cutting, draws attention in their work to the fact that a single LDV with two
properly positioned detectors in one line can simultaneously record two
measurements, which will have independent speckle noise [71]. To reduce the noise
of the spot, he recommends separating the signals in the frequency range and
averaging the measurement series recorded with several sensors simultaneously. In
this way, they can also record the orthogonal polarisation of light.

Vass and his fellow researchers developed an algorithm operating in a time
domain to improve the reflected light's signal/noise ratio [72]. According to their
experiments, if the spot pattern of the reflected light differs significantly from the
majority of the samples in the signal (examined over time), i.e. the amplitude
distribution of the sample does not follow the usual dispersion of the signal and
shows an extreme deviation from the average. The peakedness (kurtosis) can be used
to detect the disturbance. If outliers exceed a limit, they can be automatically
removed. Hosek, who compared the effectiveness of this method with several
techniques, also similarly limits the vibration amplitudes [66]. The disadvantage of
the kurtosis method is that it is primarily suitable for detecting random and out-of-
average scattering noise.

An additional, simple solution is to eliminate noise smearing errors caused
by rotation is almost self-evident — if the cutting conditions permit — the
measurement must be performed on the stationary tool [36], [40], [49], [51].
However, this limitation cannot be a condition for developing a condition-
monitoring strategy.

6. SUMMARY

In summary, it can be said that laser measuring devices are used in different
ways for different types of machining. Lasers came to the fore primarily for surface
inspection and determining the dynamic behaviour of the machine system or process.
The use of lasers in drilling among the machine manufacturing technological
processes is still waiting to be discovered in contrast to milling or turning, which are
well and effectively researched areas.

Interferometric measuring devices are more accurate than other laser
measuring techniques, but their more complicated construction makes them more
sensitive to the conditions. The triangular measuring technique, which is well-
proven in practice, can also be used adequately for measurements during cutting. It
is a method often used for research, but during production, it is currently used almost
only in cases of positioning and coordinate measurement.
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It is typical that the laser measuring technique is only one component of a
more complex measuring system and takes on a complementary role alongside other
types of measuring devices.

Indeed, the cutting or machining conditions are not always favourable for
measuring methods where environmental effects can strongly influence the
measurement results. However, with its advantages, laser technology can
increasingly provide a suitable answer to the problems that arise during cutting.
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Mixknom Bepemr, [Iptoma Bapra, MimkounsI, Yropumaa

JIABEPHI BUMIPIOBAHHS B TPOLECAX PI3AHHSA

AHoTauis. Memponoeia Ha micyi y UpOOHUYUX CUCMeMAaX NIO8UULYE MOYHICMb | CKOPOYYE Yac obpodKu
3a PAXyHOK BUKIIOUEHHs Onepayiil nepenosuyionyeanHa i ycmanosku. Jfocaemu yux yineti donomazaroms
PisHi Memoou i npuiiomu moHimopuney. Lli npoyedypu Habyeawoms 6ce Oilbul020 3HAYEHHS 8 OKPEMUX
MexHONo2IMHUX onepayisx upobHuymea. Jlesxi npoyedypu MOHIMOPUHSY CMAHY KOHMPONIOIOMb
sepcmam, mooi K [HWI 30cepeddcylomvbest Oe3nocepedonbo Ha incmpymenmi. Ilepwuii 6 0CHOBHOMY
30cepeddiceHull HA MeXHIYHOMY 00CTY208y8aHHI HA OCHOSI CMAHY, HAOQIOYU OAHI, AKI MOJICYMb
O00NOBHUMU CIMPAME2il0 MeXHIYHO20 0OCIY208Y8AHHSA HA OCHOBI OYIHKU PUSUKY (NPONOHYIOUU CepUO3HY
eKOHOMIUHY nepesazy O/ Kopucmyeauis). IHuti Memoou MOHIMOPUHSY MAKCUMIZYIOMb 00PO2OYIiHHULL
pobouuil yac, eumpaveHull Ha sKicHe 8UPOOHUYMEo, docaiddicyiouu cman incmpymenmy. Cb0o200Hi 8
HAWoMy pO3NOpAO0d*CeHHI € 6e3niy pisHUX 0amuuxie i memoodie sumiprosansa. OOHAK KOHCEH 3 HUX MAE
00MedNCeHHs, MOMY 6UMIDIOBAHHS 6Ce OOHO O0OmsAdNCeHe NoXubkamu. Yum uymaugiwuti memoo
BUMIDIOGAHHA (HANPUKIAO, 1a3epHull) 00 QI3uuHO20 CUSHATY, MUM MOYHiWe 8iH Modce 8I0MEopumu
docnioacysane aguuje. 3 yici mouku 30py 60HU, MAKUM YUHOM, MAlome nesHy nepesazy. Hosi cpepu
3ACMOCY8aHHA BUXOOSIMb HA NEPUILLL NIAH 3A80KU MIHIamiopu3ayii ma 60y008Y6aHHIO 6UMIPIOBANILHUX
npunadis. Ilpukiadom maxozo npucmpoio € 6azamonpomeregull, iHmMezposanuli HanienPOSIOHUKOBUIL
nasep. Y nopieHaHHI 3 NONEPEOHIMU NPUCMPOSMU, Yell HOBUL WeCMUNPOMEHESUI 1A3ePHULL Uil 3SMEHUYE
smpamu, CnpudUHeHi 4Yacom UsABNeHHs, | nidguwye cmabinbricms cueHany. Pospobka dysce euciona ons
BUMIpIOBanHA GIOpayill 8 HU3LKOYACMOMHOMY Oianaszoui, 3 amniimyooio 0o 100 mxm/c, po3dinbhoio
30amuicmio i AKicmio, nodibHumu 0o komepyiiino oocmynnux LDV. Jlasepu eutivinu na nepuuii niau
Hacamnepeo OJi NOBEPXHE8020 KOHMPOIO Md BUSHAYEHHS. OUHAMIYHOI NOBEOTHKU MAUUHHOT cucmemu
abo npoyecy. Buxopucmanns nazepie y c6epOninmi ceped mexHoI02IYHUX npoyecie Mawunooyoyeanms
8ce uje yeKae c8020 BIOKpUmMmsl, Ha 8IOMIHY 6i0 (hpeszepysants abo MokapHoi 06pobKu, aKi € dobpe ma
eexmueno docniodicenumu canyssimu. lnmepgepomempuuni UMIpIOGALbHI NPULAOU OilbW MOYHI, HIdIC
iHWi 1a3epHi UMIPIOBATbHI Memoou, ane ix 6iibu CKIaoHa KOHCMpYKYis pobums ix Oinbuwl 4ymaueumu
00 ymo8. Tpukymua memoouxa GUMIPIOBAHHS, sIKA 00Ope 3apeKomendy8ana cebe Ha nPaKmuyi, MaKoxc
Modce Oymu aoeK8amHo GUKOpUCMAHA O 8UMIpIO6aHb nid yac pizanus. Lle memoo, saxuil uacmo
BUKOPUCIOBYEMBCSL O QOCTIONCEND, de Ni0 4ac eUpOOHUYMEA 6 OaHull Yac 6in GUKOPUCTNOBYENbCSL
Matizce minbKu y 6UNAOKAX NOZUYIOHYBAHHS MA BUMIDIOBAHHS KOOPOUHAM.

Ku1i04oBi ci10Ba: pizauns memany; 1azepHe UMIPIOSAHHS; mexHoa02iuHull Mmonimopune; LDV; onmuuni
oamuuxu.
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Abstract. The purpose and characteristics of granular working media used in vibration processing
operations are given. It is indicated that the purpose of granular media is their contact interaction with
the processed part surface under conditions of various energy parameters. This interaction is
accompanied by elastic-plastic deformation, micro-cutting, adhesion and mechanic-chemical processes.
Indicators of technological and operational properties for various types of granular media are given,
including the intensity of material removal from the processed surface, cutting ability, wear resistance
and achieved surface roughness. The physical and technological parameters of granular media have been
established, including deformability, hardness during finishing and hardening operations and surface
roughness of the media granules. The influence of the parameters of processing media granules on the
productivity of vibration treatment has been determined. It is shown that such parameters are the binding
of the granules material, its wear resistance, grain material, granulation and the shape of individual
granules. It is noted that the choice of granule sizes depends on two main factors such as: the necessity
to obtain a given roughness and high productivity of vibration operations. It was revealed that to ensure
high surface cleanliness, the use of small granules of the medium is required, but to obtain high
productivity, the use of large granules is required. Approximate dependencies have been determined that
relate the size and weight of granules of the processing medium and the processed parts. It is indicated
that the best results in achieving high quality of the processed surface and sufficient productivity are
provided by granular media with a shape close to a sphere. It is noted that granules in the form of cones,
pyramids, prisms and other forms are used for the successful processing of hard-to-reach places in the
form of small holes, straight and sharp angles in the interface of the surface of parts, niches or pockets.
Such granules are specially manufactured from a mixture of grinding powders of various grain sizes and
an inorganic binder based on clays. The features of the physical and technological parameters of
processing media are given.

Key words: vibration treatment; granular medium; processed parts, physical and technological
parameters; productivity of vibration processing.

1. GENERAL PROVISIONS
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In metalworking industries, the granular media are used for finishing and
grinding processing of various range parts during various types of vibration
treatment [1, 2]. The technological operations include cleaning, washing, finishing-
grinding, polishing, hardening and drying ones. Table 1 provides some examples of
the use of granular media for various vibration finishing and grinding operations in
production processes for the manufacture of parts [3].

2. PURPOSE AND CHARACTERISTICS OF GRANULAR MEDIA

The general purpose of granular media is to carry out contact interaction with
the processed surface of parts under conditions of various energy parameters,
accompanied by elastic-plastic deformation, micro-cutting, as well as adhesive and

mechanic-chemical processes [4].
Table 1

Application of Granular Media for Vibratory Finishing-grinding Operations

Vlbratory.ﬁn.l shing Composition and characteristics of processing
No and grinding . .
. medium granules, granulation
operations
Steel and cast iron sprockets, 15...50 mm
Steel die-cut, 5...20 mm
Mixture of sprockets and steel die-cuts with
. . grinding wheels, 15...25 mm
Cleaning  castings : — ;
from molding A mixture of scrap grinding wheels of various
1 . . hardness
materials, removing
flash and scale Cast sprockets
A mixture of mineral ceramic granules TsM-332
with grinding powder
Mixture of steel balls and abrasive powder,
3..8 mm
Deburring with a Scrap waste from abrasive and grinding wheels,
base thickness of 8...40 mm
0.15...0.2 mm, Mineral ceramic grinding granules TsM-332,
2 | rounding of sharp | 8...25 mm
edges, rough and | pie cutting, chopped wire, needles, 3...15 mm
fine grinding to
R, =0.32 um Mixture of mineral-ceramic granules with
a = .
abrasive powder, 8...25 mm
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Porcelain balls, 6...10 mm

Glass balls, 2...14 mm

Metal stamping with added abrasive materials
Polished steel balls 100Cr6 (DIN 17230),
Polishing, glossing, | 3.6 mm

3 finishing, hardening,
stabilizing treatment

Wooden cubes, felt wads, leather scraps, nut shells
with the addition of polishing pastes

Washing parts from

4 | various types of Rubber granules, 5...15 mm
contaminants
5 Drying parts after Wood chips, crushed corn cobs

cleaning and rinsing

To carry out the mentioned technological operations, the granular medium
must have certain technological properties. According to the above classification,
each type of granular media is characterized by certain indicators of technological
and operational properties. In particular, for abrasive granules hey are:

— intensity of material removal from the processed surface;

— cutting abilities;

— wear resistance;

— roughness of the processed surface.

The concept of “material removal rate” is measured in weight or volume units
of material removal over a certain period of time [1-3].

Cutting ability is characterized by the ratio of the mass of material removed
from a unit of surface per unit of time:

S
2.0
__i=l
S )
t qui
i=1

R

where Q; — removal of material from the sample; Sqi — sample surface area, cm?;

t — processing time, min.
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The specific consumption of abrasive granules is the difference in mass or
volume of consumed abrasive per unit time before and after processing, that is:

Jm:MO_Mk'

where J,, —mass of worn abrasive; M and M, —mass of abrasive granules

before and after treatment.

The processing coefficient (specific material removal) is characterized by the
ratio of the mass of material removed from a unit surface of the sample to the mass
of the consumed abrasive:

s
>Q
i=1

KO =—S.

In DSq
i=1

The wear resistance of abrasive granules is the ratio of the mass of worn
material per unit time to the initial mass of the processed granules, expressed as a
percentage:

J
Jgp. =-1100%.
W,

An important parameter of abrasive granules is the roughness of the processed
surface, including the established roughness. It represents the surface roughness
formed under constant processing conditions over a period of time, after which no
change in roughness occurs [5].

3. PHYSICAL AND TECHNOLOGICAL PARAMETERS OF
GRANULAR MEDIA

For metal granular media, important parameters are: deformability; hardness
when performing finishing and hardening operations; roughness of the working
surface of the medium granules [1].

When performing finishing operations, especially hardening ones, the
durability of metal granules, maintaining the integrity of the working surfaces and
their roughness, that is, the absence of chips, chipping, cracks, etc., becomes
important. The presence of the mentioned defects may be accompanied by damage
to the processed surface and deterioration of its relief.
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For metal granules, the density of the material is essential. As the density of the
granule material increases, the processing intensity increases due to an increase in
the contact forces of interaction between the granules and the surface being
processed. In addition to steel balls, granules from non-ferrous metals and alloys, as
well as cast iron, are used as metal granules.

Depending on the material, non-metallic granular media are divided into
polymer and organic. The polymer are used in washing operations, applying
mechanic-chemical coatings, etc. The granules of these media must be oil- and
water-resistant, acid- and alkali-resistant. They must have sufficient hardness and
wear resistance under abrasion conditions. Examples include granules of
polystyrene, fabric-based laminate, rubber, polyurethane and others. Granules made
from materials of organic origin are used in the operations of washing, drying and
lapping, fine surface finishing, and applying mechanic-chemical coatings. These
media are often saturated with various types of pastes and powders in order to
increase mass and impart polishing properties [6].

A distinctive feature of granules of organic origin is their low density, leading
to a decrease in the intensity of the process. As a result, they resort to making the
granules heavier by “interspersing” metal bodies of various shapes into them.

Pasty abrasive media is a flexible tool used for processing of complex surfaces,
internal channels and grooves. In terms of content, it is a viscoelastic polymer filled
with abrasive. The processing operations are carried out by moving the medium
relative to the surface being treated.

The paste-like abrasive medium consists of a plastic semi-solid binder and
abrasive grains. The pressure of the moving medium is 65 ... 2060 N/cm?. Materials
with different mechanical properties can be subjected to this treatment.

Silicon carbide, boron carbide, aluminum oxide, and diamond are used as
abrasive grain materials. Grains ranging in size from 5 to 1525 um are used. With
the use of a large-grain abrasive, the processing intensity increases, while a smaller-
grain abrasive helps reduce surface roughness and provides access to small-diameter
holes.

The depth of micro-cutting when processing with abrasive paste depends on
the applied pressure, the density of the paste and the size of the abrasive grains.

During the processing, the abrasive granules are destroyed and dulled, and the
ground material becomes part of the abrasive medium.

The service life of the paste depends on a number of factors:

— initial amount of paste when loading;

— type and size of abrasive grains;

— paste flow speed;

— part configurations.
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4. INFLUENCE OF GRANULAR MEDIUM PARAMETERS ON
VIBRATION PROCESSING PRODUCTIVITY

In the practice of vibration treatment, it has been shown that its performance is
influenced by such parameters of the granular medium as the binding of the granule
material, its wear resistance, grain material, granulation and the shape of individual
granules [3].

The bond of abrasive materials can be different - ceramic and made on the basis
of organic binders (phenolic resin plastic, vulcanite, etc.).

Its effect on the vibration treatment process is similar to the effect of grinding
wheels when grinding metal products on machine tools and consists in facilitating
chipping of dull grains.

Research has shown that when using a ceramic binder, it is possible, by
changing the size of the granules and processing modes, to obtain the necessary
results, practically eliminating vibration processing with granules made on the basis
of organic binders. This made it possible to use any high-performance chemically
active solutions during all vibration operations [7]. When using granules only with
a ceramic binder, the range of granular media used in vibration processing areas is
significantly reduced, that makes it easier to organize the work of the workshop.

The hardness of the binder provides the necessary wear resistance of abrasive
granules. With excessively soft ligaments, rapid destruction of granular media
occurs and the accompanying clogging of the reservoir, which leads to a decrease in
the productivity of vibrating machines.

From the point of view of wear of granular media, media with granule hardness
VT and CT should be considered the most rational. However, when working with
them, the surface may become greasy, which can be eliminated by using special
working solutions [8].

Granular mineral ceramic media from the TsM-332 (microlite) brand are more
resistant to abrasion. Their wear resistance compared to granules of hardness M is
200...350 times higher.

The material of the granular medium during vibration treatment has a relatively
insignificant effect on both the metal removal and the resulting micro-roughness of
the processed part. The interaction forces during vibration processing are
insignificant, so there is practically no destruction of grains. The wear of the medium
granules occurs mainly due to the chipping of grains from the binder. This effect
ensures self-sharpening of the grinding bodies during processing.

The grain size of the granular processing medium has a great effect on metal
removal and the micro-roughness of the obtaned surface in various vibration
processing operations.
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The granulation of the processing medium, in combination with the modes and
its circulation in the vibrating machine reservoir, is one of the main factors
determining the amount of metal removed from the surface of parts per unit of time.
Metal removal depends not only on the size of the granules, their shape, weight and
processing modes, but also on the design, sizes, material and weight of the processed
part [9].

In many cases, it is possible to prescribe the required granulation of the
processing medium with sufficient accuracy for practice without additional
experiments. However, these decisions are often preliminary; they require
redetermination when adjustment the technological process of vibration treatment,
depending on the constructive features of the parts being processed. First of all, such
features include the presence of pockets, small-diameter holes, grooves and other
elements that make it difficult for granules to access the treated surfaces.

Therefore, when choosing the granulation of processing media, the shape and
material of their granules, the type of technological process, the required
productivity, design and final cleanliness of the surface of the processed parts are
taken into account. The most widespread granulation of processing media is in the
range of 3...50 mm [10].

The choice of granule sizes depends on two main factors: the need to obtain a
given roughness and high productivity of vibration operations. To ensure high
surface cleanliness, the use of small granules of the medium is required, and to obtain
high productivity, large granulations are required. In addition, it is necessary to take
into account that metal removal depends on the number of granules that are
simultaneously placed on the processed part surface and strike it simultaneously or
with a slight lag.

There is no direct proportionality between the size of the medium granules and
metal removal. With small granulation, the number of impacts increases, while the
force of interaction between the granules and the part decreases. In some cases, metal
removal by medium-weight granules turns out to be higher than by heavy-weight
granules.

It has been established that the dimensions and weight of the granules of the
processing medium and the processed parts are interconnected by the following
approximate dependencies:

P
part. ] |
> 30 y Lgran_ = % ]
gran.

— weight of the part and granules; L,, —medium granule

where P and Pya,

size; | — the smallest linear dimension of the part.
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The shape of the granules of the processing medium is extremely diverse. It
can vary from sharp-edged crap of grinding wheels and granules made of TsM-332
(microlite) material with sharp edges to well-rolled granules of spherical or elliptical
shape. In the initial stage of work, when the granules still have sharp edges, marks
and nicks may appear on the parts. To achieve high grades of surface cleanliness of
the processed part, it is necessary to use either granules that have worked in rough
operations for a time sufficient to round off sharp edges, or to specially process them
until the sharp spots are rounded off.

The best results in achieving high quality of the processed surface and
sufficient productivity are provided by granular media with a shape close to a sphere.
The main disadvantage of such granules is the impossibility of processing hard-to-
reach places in the form of small holes, straight and sharp corners in the mating
surfaces of parts, niches, and pockets. In these cases, specially made granules are
used in the form of cones, pyramids, prisms and other shapes. To improve their
cutting properties, such granules are made from a mixture of grinding powders of
various grain sizes and an inorganic binder based on clays.

5. CONCLUSIONS

1. An important condition for the implementation of the vibration treatment
process is the presence of a granular processing medium. In domestic and foreign
practice, it has been established that medium granules have a decisive effect on
achieving surface quality and process productivity.

2. The choice of granular medium is made depending on the purpose of the
operation being performed, the material and configuration of the processed part, as
well as the vibration processing method used.

3. When choosing granular media, it is necessary to take into account the
requirement for the quality of the surface being processed and the minimum cost of
the treatment process, limiting the range of granular media for the purpose of ease
of acquisition, preparation for use, as well as sorting and storage in metalworking
production conditions.
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IMPU3HAYEHHS TA TEXHOJIOI'TYHI BJJACTUBOCTI
T'PAHYJIbOBAHUX CEPEJIOBUIL J/151 O3/10BJIOBAJILHO-
3AUUIIYBAJIBHOI BIBPALIIMHOI OBPOBKHU

AHoTtauis. Hagedeno npusnaueHHs ma Xapakmepucmuka cpamyibO8aHUX POOOHUX cepedosull, Wo
BUKOPUCIOBYIOMbCA HA ONepayisax 6iopooopodku. Brazarno, ujo npusHaueHHs 2paHyIbosaHUxX cepedosuly
noasieae 6 IXHill KOHMAKMHIU 63a€MOOIi 3 00pOONIBAHOI NOBEPXHEID Oemdlli 8 YMOBAX PI3HUX
eHnepeemuynux napamempis. Taxa 63a€M00is Cynpo8oON*CYEMbCI NPYIHCHONAACMULHOW Oedopmayiero,
MIKpOPI3anHam, adze3itinumu ma mexanoximiynumu npoyecamu. Hasedeno noxasnuxu mexmonoeiunux
ma ekcniyamayiiHux enacmusocmeli Ons Di3HUX 6UOI6 ZDAHYILOGAHUX CepedOBUlLYy, ceped AKUX
iHmeHcusHicms 3UOMy mamepiany 3 00poOnO8aHOI NOBEpXHi, pi3anbHi 30iOHOCH, 3HOCOCMIUKICMb,
oocsieHyma wiopcmkicms nosepxui. Bemanosneno @izuxo-mexnonoeiuni napamempu cpamnyib08aHux
cepedoguwy, y momy uucii Oeopmayiuny 30amuicmv, meepoicmv npu GUKOHAHHI 030001108ATbHO-
3MIYHIOBANLHUX ONepayill, WopCcmKicmsb nogepxui epanyi cepedosuwd. Busnaveno ennue napamempis
epamnyn obpobuux cepedosuwy Ha npooykmusnicme @ibpayiinoi 0bpooku. Iloxazano, wo maxumu
napamempamu € 36 'A3Kka Mamepiany panyi, 1020 3HOCOCMIUKICIb, Mamepian 3epHa, spaHyiayis ma
popma okpemux epanyi. 3azHayvero, wo subip po3Mipie epary 3a1exHcums 80 080X OCHOBHUX HAKMOpIs.
HeoOXIOHOCMI OMPUMAHHSA 3A0AHOI WOPCMKOCMI MA BUCOKOI NPOOYKMUBHOCHI 8IOpayiiiHux onepayitl.
Buseneno, wo 0ns 3abesneuenns GUCOKOI YUCMOMU MNOGEPXHI NOMPIOHO 3ACMOCYBAHHA ZPAMYI
cepedosua Manux posmipie, a 0 OMPUMAHHS BUCOKOT RPOOYKMUBHOCTE 3ACMOCYBAHHS 2PAHYIL 8eUKOT
epanynsayii. Bcmanoeneno opieHmosHi 3anexcHocmi, wo 36 s13yi0ms po3mipu ma 8azy epanyi 06pobHo20
cepedosuwya ma 06pobnosanux oemarnetl. Braszano, wjo naiikpawi pesynbmamu O0OCAHeHHs 6UCOKOL
aKocmi 06pobeHol NoepxHi ma 00CmMamuboi NPOOYKMUBHOCH 0arOMb SPAHYIbOBAHI cepedosuya 3a
Gopmoro 6au3sbKi 0o chepu. 3azHauaemvcs, wo 05 YCHIUHOT 00POOKU BAHCKOOOCMYNHUX MICYb ) 8UTAOL
OpI6HUX OMBOpI8, NPAMUX MA 20CMPUx KYmie y RNOCOHAHHi NogepXui Oemaneu, Hiwl, KuuleHb
BUKOPUCIOBYIOMbCS CREYIANIbHO BU2OMOBIEH] 13 CyMili WiQy8aTbHUX NOPOWIKIE PI3HOT 3epHUCmMOCHi
ma HeOpeauiyHol 36 SI3KU HA OCHOBI 2NUH, SPAHYIU Y BUSIAOI KOHYCI8, NIpAMIO, NpusM ma iHuux Qopm.
Haoano ocobausocmi @hizuxo-mexnonociunux napamempie 06pooHux cepedosuly.

KurouoBi cioBa: 6iopoobpodka; epamyivosane cepedosuwye; Qizuko - mexHoa02iuHi napamempu;
NnpoOYKmueHicmo 8ibpoobpooKu.
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Abstract. The achievable surface quality is an important factor even in roughing procedures; however,
it is most relevant in finishing. Two commonly measured and analysed characteristics of the machined
surface roughness profile are the Arithmetic Mean Height and the Maximum Height of the Roughness
Profile. In this paper these parameters were studied in bore honing. Cutting experiments were carried
out, where the feed rate and the applied honing tool are varied. After the evaluation of the measured 2D
surface profiles, the following conclusions were drawn: the effect of the feed rate is not linear; the lowest
values of the analysed roughness parameters were achieved by the application of 50 mm/rev. feed rate
and a honing tool with 80 grain size and ceramic binder; the difference between the studied roughness
parameters was 6.5-8.0-fold.

Keywords: arithmetic mean height of roughness profile; cutting; experiments; honing; maximum height
of roughness profile.

1. INTRODUCTION

The study of the achievable surface quality is an important task in machining,
most importantly in finish procedures. A part of the evaluation of the machined
surface quality is the analysis of the geometric errors on the surface, which can be
done by the investigation of 2D roughness parameters. It is necessary to specify the
optimal process parameters to optimize surface roughness [1,2]. Though much
research is ongoing in this field [3,4], it is not an easy task to give the optimal setup
parameters. It is also a difficult task in abrasive machining. A part of this is the study
of the cutting tool, where the change in the area and the maximum stress with a
change in the grain concentration are established [5]. Yang et al. found, that
increasing the grain size results in increased surface roughness by more than four
times [6]. The radial and axial speed had little effect on the roughness in their work.
Szabd showed that by changing the grain material it is possible to effectively
influence the amount of material removed from the workpiece in a unit of time [7].
In their work, Sabri et al showed that by changing the material (and especially the
grain size) of the honing tool, the final surface roughness and topography of the

© |. Sztankovics, 2023
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machined workpieces can be favourably influenced [8]. It was found that a higher
elastic modulus of the bond can increase the strength of abrasive material, which
provides an increase in grinding performance and a reduction in the specific
consumption of grains [9]. Goelden et al. proved with their simulation and
experimental work that the prescribed roughness can be achieved with fewer strokes
by increasing the pressure [10]. The abrasive cutting process is also affected by the
selected binder of the tool [11,12].

In this paper, the Arithmetic Mean Height and the Maximum Height of the
Roughness Profile are studied in bore honing by changing the feed rate and the
material of the tool. The values of these parameters were measured and analysed.

2. EXPERIMENTAL CONDITIONS AND METHODS

The aim of the experiments was to study the effect of several parameters
(pressure, feed, grain size) on the surface roughness in bore honing. The values of
the analysed parameters were chosen according to the rules of 23 full factorial design
of experiments.

The machining was done with the different setups on a WMW 270/700 honing
machine, which was provided by Belcord Kft. in Eger, Hungary (their help is greatly
appreciated). The honing experiments were carried out on sleeves with EN-GJL-250
lamellar cast iron alloy material, 192 mm bore length and 88 mm inner diameter.
Three kinds of honing tools were used, which had Al>,Os. The specifications of the
different honing tools can be seen in Table 1.

Among the cutting parameters, the cutting speed (vc) was fixed to 200 m/min
and the applied pressure on the honing stone (p) was adjusted to 10 bar. The feed per
revolutions (vi) was set to 25 mm/rev, 50 mm/rev and 75 mm/rev. The resulted setups
and the set parameters can be seen in Table 2.

Table 1 — Honing tool characteristics

Mark Grain size Binder Structure
| ceramic medium dense
80
I synthetic resin dense
1 240 y

Table 2 — Experimental setups

Setup number 1 2 3 4 5 6 7 8 9
Bor[fn's]'}gth 192 | 192 | 192 | 192 | 192 | 192 | 192 | 192 | 192
Bore diameter | o | g3 | g5 | g3 | 83 | 88 | 88 | 88 | 88
[mm]
Cutting speed | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200 | 200
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[m/min]
Pressure
[bar]
Feed rate
[mm/rev.]
Honing tool
no.
Measurements were carried out on the workpieces after the cutting experiments
with a Mitutoyo SJ-301 Surftest roughness measurement device. The roughness
profiles were registered on three generatrix of each bore. The measured profiles were
evaluated with the AltiMap Premium 6.2.7487 surface analysis software. The
analysed parameters of the 2D (linear) profile were (1ISO 21920:2021):

* Ra - Arithmetic Mean Height of the roughness profile [um]
* Rz - Maximum Height of the roughness profile [um]

3. EXPERIMENTAL RESULTS

10 | 10 | 10 | 10 | 10 | 10 | 10 | 10 | 10

25 | 25 | 25 | 50 | 50 | 50 | 75 | 75 | 75

1 2 3 1 2 3 1 2 3

The experiments were carried out and the surface profiles are measured for
each setup. Figure 1 shows the roughness profile of the machined surfaces after the
machining with 25 m/min feed were carried out with the three tools. Figure 2
presents the three different results in case of 50 m/min feed. Lastly, the roughness
profiles corresponding to the 75 m/min feed can be seen in Figure 3.

Setup 1 / Tool 1 Setup 2 / TooI 2
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Figure 1 — Roughness profiles measured after machining with 25 m/min feed rate
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Figure 2 — Roughness profiles measured afte
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Figure 3 — Roughness profiles measured afte

Table 2 — Measurement results

4mm

r méchining with 75 m/min feed rate

Setup 1 2 3 4 5 6 7 8 9
1 0.86 | 0.80 | 0.40 | 0.67 | 0.79 | 0.31 | 0.98 | 1.02 | 0.50
Ra 2 0.68 | 0.82 | 0.42 | 0.68 | 0.77 | 0.31 | 0.80 | 0.99 | 0.31
[pm] 3 0.68 | 0.74 | 0.25 | 0.69 | 0.80 | 0.28 | 0.75 | 0.89 | 0.36
Mean | 0.74 | 0.79 | 0.36 | 0.68 | 0.79 | 0.30 | 0.84 | 0.97 | 0.39
1 6.17 | 5.06 | 3.16 | 467 | 5.02 | 216 | 744 | 7.33 | 3.70
R, 2 6.01 | 531 | 297 | 409 | 541 | 213 | 597 | 6.23 | 1.99
[pm] 3 517 | 508 | 191 | 389 | 479 | 210 | 7.23 | 6.70 | 2.48
Mean | 5.78 | 5.15 | 2.68 | 422 | 5.08 | 213 | 6.88 | 6.75 | 2.72

The resulted profiles were evaluated, and the analysed roughness values were
determined for each setup. Then the mean values of the three measurements of R,
and R, were calculated for each setup These values are shown in Table 2.

4,

DISCUSSION

The evaluation of the results follows the assessment of the measurements.
Figure 4 presents the Arithmetic Mean Height of the roughness profile in function
of the feed rate and the used honing tool. As the feed rate increased from 25 mm/rev.
to 50 mm/rev. and lastly 75 mm/rev, an interesting phenomenon could be noticed.
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Among these three setup parameters, the middle value resulted the lowest R, in all
three types of honing tools. The increase of vt from 50 mm/rev. to 75 mm/rev. results
in a 20% increase in Ra, while the decrease of the studied setup parameter resulted
in a 10% increase in this roughness parameter. This suggest that the effect of the
feed rate is not linear contrary to other finish machining procedures as bore turning.
Therefore the choice of feed rate for honing procedure is a complex task and further
considerations must be taken into account in the process planning. The effect of the
proper choice of honing tool material is more significant. If a coarser grain structure
is applied, the roughness will be higher in both type of applied binders. However, if
the finer grains are applied, a nearly two-fold decrease in the R, value can be
expected. This relation is expected since the size of the grains corresponds to the size
of the micro-scratches generated on the machined surface.

Figure 5 shows the alteration of Maximum Height of the roughness profile in
function of the feed rate and the selected honing tools. The trend of the change is
similar to the previously described alteration. However, the application of synthetic
resin instead of a ceramic binder led to higher R, values in feeds of 25 mm/rev. and
75 mm/rev., yet the R, values became lower. This suggest that the selected binder
affects the chip removal, this leading to a different shaped surface profile as it can
be seen in Figure 1-3. In the studied parameter range, the difference between R, and
R, was 6.5-8.0-fold. This differs from the usually applied ratio of 5 in machining
with defined cutting edged tools.

a) b)
: mlm2n3 : m25
0.8 0§ ——
20.6
‘-'30|4
S
0.2
0
25 50 75
ve[mm/rev.] Tool number

Figure 4 — Arithmetic Mean Height of the roughness profile
in function of feed rate (a) and applied tool (b)

a) b)
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Figure 5 — Maximum Height of the roughness profile
in function of feed rate (a) and applied tool (b)

5. CONCLUSIONS

The study of the expectable machined surface roughness is needed particularly
in finish procedures. Honing is a widely used chip-removal procedure in the
production of good quality bores due to its advantageous characteristics. In this paper,
the Arithmetic Mean Height and the Maximum Height of the roughness profile are
analysed. Cutting experiments were carried out by the application of different kinds
of honing tools and feed rate. The machined surfaces were measured and evaluated.

The following conclusions can be highlighted after the evaluation of the
experimental results:

o The effect of the feed rate on the studied roughness parameters is not linear.

e Minimal values of the analysed roughness parameters were got using 50
mm/rev. feed rate and a honing tool with 80 grain size and ceramic binder.

e The difference between R, and R, was 6.5-8.0-fold.
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IrrBan CrarkoBUY, MinikoisI, YTopiimHa

CEPEJHbBO APUOMETHUYHE I MAKCUMAJIBHE 3HAYEHHSA
BUCOTH IMPOPLIIO IIOPCTKOCTI ITPU XOHIHI'YBAHHI 3
PIBHUMU NIOJAYAMU

AHoTanis. [Jocaxcha AKiCmb NOBEPXHI € BANCIUBUM (DAKMOPOM HABIMb NPU YOPHOBUX
npoyedypax, 0OHAK HAUOiIbUL AKMYAIbHA BOHA Npu 00podYi. [16i 3a2a1bHONPUIIHAMI MA NPOAHANI3068AHT
Xapakmepucmuku npo@gino wopcmkocmi 06poodneanoi NoBepxHi — ye cepedHs apugpmemuina eucoma
ma makcumanvHa eucoma npo@imo wopcmkocmi. Mexaniyna obpobka npogoounacs 3a 00NOMo20i0
PI3HUX YCIMAHOBOK HA XOHIHZYBATbHOMY eepcmami. Excnepumenmu 3 XOHIHSY8AHHA NPOGOOUNUC HA
2inb3ax 3 naacmunuacmozo yagynozo cniagy EN-GJIL-250, dosorcunoro omeopy 192 mm i enympiwnin
oiamempom 88 mm. Bukopucmosysanucs mpu 6uou XoHingyeanoHux iHcmpymenmis, Ha ocnogi AlOs.
Cepeo napamempig pizanns, weuokicms pizanna (ve) 6yaa 3agpixcosana ma pieni 200 m/xe, a
NPUKIA0eHUll MUCK HA XOHIH2Y8abHULl OpYcoK (p) Ove sidpezyivosanuti 0o 10 6ap. Ilooaya na obepm
(Vo) 6yna ecmanosnena na 25 mm/06, 50 mm/06 i 75 mm/06. Bumiprosanns nposoounucs na 3a20moekax
RICHA NPO6EOEeHUX eKCNEePUMEHINIE 3 PI3aHHs NPUIadom 0 gumiplosans wopcmrocmi Mitutoyo SJ-301
Surftest. IIpogini wopcmxocmi 6y 3apeccmposani Ha MpboOX MEIPHUKAX KONHCHO20 0meopy. Bumipsni
npogini 6y oyineni 3a J0nOMo2010 NPOSPAMHO20 3abe3neyuents 05 ananizy nosepxmi AltiMap Premium
6.2.7487. Ilpoananizosani napamempu 2D (ninitinoco) npoghinio 6yau (ISO 21920:2021): Ra — cepedns
apugpmemuuna eucoma npoginio wopcmrocmi [Mkm], R, — makcumansna eucoma npodinio wiopcmxocmi
[mrm]. YV Oaniti pobomi yi napamempu 6yiu eusyeni npu XoHineysanHi omeopie. bymu nposedeHi
eKcnepuMenmu 3 pi3auHsIM, Oe 8apiloemvcs WEUOKICbL Nooadi i 3acmoco8y6aHull XOHIH2Y8a b Hull
incmpymenm. Ilicns oyinku sumipanux 2D npoginie nogepxui 6yau 3po6aeni HACMynHi 6UCHOGKU: 6NIUE
WBUOKOCME NOOayi He € JIHIUHUM, HAUHUNCYI 3HAYEHHS AHANI308AHUX napamempis wiopcmkocmi Oyiu
00csIeHymi 3aCMOCy8anHAM WeUOKocmi nodayi 50 Mm/06 ma XoHiHey8aIbHO20 IHCMPYMEHMY 3 PO3MIPOM
sepra 80 ma xepamiunozo 6'sicyuoeo, Pisnuys mixc 0ocnioxcyeanumu napamempamu wiopcmrocni
cmanosuna 6,5-8,0 pasis.

KarouoBi cinoBa: cepedne apugpmemuune 3umauenns eucomu npoginio WOPCMKOCHI,  pi3anHs;
eKcnepuMenmu; XOHiH2Y8aHHs; MAKCUMATbHA 8UCOMA NPOQINIO WOPCMKOCHI.
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Abstract. In the last decade, ensuring the highest possible surface quality of manufactured parts has
been given a major priority, so more and more emphasis is being placed on the examination and
development of finishing treatments that can effectively ensure increasingly stringent surface roughness.
For this purpose, diamond burnishing - which is a widely used cold plastic technology - can be used
productively as it can improve the surface roughness of the material. But even though due to the
development of engineering technology, new possibilities and methods are constantly being developed to
examine individual material structure changes, the ability to plan the surface roughness is very difficult.
This paper focused on the determination of theoretical roughness to establish a mathematical model that
can predict and analyse the relationship between experimental process parameters and surface roughness
parameters. To validate the model, real experiments were performed, where the surface roughness were
measured before and after the application of burnishing process on low alloyed aluminium shaft pieces.
Keywords: mathematical model; modified Hertz theory; contact theory; problems of contact mechanics.

1. INTRODUCTION

The calculation of theoretical roughness has a long history in the case of
cutting operations [1- 6], in longitudinal turning, which is most like the kinematics
of surface burnishing as Fig. 1 shows, the theoretical roughness can be determined

analytically as a combination of the rotational and axial linear feed of the workpiece.
F

L4

Figure 1. Schematic illustration of burnishing [7]
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But the effectiveness of diamond surface burnishing and the plastic
deformation process itself are influenced by many parameters, even to a critical
degree. For example, inappropriately selected burnishing force can generate lower
compressive and, in extreme cases, tensile residual stress, thus reducing the wear
resistance and service life of the surface. To optimise the process, many researchers
have worked on modelling surface roughness and stress state, which can be used to
estimate the burnishing efficiency of a given material grade.

Cui et al. [8] found that their model based on Hertz theory can be used as a
good approach for estimating surface roughness when applying excessive burnishing
forces to Inconel 718 material grade. Vaishya et al. [9] also started from the use of
the Hertz theory in the case of machining Stavax material quality with TiC
burnishing tool and primarily investigated the effect of the burnishing force. The
results of the experimental and theoretical values showed a good approximation and
according to their claim, the deviation was caused by just the assumptions made
during the development of the model, however, these uncertain factors were not
named. Felhé and Varga [10] determined the theoretical roughness for diamond
burnishing of 30CrMo4 material, which they compared with both finite element
modelling and real experimental results, and their work was greatly influenced by
the modified Hertz theory of Bouzid et al. [11].

In his work, Korzynksi [12] compared several models applicable to surface
burnishing and showed that classical burnishing models are only valid for so called
surface hardening burnishing. They are suitable for determining the tool indentation
depth, but do not consider the stereometric condition of the initial surface, which has
a significant influence on the surface roughness after burnishing. Felh6 [13] presents
in his publication the possibilities of analytical modelling of theoretical roughness
for different machining processes. He points out also one of the obvious
disadvantages of these calculations is that they ignore many factors that can
influence the real surface roughness: the cutting/burnishing forces and the associated
vibrations of the machining system, the roughness of the tool, etc.

To explain the contact mechanical relations between bodies with circular
surfaces (sphere, cylinder), several models have been developed, such as Johnson-
Kendall-Roberts model, Bradley model, Derjaguin-Miiller-Toporov model, but
based on my experience in literature research, the most preferred solution is to use
Hertz theory, so the relation developed for normal contact of elastic solids. In this
paper, the approach of Ponomarjov et al. [14] with Hertz-theory is combined to
determine the theoretical roughness of burnished EN AW-2011 cylindrical
workpiece.

2. ANALYTICAL MODEL OF SURFACE ROUGHNESS
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The contact of deformable solids is a common phenomenon in nature and in
engineering practice, and plays an important role in physics, biology, astrophysics,
nanoindentation, etc. [15, 16]. But the examination of deformations and stresses at
the point of contact of the components is one of the most complicated chapters in
modern elasticity. The theory of deformation of elastic bodies was founded by Hertz
and it has been a milestone in modern contact mechanics since it was published
publicly in 1882. It describes the contact mechanism of two solid bodies in the range
of linear elasticity and negligible deformations [14].

In the case of burnishing process, the use of this theory is justified because
burnishing is a chipless manufacturing technology, so the depth of cut as a parameter
cannot be interpreted. However, in order to analytically determine the theoretical
roughness, it is necessary to calculate the so-called normal indentation depth of the
tool (Figure 2 — §), as this already enables the use of the modelling method which is
correctly applied in turning. Figure 2 schematically shows that during the burnishing
process, the tool with the radius "R:" penetrates the material of the workpiece and
generates an indentation depth "3" in the axial width "2a" under the influence of the
force "F".

x-y plane

Figure 2. Theoretical illustration of surface burnishing

Hereinafter, | briefly summarize the treatment of the spherical burnishing
tool and the outer axial workpiece with Hertz-theory, which is also based on the
thought process of Johnson-Kendall-Roberts and Ponomarjov.

According to the Hertz contact theory the radii of the two contacting balls
are Ry and R; respectively, it can be seen on the left side in Figure 3. On the right
side of it, "r" denotes the distance of the moving point from the force, "w1" and "w,"
denote the displacement of the bodies in the directions "z;" and "z,", then the
convergence of the given points can be described as follows:

§=(z1 twp) + (2, + wy) (1)
In this way, contact the points for which it is satisfied that:
Zl+22=6_(W1+W2) (2)
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From Fig. 3:
R]Z_ - Tz = (Rl - Zl)z = R% - Zer + Z12 (3)
F
1 “
i i —
i R, » R 7;' P -
< - -
& A_‘
3 R ) \/ 1
_‘ y ° /A 1
~ R \1\_' ! ™
i

a
z

! nl

Figure 3. Approach distance of contacting bodies
"z,%" is a second-order small value, negligible, thus:

rZ | r?

Z =i 2 = (4)

The distance of the approaching points after contact can be expressed as follows:
271 1
W1+W2=6_(21+ZZ)=6_%(R_1+R_2) (5)
As Fig. 4 shows, when machining an axial workpiece with a spherical tool, the

surface pressure is distributed over an ellipsoidal surface and is proportional to the
ordinates of the ellipsoid.

J

Figure 4. Pressure distribution during burnishing axial workpiece
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The equation of ellipsoid must be applied:

2 2 2
G +G) +() =1 ©
As the pressure distribution on the contact area is axisymmetric about x-y
axes and the maximum pressure is located at the centre of the contact area (O), the
pressure distribution supposed to be semi-ellipsoid, so:

w1+W2=5—ﬁ—y—2(i+i) (7

Ri Ry
Under this semi-ellipsoidal load, on S¢ contact surface the vertical

displacement of the elliptical contact point “w” can be expressed as follows using
the elastic material parameters:

wy=ky [ 2dS s w, = ky I, 2ds (8)
Relation for the calculation of elastic material parameters "ki" and "kz":
_ 1, _1-v3
ky="2 0k = ©
While, according to Fig. 4, the pressure distribution can be obtained as
(10):
2 2
p=pos=01-(3) - (%) (10)
And, given the corresponding force balance equation:
3F
bo = 2abm (11)

Based on the relationships described so far, the calculation for major (a) and
minor semi-axis (b) of the ellipse and the value of the approach distance [14-17]:

3 _92 _92\2
a= a\/E 2R1Re (ﬂ+ﬁ) F (12)
4Ry+2Ry \ E; E,
b= ﬁJ3 2y (19 +—1“922)2F (13)
4R1+2R2 Eq E,
_ 3| 9 Ri+2R (1-97 | 1-95 2 2
6= y\/128 2R{R; ( Ey + E, ) F (14)

o, B and vy are coefficients, which can be calculated from Table 1 [16] with equation
(15):
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Ry
R1+2R,

Table 1. Table of coefficients values [18]

0° 10° 20° 30° 35° 40° 45° 50°
0 6.612 3.778 2397 2397 2136 1926 1.754
0 0.319 0.408 0.493 0.530 0.576 0.604 0.641
- 0.851 1.220 1.550 1550 1.637 1.709 1.772
55° 60° 65° 70° 75° 80° 85° 90°
1611 1.486 1378 1.284 1202 1.128 1.061 1.00
0.678 0.717 0.759 0.802 0.846 0.893 0.944 1.00
1.828 1875 1912 1944 1967 1985 1996 2.00

Table 2 summarizes the applied parameters and the calculated values for
this idealised elliptical contact area.

cosO p = (15)

R R DPR ™R D

Table 2. Applied parameters and results of analytical calculation

F R1 R2 E:1 E>

N [om] [om] Y2 Nmm3 Nmmg @G d
20 35 215 007 033 114310° 7-10° gs  Iwml
a B Y a b

© © O . e mm]  [om] 2.34

1.061 0.944 1.996 2.77-107 4.04-10° 0.0924 0.0822

The value of the roughness height factor (R;) resulting from the
application of surface burnishing is influenced by the surface roughness created by
the previous operation, the burnishing feed (vi), the penetration depth of the
burnishing tool (3), and the so-called furrow depth (h), which represents the
maximum of the theoretical roughness peaks created during burnishing, as illustrated
in Figure 5 [11, 18].

— Ry

R
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Figure 5. The relationship between the theoretical maximum furrow depth and the
indentation depth when using a small burnishing feed [11]

This factor is determined by calculating the intersection point of two tool
impressions that are one unit feed apart — assuming that its value is smaller than the
normal indentation depth - according to formula (16).

h=2250 (16)

Ry

Knowing the normal indentation depth and the furrow depth, the theoretical
maximum roughness can be determined, so the distance between the highest and
lowest point of the profile:

R, =R, —8+h 17)
3. REAL MACHINING EXPERIMENTS

For validating theoretical investigation, the real burnishing experiment were
carried out on EN AW-2011 low alloyed aluminium shaft. Burnishing operations
were preceded by finishing turning set at f; = 0.2 mm/rev and then f, = 0.15 mm/rev
feed rate with an E400 universal lathe. Then, the burnishing was carried out with the
same machine using a PCD spherical burnishing tool (r = 3.5 mm) and the kinematic
viscosity of the applied manual dosing oil was v = 70 mm?/s, while the burnishing
speed was v = 50.54 m/min, the burnishing force F = 20 N and feed rate is vi = 0.001
mm/rev.

Surface roughness measurements — before and after burnishing — were
conducted on an Altisurf 520 3D surface topography measuring device. A CL2
confocal chromatic sensor was used, the cut-off was 0.8 mm and Gauss filter was
applied. The measurement results were evaluated with Altimap Premium.

4. RESULTS AND DISCUSSION

This publication dealt with the analytical determination of the surface
roughness generated by diamond burnishing applied to the external cylindrical
surface. Considering the many uncertainty factors (stiffness of the machine system,
vibrations, roughness of the tools, etc.), the author tried to apply the correct
mathematical model in the case of the contact mechanics problem of spherical and
cylindrical bodies, studying the Hertz- and Jhonson-Kendall-Roberts-theory,
combining it with Ponomarjov's approach. The value obtained during the theoretical
determination of the indentation depth of the tool— which is of prime importance —
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was 2.34 pm, while in the real case it was 3.62 um. The two values come close
enough to form the basis of further theoretical and experimental investigations.

It is important to note that the procedure in question and the related
analytical models were applied primarily in the case of metallic material qualities,
while the present study focuses on the examination of non-metallic material.

My future plans include using the analytical model to create a finite element
simulation model and then validating these results with real burnishing experiments.
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AHAJITUYHUIA AHAJII3 TEOPETUYHOI IIOPCTKOCTI IOBEPXHI
B PA3I BUT'JIAJIZKYBAHHSA HUJITHAPUYIHOI 3ATOTOBKH

AHoTaniss. B ocmanne Oecsmunimms 3a0e3neueHHsT MAKCUMATbHO MOJICIUBOT SIKOCMI NOBEPXHI
BU20MOGIEHUX Oemainell CMAl0 OCHOGHUM NpIOpumemom, momy 6ce Oilbuie yeazu NpUOiIACMbCs
suUGueHHI0 ma po3pobyi @iniwnoi 06poOKU, AKA ModJice eeKmuHO 3abe3neyumu  HAUHUNCHY
wopcmkicms  nogepxui.  [lns yiei memu  MOJCHA NPOOYKMUBHO —GUKOPUCHIOBYBAMU  ATMA3HE
BUSNAOINCYBAHHS, SIKE € UWUPOKO BUKOPUCTIOBYBAHOK) MEXHONIOIEN X0I00HOI niacmudnoi deghopmayii,
OCKINIbKU 80HO MOJICe NOKPAWumy. WOPCMKICHb NOGepXHi mMamepiany. Ane, nezeasicaiouu Ha me, wo y
363Ky 3 PO3GUMKOM [HIICEHEPHUX MEXHON02IN NOCMIIHO PO3POONAIOMbCS HOGI MOJICIUBOCI | MEmOOu
BUBYEHHS IHOUBIOVATLHUX 3MIH CIPYKIYPU MAMEPIATY, MOICIUBICMb NIAAHYBAHHS ULOPCIKOCTI NOBEPXHI
oyaice ycknaouwena. Ll poboma 6yna npucesuena GU3HAYEHHIO MEOPeMuyHOi wopcmKocmi Ons
CIMBOPEHHS MAMeMamuyHoi Mooeli, AKa Modice nepeodbayamu ma aHAnizyeamu 63acMo38' 130K Midic
napamempamu eKcnepuMermanbHo20 NPoyecy ma napamempamu wopcmxocmi noeepxui. [na eanioayii
Modeni 6ynu npoeedeHi peanbHi eKCnepuMeHmu, nio Yac AKUX 6UMIPIO8ANAcs WOPCMKICHb NOBEPXHI 00 i
nicis 3aCmocy8ants npoyecy GU21a0dCy6aHHs HA HU3bKOJIe208aHUX alloMiniesux eanax. Bpaxosyiouu
bes3niu  (hakmopie HeGUHAYEHOCI (HCOPCMKICMb cucmemu epcmama, Gi6payii, wopcmKicmo
iHcmpymenmie mowjo), asmopka cnpodyeana 3acmocysamit nPaGUIbLHY MAMeMamuyHy Mooensb y 6UNaoKy
3a0aui KOHMAKMHOI MeXaHiKu cpepuuHux i yuniHOpuuHux min, eusyarouu meopito Iepya i [{oconcona-
Kenoanna-Pobepmca, noeouyiouu it 3 nioxooom Ilonomapvosa. 3Hauenus, ompumane npu
MeopemuyHoMy 6U3HAYEHHI 2NUOUHU BOAGNIeHHA [HCMPYMENNTY, WO MAc NepuiopsoHe 3HAYEHH,
cmarnosuno 2,34 Mxm, mooi K y peaibHomy 8unaoky — 3,62 mxm. Lli 06i senuuunu docums 01u3bKi, w06
JA2mu 8 OCHOBY NOOANLUUUX MEOPeMUUHUX | eKCePUMEHMATbHUX 00CaiOdcenb. Badcnuso eiosnauumi,
wo O0aHa npoyedypa i nOG'sI3aHi 3 Her aHaimuyHi MoOeri OYiu 3aCmMOCOBAH 8 OCHOBHOMY Y 6UNAOKY
AKocmi Memanesux mamepianie, ¢ mou 4ac K O0aHe OOCIIONCEHHS 30CePeOHCeHO HA O0CNIONCEeHHI
Hememaniunux mamepianis. Ilodanvuii niaHu asmopKu 6KIOYAONb 6UKOPUCTIAHHS AHATTMUYHOL MO0
051 cmeopenns Mooeni imimayii CKiHueHHUX eleMeHmis, a NOMIM NepegipKy Yux pesyibmamis 3d
00N0M02010 PeanbHux eKCnepuMenmis 3 NoipyeanHsIM.

Kuarouosi ciioBa: mamemamuuna mooenv, mooughixoeana meopia I'epya; meopis xonmaxmy,; 3a0aui
KOHMAKMHOI MEeXAHIKU.
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Abstract. The paper proves that the development of regulations for the operation of cutting tools on
heavy machine tools, the formation of objective functions for optimising the parameters of machining
parts should be carried out based on a given level of reliability of the cutting tool. In this case, a large
number of indicators are used to determine the tool's reliability, durability and maintainability separately.
Based on statistical and theoretical studies of the probabilistic nature of the properties of the cutting tool
and the parameter of load distribution on it, quantitative dependencies between the parameters of the
scattering of properties and the thickness of the tool plate of a prefabricated tool were obtained. The
stochastic nature of the machining process on heavy machine tools causes a large dispersion of the
properties of the machined and tool materials and other machining parameters. This leads to the need
for a probabilistic approach to determining the design and technological parameters of the cutting tool.
The reliability of a prefabricated cutter depends on both its load and the bearing capacity of the tool
structure, which is the ultimate stress that characterises the strength of the structure. Using a
probabilistic approach to calculating the thickness of the cutting plate of the cutters, a correction factor
for the thickness was determined taking into account the level of reliability of the tool. The level of
reliability was understood as the probability that the maximum stress arising under the action of the load
will not exceed the bearing capacity. Typical structures that are most commonly used at modern heavy
engineering enterprises were investigated. The law of distribution of cutting forces was determined on
the basis of statistical data on the operation of carbide cutters. The thickness of the cutting element was
calculated for the Rayleigh load distribution law, determined on the basis of statistical data on cutting
forces during turning for different cutter designs. The distribution of the bearing capacity of the tool
material of the tool inserts was determined on the basis of laboratory tests.

Keywords: cutting tool; reliability; failure probability; load-bearing capacity; cutting insert; cutting
force.

1. INTRODUCTION

Increasing the level of automation of existing metal-cutting equipment
requires special attention to the stability of workpiece processing and the reduction
of machine downtime, including that caused by cutting tool failures. This is
especially important for heavy-duty CNC machines, the cost of which is very high
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[1-2]. Therefore, the problem of increasing the reliability of cutting tools for heavy
machine tools has become particularly relevant [3]. The process of cutting tool

operation is a complex technological system, and a number of indicators are used to
assess its reliability [4—6]. The cutting tool is an integral part (the most vulnerable
element) of the technological system of machining. The level of reliability of the
technological system of turning cutters for heavy machine tools and its maintenance
process is determined to a greater or lesser extent by all indicators of the reliability
of the tool operation process.

Assessing the reliability of prefabricated turning cutters for heavy machine
tools is essential not only at the stage of their operation but also at the stage of their
design [7]. The development of regulations for the operation of cutting tools on
heavy machine tools, the formation of objective functions for optimising the
parameters of machining parts should be carried out based on a given level of
reliability of the cutting tool. In this case, a large number of indicators are used to
determine the reliability, durability and maintainability of the tool separately. The
distribution of the tool life characterises the reliability of the cutting blade and does
not allow solving the problem of ensuring reliable operation of the tool, including
other structural elements of the prefabricated cutter. The availability factor can serve
as a comprehensive indicator of the reliability of a prefabricated tool as a system [4].

The reliability of a prefabricated cutter depends on both its load and the
bearing capacity of the tool structure, which is the ultimate stress that characterises
the strength of the structure. If the reliability of a prefabricated tool is less than its
rational level, it is necessary to change its structural elements, for example, the
thickness of the cutting insert, which mainly determines the strength of the tool [8-
10]. A design calculation method is often used, according to which the required
reliability is incorporated into the designed structure in advance.

2. APPLIED METHODS

Testing of cutting tools in both laboratory and production environments
demonstrates the stochastic nature of the cutting forces that occur during workpiece
processing, as well as the random variation of the cutting tool properties themselves.
To take into account the probabilistic nature of tool operation, information on the
distribution laws of both tool loads and tool bearing capacity is required.

For elastic systems, within which a prefabricated cutter is considered, the
dependence of the maximum stresses S on the load q in general form is

S =Kcq,

where K¢ —is a coefficient that depends on the dimensions of the tool's
cross-sections.
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The level of reliability is defined as the probability that the maximum stress
arising from the load will not exceed the bearing capacity:

H=P(R>S),

where H - reliability level, P - event probability, R - load-bearing
capacity, S - effective maximum voltage.
If the law of distribution of cutting forces is known, then using the rules
for finding the law of distribution of functions of a random argument, it is possible
to find the law of distribution of maximum stresses acting in the cutter structure

6. 1,6)= f{%}

The law of distribution of cutting forces is determined on the basis of
statistical data on the operation of carbide cutters (Fig. 1), which does not negate
Rayleigh's law.

The reliability or probability of failure-free operation can be determined:

H :jj; fz(R{];fl(S)dS}dR 1)
’ H =_]1 fl(s)ﬁf f 2(R)olR}ds @)

Substituting the known f1(S) and f2(R) in (1) or (2), integrating with the
given level of reliability Hgiv, we obtain the expression for determining the Kc:
Kc=o¢ (a1, az...., an, Hgi),

where a1, az..., an —parameters of the load distribution laws and load-
bearing capacity are known in advance. Knowing the K, it is possible to find the
cross-sectional dimensions of a toolholder or cutting insert.

When turning parts, a large number of random factors are observed to act
on them, subject to different distribution laws. It was found that the load is
distributed according to Rayleigh's law

£
fa(q)=§e iy )

where a, q are the parameters of the Rayleigh distribution law, and the
carrying capacity according to the normal law
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Figure 1 Distribution of the cutting force component P; during turning on heavy-
duty lathes: a - with Dmax = 2500 mm, b - with Dmax = 1250 mm.

f(R) =t e[(Rme ®)

V27 R

where mg, or — parameters of the normal distribution law,
In accordance with (1) and (2), the level of reliability of the structure is
determined:

H = Tf3(q)ﬁ fl(S)dS}dR - [ f (RIF.(R)IR @)
Substituting (5) and (6) into (7), we obtain :

aKk2md oq
IR
1 mn% mR

ﬂ'O'é
2K ?m?2 (8)
q
After transformations, this expression becomes the following:

1+

2 o
(oX 2.2
am3| =~ KMy op

mR

1-HP |1+ —L22 |=
(1-H) +2K2m§ °

©)

With a small variability of or/mg, we obtain the approximate dependence
for determining Kn

m 7z
K=o | .
" 2m\ In(l-H)
(10)

To determine the thickness of the plate for the average values of the
parameters (reliability level 0.5), three-dimensional models of turning cutters were
developed in SolidWorks. We studied the typical schemes of plate fastening, which
are most often used at modern machine-building enterprises (Fig. 2).
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Figure 2 Designs of turning cutters for turning parts on heavy machine tools

The insert thicknesses for the carbide cutters for a reliability level of 0.5
were calculated using the finite element method with the ANSY'S software package.
The cutting forces were taken from a range of the most frequent ones encountered
when machining parts on heavy-duty lathes.

3. RESULTSAND DISCUSSION

Examples of the stresses that arise for calculating the geometric parameters
of the cutting element of a turning cutter at the design stage for given loading
conditions are shown in Figs. 3, 4.

Pl Bt o (rds Tos b || [ @ P [ |t s+ b < 00 (@
a8 BEAQS RO

Figure 3 Distribution of equivalent stresses occurring in a square-shaped cutting
insert
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Figure 3 Distribution of the equivalent stresses that occur in the insert

For the Rayleigh load distribution law, we calculated the thickness of the
cutting insert (Fig. 4) under different types of stresses arising during preliminary
turning of parts on heavy machine tools.

30 T T T T T T

h,Mmm

25

hsr(v) 20
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H
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Figure 4. Dependence of the cutting element thickness on the reliability level H

The probabilistic approach to calculating the thickness of a prefabricated
cutter insert made it possible to determine correction factors for the thickness of the
insert depending on the level of reliability, which take into account the distribution
parameters of both the properties of the cutting tool and its load.
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Figure 5 Fragment of a map for selecting a feed correction factor depending on the
thickness of the insertl - height of the toolholder H = 40 mm, reliability level 0.65; 2 - height
of the toolholder H = 40 mm, reliability level 0.8; 3 - height of the toolholder H = 40 mm,
reliability level 0.9; 4 - height of the toolholder H = 63 mm, reliability level 0.65; 5 - height
of the toolholder H = 63 mm, reliability level 0.8; 6 - height of the toolholder H = 63 mm,
reliability level 0.9

Software and comprehensive standardisation maps for heavy machine tools
were developed and implemented to select tool operation regulations based on the
level of reliability of the operation process, which for the first time take into account
the design of the machine and tool, the level of tool reliability and tool consumption.

4. CONCLUSIONS

For the first time, on the basis of statistical and theoretical studies of the
probabilistic nature of the properties of a cutting tool and the parameter of load
distribution on it, quantitative dependencies between the parameters of scattering
properties and the thickness of the cutting plate of a prefabricated cutter were
obtained. It is proved that ensuring the reliability of a cutting insert of the level 0.8
requires an increase in its thickness by 30% compared to the calculated values for
the average load.
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INanuna Knuvenko, Bikrop Kosanbos, Slna Bacunbuenko, Jmutpo Kopuma,
Poman boponaii, Kpamaropcsk, Ykpaina

IMOBIPHICHUM IIJIXIJ 10 PO3PAXYHKY PAIIIOHAJIBHOI
TOBIIAHU PI)KYUOI INIACTUHA ITHCTPYMEHTY JJISI BAXKKHX
BEPCTATIB

AHoTauis. ¥ cmammi 0osedeHo, wjo po3pobka peznamenmis ekcniyamayii pi3aibHux iHCmpymMeHmie Ha
BAJICKUX 8EPCMAMAX, (POPMYBAHHS YINbOBUX (PYHKYIU onmumizayii napamempie 00pobKku Odemaneil
NOBUHHI 30IICHIOBAMUCS BUXO0SYU 13 3A0AH020 PiGHS HAOIUHOCMI pi3anbHO20 iHcmpymenmy. IIpu ybomy
BUKOPUCTOBYEMbCA  BEIUKA  KIIbKICMb  NOKA3HUKIE, W0 GU3HAYAIONb OKpemo 0e38ioMo8HicHb,
006208iuHicMb Mma pemonmonpudamuicms incmpymenmy. Ha ocnogi cmamucmuunux i meopemuynux
oocnidoicenb  IMOGIpHICHO20 Xapaxmepy G1acmueocmell pisanbHo20 iHcmpymenmy i napamempa
PO3NOOLNY HABAHMANCEHHS HA HHO2O OMPUMAHI KIbKICHI 3A1€HCHOCI MIXC NAPaAMempamu po3Cito8aHHs
eracmugocmeti i MOGUWUHOIO THCIMPYMEHMAanbHoi naacmuny 30ipnoeo incmpymenny. Cmoxacmuunul
Xapakmep npoyecy 00pOOKU Ha BAJCKUX 6EPCMAMAX 3YMOGNIOE GeUKUL PO3KUO Glacmugocmel
00pO6NIOBAHUX | IHCMPYMEHMANLHUX Mamepianié ma iHwux napamempie 06pooxu. Lle npuzeooums 0o
HeoOXIOHOCMI  IMOBIPHICHO20 NIOX00Y 00 BUHAYEHHA KOHCMPYKMUBHO-MEXHONOTUHUX NApAMempis
pizanvHoeo incmpymenmy. Hadiiinicms pob6omu 36ipHo20 pisys 3anexcums K 6i0 1020 HABAHMANMCEHHS,
maxk i 8i0 Hecyuoi 30amHOCMI KOHCMPYKYII [HCMPYMEHMY, SKA € SPAHUYHUM HANPYHCEHHAM, WO
Xapaxkmepu3zye MiyHicmb KOHCmpYKyii. Bukopucmosyiouu iMosipuichuil nioxio 0o po3paxyHky moeuwuHu
pidicyyoi naacmunu pizys, 6yn10 U3NAYEHO NONPAGOUHUL KOeiyicHm Ha MOBWUHY 3 YPAXYBAHHAM DiGHs
HaoitiHocmi incmpymenmy. 11i0 pignem HaoditiHocmi pO3yMinu UMOBIDHICIb MO20, WO MAKCUMATbHE
Hanpydicents, AKe BUHUKAE Ni0 OI€l0 HABAHMAICEHHA, He Nepesuiyunb MpuManbHOi 30amHoCmi.
Jocnioxcysanuca munogi  KOHCMpYKyii, sAKi  Hauuacmiwe 6UKOPUCIOBYIOMbCA HA  CYYACHUX
NIONPUEMCMBAX 8AXHCKO20 MAWUHOOYOYBAHHA. 3aKOH pO3NOOINY CUN Pi3aHHA BUHAYABCA HA OCHOGI
cmamucmuyHux  0anux npo pobomy meepoocniaenux pisyie.  Toswuna pisxcyuoeo enemenma
PO3paxosysanacs Ois peneiecbko2o 3aKOHy PO3NOOINY HABAHMAIICEHHS, BUIHAYCHO20 HA OCHOGI
CIMAMUCMUYHUX OGHUX NPO CUNU PI3AHHA NPU MOKAPHIT 00pobyi 0N PI3HUX KOHCMPYKYIU pi3yis.
Po3noodin mpumansnoi 30amuocmi iHCMpPYMeHmMAIbHO20 Mamepianry NIACMUH BUSHAYEHO HA OCHOBI
1a6OpamopHux 6UNPoOyeats.

Ku1rouoBi ci1oBa: pizanvruii iHcmpymenm, HaOilHICMb, UMOBIPHICIb 8IOMOBU, MPUMATbHA 30AMHICMb,;
Pi3anvHa nIACmuna, cuna pisamnHs.
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Abstract. To increase grinding productivity with the provision of specified physical and mechanical
properties of the surface layer of the surface layer of the processed part it is necessary to know the
temperature on the surface of the workpiece, since its value depends on the depth of the defective
surface layer. In the work theoretically justified the difference of surface temperatures in the initial (at
the base), in the middle (on the dividing circle) and final (at the top) points of involute profile of the
gear tooth when grinding with two disc wheels on the zero scheme. The difference in temperature at
different points of the processed tooth profile is justified by the fact that at different parts of the
trajectory of the movement of the heat source acts a different number of thermal pulses. These pulses
have different duration and time intervals between the actions of these pulses in different points of the
involute profile are also different. The number of thermal actions on a fixed point of the machined
profile depends on the length of the heat source, and the duration of heating of the surface at this point
is determined by the width of the heat source. The duration of cooling depends on the location of the
point on the involute profile. Mathematical models have been developed to calculate the temperatures
at different parts of the trajectory of the rolling path of a disc grinding wheel on the tooth being
machined. Each of these formulas contains two sums. The first sum determines the temperature increase
at a fixed point of the tooth profile under repeated exposure to thermal pulses during the forward stroke,
and the second sum - during the reverse stroke. Mathematical models are based on the principle of
superposition of thermal fields. It is found that the temperature in the middle part of the tooth is 40%
less than at the tooth apex and 20% less than at the tooth base. The engineering method of distribution
of the total allowance by passes at multi-pass gear grinding with two dished wheels according to the
zero scheme has been developed. The method is based on the experimental dependence of the depth of
the defect layer on the depth of cutting, which has a linear character. In the work, calculations were
made on the allowance distribution in the initial, middle and final points of the involute tooth profile.
The calculations showed that in order to prevent burns on the final machined surface, grinding in
different parts of the machined profile should be performed with a different number of passes. The
smallest number of passes on the separating circle, and the largest - on the top of the tooth. The
proposed methodology of distribution of allowances by passes can be used at the stage of design of gear
grinding operation (for optimization of modes) and at the stage of machining (for diagnostics of the
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operation). It is theoretically substantiated that calculations of allowance distribution by passes should
be made only for the tooth head. To increase grinding productivity with provision of the specified
physical and mechanical properties of the surface layer of the processed part it is necessary to know the
temperature on the surface of the workpiece, as its value depends on the depth of the defective surface
layer. In the work theoretically justified the difference in surface temperatures in the initial (at the base),
in the middle (on the dividing circle) and final (at the top) points of involute profile of the gear tooth
when grinding with two disk wheels on the zero scheme. The difference in temperature at different
points of the processed tooth profile is justified by the fact that at different parts of the trajectory of the
heat source acts a different number of thermal pulses. These pulses have different duration and time
intervals between the actions of these pulses in different points of the involute profile are also different.
The number of thermal actions on a fixed point of the machined profile depends on the length of the
heat source, and the duration of heating of the surface at this point is determined by the width of the
heat source. The duration of cooling depends on the location of the point on the involute profile.
Mathematical models have been developed to calculate the temperatures at various parts of the rolling
path of a dished grinding wheel on a machined tooth. Each of these formulas contains two sums.
Keywords: dished wheels; zero scheme; tempering burns; multi-pass grinding.

1. INTRODUCTION

The rapid development of mechatronics is not accompanied by a marked
reduction in the need for gears. The continuous development of technology leads to
increasingly stringent requirements for gears. The requirements for minimizing the
weight and size of gears are coupled with the need to be able to operate at high
speeds, transfer high loads and at the same time provide increased operational
reliability and durability. To meet these requirements, gears must be manufactured
to 3 - 4 degrees of accuracy, and the working surfaces of their teeth must have high
hardness (HRC 60-62). Surface hardness of teeth is provided by chemical-thermal
treatment, after which the gear ring warps. To eliminate errors caused by
deformation of the teeth and warping of the crown and to ensure the required
accuracy of manufacturing of gears is possible only by grinding. The grinding
process is accompanied by thermal impact on the machined surface [1, 2], causing
the appearance of burns (structural changes) and residual tensile stresses
[3, 4], which reduce the durability of the gear wheel in terms of contact endurance
by 3 - 5 times, and in terms of bending endurance by 1.4 - 1.6 times. In spite of this,
gear grinding is still an indispensable method of finishing.

Gear grinding with two disc wheels allows to obtain gear wheels of 3-4
degrees of accuracy with surface roughness Ra = 1.0 - 0.3 mkm [5, 6]. At the zero
method of grinding with two disc wheels the wheels are set parallel to each other at
a distance equal to the length of the common normal) [7, 8]. The advantage of the
"zero method" of gear grinding over the "15-degree method" is the absence of a
"mesh" on the grinding surfaces of the teeth. The main disadvantage of the process
of grinding with disc-shaped wheels according to the zero-degree scheme is high
thermal stress. To predict the possibility of thermal defects, it is necessary to study
the mechanism of heat generation during gear grinding. Modeling of thermal
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processes occurring during grinding of involute tooth profiles is devoted to works
[9 — 11]. The authors of [12, 13] studied the mechanism of heat generation during
gear grinding. Gear grinding is characterized by periodically alternating stages of
heating and cooling of each point of the machined surface. In [14], formulas for
calculating the surface temperature at each of these stages were obtained. The
structure of these formulas includes the requirement that at the moment of the end
of the heating stage, the instantaneous temperature distribution is the initial
condition for modeling the temperature field at the cooling stage. The formulas for
temperature calculation proposed in [14] are valid only for profile gear grinding.
The zero-point gear grinding scheme with two disc wheels is widely used in
aircraft engine building and shipbuilding, despite the fact that the production of
machines operating under this scheme has been discontinued due to their low
productivity. It can be stated that abrasive high-precision hobbing is currently
experiencing a crisis associated with the search for new effective methods,
technologies and tools that increase its productivity [15 — 17].

Goal of the work — development of engineering methodology of allowance
distribution at multi-pass grinding of cemented spur gears with two dished wheels
according to the zero scheme, providing the given physical and mechanical
characteristics of quality of surface layers of the final-machined teeth.

2. RESEARCH METHODOLOGY

Theoretical studies were carried out on the basis of scientific
fundamentals of mechanical engineering technology, metal science, thermal
physics of cutting. To investigate the quality of the surface layer of the working
surfaces of gear wheels, their microhardness was measured, and the detection of
burns was carried out by color defectoscopy. Cylindrical spur gears (m=2 mm;
z=20) made of 12X2H4A steel (E3310X (USA), X12Ni5 (Germany), SNCS815
(Japan), 13NiCr14 (France), 655N13 (England), 12Ch2N4A (Bulgaria), 12H2N4A
(Poland), 16420 (Czech Republic)) were investigated. The heat treatment of the
gears consisted of cementation in a solid carburetorizer at 900 °C to a depth of 1.1+
1.3 mm, high tempering at 650 °C, double hardening at 850 = 20 °C and at 800 +
20 °C, cold treatment in liquid nitrogen and tempering at 150 £ 10 °C. The gears
were machined on a Maag SS % X gear grinding machine with disk grinding
wheels 24A F60 K 10 V5 using a zero scheme (Fig. 1).

The distribution of microhardness along the depth of the surface layer was
determined on the PMT-3 device by the "oblique slices" method. The teeth-
samples were obtained as follows. On a lathe with abundant cooling with emulsion,
the toothed crown was separated from the hub. After cutting, the crown was broken
into individual teeth. After burn etching, oblique flat cuts were made on the tooth
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specimens at an angle of 2°30’ + 10/ at the tooth base, near the dividing circle and
at the tooth apex (Fig. 2 ?:,.P' ¢, respectively).

Figure 1 — Zero grinding method

4444

Figure 2 — Microhardness measurement locations on oblique sections made at the
tooth base (a), in the area of the dividing circumference (b), on the tooth head (c) using the
PMT-3 instrument

The roughness height of the flat slices corresponded to roughness class 13
R, =1.00 + 0.05 mkm). Etching for burn-in detection was performed in four steps:
1) etching at room temperature in aqueous solution of ammonium sulfate (100 +
150 g/1) for 15 + 30 s followed by rinsing in cold water; 2) etching at room
temperature in aqueous solution of hydrochloric acid (50 + 100 g/l) for 60 s
followed by rinsing in cold water; 3) neutralization at room temperature in agueous
solution of sodium carbonate (30 + 50 g/l) for 1 + 3 min; 4) anticorrosion treatment
in aqueous solution of sodium nitrate (200 + 250 g/I) for 1 + 3 min.

The dark-etching zone is a tempering product, has an underestimated
hardness compared to the base metal and is a ferrite-carbide mixture. Hardness was
measured on a PMT-3 microhardness tester by pressing a diamond tip in the form
of a regular tetrahedral pyramid with a dihedral angle at the apex of 136° at a load
of 100 g into the surface of an oblique slice and measuring the linear quantity of
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the diagonal of the resulting imprint. The hardness number was calculated by
dividing the load by the surface area of the indentation, assuming that the angles of
the indentation correspond to the angles of the pyramid. Microhardness
measurements on oblique slices were made at four points equidistant from each
other at equal distances of 50 mkm (Fig. 2).

3. RESEARCH RESULTS

A characteristic feature of the zero method of gear grinding is the different
intensity of heat generation in different parts of the rolling path of the disc wheel
along the involute profile of the tooth. The difference of temperatures formed on
different fragments of the rolling trajectory is explained by the fact that different
thermal processes occur in different points of the involute profile due to different
amounts of thermal influences on these points, different time intervals between
interactions, and different durations of influences. Fig. 3 shows three points of
contact between the disk grinding wheel and the tooth being machined, one of
which is located at the base of the tooth (Fig. 4), one near the dividing circle (Fig.
5), and one at the head of the tooth (Fig. 6). The dimensions of the contact patch of
the disc wheel with the tooth of the wheel change continuously during the running-
in process.

g 9

Figure 3 — Contact spots of

the dished wheel with Figure 4 — Contact area between the dlshed grinding
different parts of the involute ~ wheel (a) and the lower part of the involute tooth
tooth profile profile (b)

%l
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Figure 5 — Contact area between the dished grinding wheel (a) and the involute tooth profile
in the area of the dividing cylinder (b)

“w®

Figure 6 — Contact spot between the dished grinding wheel (a) with the upper part of the
involute tooth profile (b)

When running the abrasive tool over the tooth in the direction of the
trough, the area of the spot decreases, and when running in the direction of the
tooth apex, the area of the spot increases. This is due to the variability of the
involute radius of curvature within the height of the machined tooth: it is the
largest at the tooth apex and the smallest at the tooth base (Fig. 7, Fig. 8).

Figure 7 — Straight circular cylinders imitating fragments of involute tooth profile on the
head, stem and middle part of the tooth.

LS
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Figure 8 — Contact spots of the dished grinding wheel (a) with cylinders simulating the
involute tooth profile on the head (purple), stem (blue) and in the area of the dividing
cylinder (red) (b)

In Fig. 9 — Fig. 11 show the actual shape of the contact spot of the dished
grinding wheel with the tooth to be machined (its length is X).

’ —

Figure 9 — Actual contact patch of the dished wheel (a) with the cylinder simulating involute
profile on the tooth head, taking into account the displacement of the tool from the
previously machined area in the direction of the feed rate by the value of the running-in path

().

0

Figure 10 — Actual contact patch of the dished
wheel (a) with the involute cylinder at the tooth base, taking into account the pre-machined
section of the gear width with subsequent tool displacement in the longitudinal feed
direction (b).
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al
a b
Figure 11 — Actual contact patch of the dished wheel (a) with the cylinder simulating an
involute profile in the area of the dividing circle, taking into account the displacement of the
tool from the machined area in the working feed direction by an amount corresponding of
the value to the running-in path (b).

Usually in technical literature, the contact spot is taken as a segment with
maximum thickness in the center and length equal to 2X. This is due to the fact
that when the wheel contacts the workpiece, the presence of a transition area
(cutting zone) and a previously machined surface on the tooth is usually not taken
into account. This leads to distortion of the shape and significant overestimation of
the contact area. If the boundaries of the contact spot of the abrasive tool with the
tooth of the gear are taken as the boundaries of the thermal source, the latter in the
process of grinding the tooth on the zero scheme will repeatedly pass over each
point of the machined surface and met with the areas of the heat conducting space,
preheated on the previous running-in movements. The points located on different
parts of the machined surface perceive different amounts of thermal influences: the
point located on the tooth head experiences 7 heatings (Fig. 12, Fig. 13), the point
on the dividing circle - 5 (Fig. 14, Fig. 15), and the point on the tooth base is
heated 3 times (Fig. 16, Fig. 17). Within the tooth height, the probability of thermal
defects has a variable character and in most cases takes the maximum values at its
head [18, 19].
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Figure 12 — Schematic of the point under the heat source during four double break-in
movements of the dished wheel on the tooth being machined when the heat source is located
on the tooth head.

~

Figure 13 — Change of surface temperature at the point located on the tooth head for the total
time of four double break-in movements of the dished wheel on the machined involute
profile

Figure 14 — Schematic of passing the point under the heat source for the time of three double
break-in movements of the dished wheel on the tooth when the heat source is located on the
dividing circle
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Figure 15 — Change of surface temperature at the point located in the crop circle area for the
total time of three double break-in movements of the dished wheel on the machined involute
profile

Figure 16 — Schematic of the point under the heat source for the time of two double break-in
movements of the dished wheel on the tooth when the heat source is located near the tooth
base.

Figure 17 — Variation of surface temperature at a point located at the tooth base for the total
time of two double break-in movements of a dished wheel along an involute profile.

For theoretical substantiation of localization of thermal defects on the
tooth head it is necessary to be able to make calculations of temperatures on
different parts of tooth side surfaces, arising during grinding with disc-shaped
wheels according to the zero-pass scheme, taking into account repeated heat
exposure on each point of the machined surface. As a basis for modeling the
temperature fields in multi-pass grinding, we will use a one-dimensional
thermophysical scheme in which a point of the heat conducting medium is
subjected to repeated heating. Fig. 13 shows the scheme of a point passing under a
fixed planar heat source of width Lg.sr located near the tooth apex. The following
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designations are adopted in the scheme: 1/2 - length of forward or reverse break-in
movements, numerically equal to the sum of the tooth height and the value of the
abrasive tool exit beyond the machined tooth m, :

[/2=m+125m+my,

where m is the modulus of the gear wheel; | is the length of the full break-in
movements, equal to the sum of the lengths of the forward and reverse strokes.

On Fig. 13 shows the heating scheme of a point as it passes 7 times under
a planar heat source located near the tooth apex.

From Fig. 12 and Fig. 13, it can be seen that the number of point passes
under the heat source depends on its length X and the magnitude of the longitudinal
feed S.

The number of heated points increases with increasing contact patch size
and with decreasing longitudinal feed. The duration of heated point increases with
increasing width of the heat source Lg.sr:

1 .
LySsr=—->L,-i: 1)
¢} 2.k g

Lg.izw/2-r-ti—ti2 for 1<i<2-k; (2)

where r is the radius of curvature of the edge of the dished grinding wheel;
r=0.4-m; t - thicknesses of layers removed by the abrasive tool during one
break-in movements in different parts of the contact patch:

ty=(pg +1)-4: -
Py ~ radius of curvature of the involute at the tooth head,;
ti:(Pg.i71+r)—Al for 2<1<2-k; @
Ai=\/(pg.i—1—ti+l’)2+9i2 for 1<i<2-k; )
2:k
Pyi =Py =2t ©
i=1
2 -
ai:2-(er—l’)_\/[2-(er2—r)] _4'(Xg—I-S)2; o

R, is the radius of the grinding wheel; Xq — length of the contact spot of the circle
with the tooth on the head:
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2
Xg =12 Py to—13: ®)

to - cutting depth;

X

-5

2-k= : 9)

On Fig. 13 shows the pattern of temperature rise in a single point of the
machined surface as it moves under a flat stationary heat source located on the
head of the tooth being machined.

The formula for calculating temperatures, which takes into account the
multiplicity of thermal effects on a separately taken point of the lateral surface of
the tooth when the heat source is located near the apex of the tooth, is as follows:
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where az/ll(c-pm) — thermal conductivity of the material to be processed,
m?/S; y — coefficient showing how much of the work is converted to heat; p,

C, A —density (kg/md3), heat capacity (|/(kg.oc) and thermal conductivity
| /(m . S-OC) of the material to be processed respectively; dg ~ heat flux density
formed on the tooth head, W/m?; V. — run-in speed, m/s;
Vobk — Ln, . tg[arccos rwcosatwj . Rp ; (11)
1000 r,+12-m-m
N’ — number of double rolling movements per minute; Rp— radius of the pitch

circle of the machined wheel;
f m-z
r,=Rp,=—2—=—"1 (12)
cos 20 2
Z; - number of teeth on the machined wheel; m — wheel module; m - the value

of grinding wheel out of the tooth head when break-in movements; r, — radius of

the main circumference of the wheel; ¢, —angle pressure.

Formula (10) contains two sums, one of which forms the temperature
increase at a fixed point of the surface under the heat source during the crimping
movements in the direction of the tooth-space, and the second sum provides the
temperature increase during the break-in movements to the side of the apex of the
tooth.

On Fig. 14 and Fig. 15 show one-dimensional thermophysical schemes,
which are the basis for modeling the temperature field. In these schemes, a point of
the heat conducting medium is subjected to multiple heating due to its multiple
passages under a flat heat source of wide Lq.sr located in the region of the dividing
circumference. Fig. 15 illustrates the nature of the temperature field in the region
of the dividing circumference formed during multi-pass gear grinding with a
dished grinding wheel using the zero method. The formula for calculating the
temperatures based on Fig. 14 and Fig. 15 is as follows:

T, = 2-y Qg

\C pom A

X
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Schemes of formation of temperature increases in the point moving along
the trajectory of break-in movements of the dished grinding wheel on the tooth of
the processed wheel and periodically passing under a fixed flat heat source, located
near the base of the tooth, are shown in Fig. 16 and Fig. 17. Fig. 17 illustrates the
nature of temperature change at this point in the process of grinding the tooth. The
formula for calculating the temperatures based on Fig. 16 and Fig. 17 is as follows:

T, = 2:y-Gq

\C Pm A
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The Fig. 18 — Fig. 20 show the results of calculations of the lengths of the
contact spots X of the processed gear, the number of passes of the point under the
heat source 2-K and temperatures T in points 1 (in the upper part of the tooth
head), 2 (in the area of the dividing circumference) and 3 (in the area of the tooth
base) at grinding of gears (Z =20, m =2 mm, m =8 mm) from cemented steel
18X2H4MA with a dished wheel mm on the zero pattern at modes: t; =0.05 mm;

N =112 mint; S=1.5mm; S =3 mm.
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Figure 18 — Increase in the length of the contact patch of a dished wheel with a gear tooth as
it moves from the tooth base to its head for modulus m=2 mm and tooth counts 20< z <48:
(a) calculated data; (b) experimental data [18]

Figure 19 — Increase in the number of passes 2k of the heat source over a fixed point of the
machined surface at displacement of this point from the tooth base to its head for module

m=2 mm and tooth counts 20< z <48
o

Figure 20 — Calculated temperatures formed during grinding of gear wheels (z=20; m=2
mm; m=8 mm) from cemented steel 18X2H4MA with a dished wheel according to the zero
scheme on modes: t=0.05 mm; n'=112 1/min;
1.5mm<S<3.0mm

The experimental determination of the contact area of a dished wheel with
an involute tooth profile involved putting the tool into engagement with the wheel
and measuring the resulting trace [18]. In this case, the contact area did not take
into account the presence of a transition area (cutting zone) and a previously
machined surface on the tooth being machined. In order to take into account these
features of the shaping process, the gear wheel was pre-machined to a part of the
width of its tooth crown corresponding to the studied phase of meshing of the tool
with the wheel, then the tool was taken out of meshing and shifted in the direction
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of longitudinal feed by the value of the break-in movements path. The grinding
wheel left a trace on the tooth to be machined (Fig. 18, b).

Fig. 12 shows that in the process of break-in movements of the dished
wheel in the direction of the tooth apex there is an increase in the length of the
contact spot of the abrasive tool with the machined material.

In multi-pass grinding, the point at the base of the tooth absorbs fewer
thermal influences than the point at the head. As the number of teeth increases, the
number of contacts between the grinding wheel working surface and the fixed
point of the involute profile being machined increases. Fig. 20 shows that the
temperature in the middle part of the tooth profile is 35 % to 45 % less than at the
head and 18 % to 22 % less than at the stem.

From Fig. 20, it can be seen that as the modulus m and longitudinal feed S
increase, an increase in temperature T is observed.

At gear grinding with dished wheels, the dependence of the depth of the
defective (tempered) layer hg on the cutting depth t has a linear character (Fig. 21)
[20].

h, mkm
100

fEs s
AR

= 20 40 60 80
Figure 21 — Dependence of the depth of the defect layer on the grinding depth on

machines operating with two dished wheels according to the "zero" (straight line 1) and "15-
degree” (straight line 2) schemes.

)_x
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Figure 22 —15- and 20-degree grinding method.

The graphs show that at the 15-degree grinding scheme (Fig. 22), temper
burns begin to form at shallower cutting depths, and the process of propagation of
critical temperatures deep into the workpiece proceeds more intensively compared
to the "zero" scheme (Fig. 1). If the depths of the tempered layers hga and hqp
formed with cutting depths ta and t, are determined experimentally, it is possible to
determine the angle tangent of the line zgf, which defines the graph hq=f(t) (Fig.
23). The cutting depth to, at which no vacation burns, can be determined from the
relations: tgf = hd.b /(tb — to); to = (tb x ¢gff —hd.b) / tgp.

[ TN T TROTA
Dt5.utn. !t?, ['tg‘ llg
AT

o+t +t2+13-2

to x tg(90-B)

t1 x tg(90-B)

Figure 24 — Allowance
© distribution z” by
2 x tg(90-B) passes calculated at the
apex (a), on the
t3 dividing circle (b), and
Figure 23 — Allowance distribution diagram for multi-pass gear at the tooth base (c) for
grinding the tooth number range
20 =<z =26 and
constant modulus
m=2 mm

Knowing the cutting depth to, at which no vacation burns are formed, and
the angle g, it is possible to calculate the cutting depths for multi-pass grinding that
satisfy the condition: the depth of burn propagation must not exceed the allowance
remaining for subsequent passes. The depth of cut at different grinding passes is
calculated by the formula: ti = ti-1 + ti-1 x tg(90° —5), 1> 1.

The numbering of the cutting depths at different grinding passes in Fig. 23
corresponds to the sequence of their calculation and does not coincide with the

order of layer-by-layer removal of the allowance z”. The sum of calculated cutting
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depths ti must be equal to the value of the total allowance z”. If the sum of cut
thicknesses of the machined material exceeds the allowance z”, the last calculated
depth of cut t; must be corrected downward t3"” (Fig. 23).

Fig. 24 shows the distribution of the total allowance z by passes. Fig. 24
shows that different sections of the involute tooth profile require different numbers
of grinding passes to prevent the appearance of temper burns: 10 - at the tooth apex
(a), 7 - at the dividing circle (b), 9 - on the tooth base (c). The calculations of
cutting depths ti were carried out according to the method given in [20]. The
obtained results can be explained by the fact that according to the graph (Fig. 20)
the lowest heat stress in the area of the dividing circumference, so grinding can be
carried out with greater cutting depths and, consequently, with a smaller number of
passes. The highest heat stress is at the tooth apex, so more passes will be required
to prevent vacation burns. Burns result in sharp hardness variations along the depth
of the structurally altered layer. The greater the depth of penetration of the critical
temperature deep into the part, the greater the reduction in microhardness at the
surface. The higher the heat stress of grinding, the more intense the martensite
tempering and the deeper the vacation burn. In order to reduce the depths of
distribution of the vacation burn, it is necessary to reduce the depths of cutting
when distributing the total allowance over grinding passes, and this leads to an
increase in the number of technological transitions and, as a consequence, to an
increase in the processing time and the cost of production of gears.

4. CONCLUSIONS

1. A mathematical model has been developed that allows calculations of
surface temperatures during grinding of gear wheels with two dished wheels on a
zero scheme.

2. Calculations have established that the temperatures and depths of
penetration of critical temperatures, causing structural changes in the processed
material, deep into the workpiece at different points of the trajectory of the
grinding circumference break-in movements over the tooth are different: the farther
from the dividing circle, the higher the grinding temperature and the thicker the
depth of the defective layer.

3. The engineering methodology for determining the depths of cut at
multi-pass grinding on the machines operating two dished wheels on the zero
pattern is developed.
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IHOBEPXHEBI TEMIIEPATYPHU I IIPUIIIKAHHSA BIAITY CTKH,
BUHUKAIOUI ITI/{ YAC IIJII®YBAHHA HEMEHTYIOUNUX
3YBYATHUX KOJIIC IBOMA TAPUIBYACTUMMU KPYTI'AMU, HA
PI3HUX AIVIAHKAX OBPOBJIIOBAHOT'O EBOJIBBEHTHOI'O
MMPOPLIIO

AHoTauis. /[na nioguwjeruss npoOyKMueHOCmi WiQhy8ants i3 3a0e3neyeHHsIM 3a0aHux @izuxko-
MEXAHIYHUX — GIACMUBOCMEU  NOGEPXHEE020 wapy 0bpobniosanoi Oemani  HeoOXIOHO — 3Hamu
memnepamypy Ha NOGepXHi 3a20MOGKU, OCKINbKU GI0 ii GeluyuHU 3a1edcums 2nubuna 0epexmmozo
noeepxueso2o wapy. Y pobomi meopemuuno 00TpyHMOBAHO GIOMIHHICINb NOBEPXHEGUX MeMnepamyp y
nouamkosiii (6ini 0cHos8u), y cepedHiu (Ha OinunbHoMy Koai) i Kinyesgiti (0insi éepuiunu) moyxax
€80IbEEHMHO20 NPOQINIO 3y0a wecmipti npu WAighyeanHi 06oMAa MAPITYACMUMU KPY2aMU 3a HYTbOGOKO
cxemoro. Biominnicms memnepamyp y pisHUX MOUKAx 06poOI06aH020 NpoQino  0OIPYHMOEYEMbCs
MuM, WO Ha PI3HUX OLNAHKAX MPAEKMOPIi nepemiujeHHs Meniogo2o Oxcepend Oi€ pi3HA KilbKicmb
mennosux imnyavcis. Lli iMnynbcu maroms pisHy Mpusanicms ma NpOMINCKU 4aAcy Midxc OMU yux
IMRYIbCIB Y PIHUX MOYKAX eB0Ib8eHMH020 npogino medc pisHi. Kinekicme mennosux Oili Ha
Qixcosany mouxky 06pobmosano2o npoghinio 3anedxcumv i0 OO0BNICUHU MENL08o20 Odicepend, a
mpueanicmo HA2piGaHHsA NOBEPXHI 6 Yill MOYYi BUIHAYACMbCA WUPUHOIO MENI06020 Odcepeid.
Tpusanicmv 0XON00NCEHHS 3ANEAHCUMD 610 MICYsl POZMAULYBAHHS MOYKU HA e60b8EHMHOMY NPOQiTi.
Po3pobaeno mamemamuuni MoOeni OAsi PO3PAXYHKY MEMREpAmyp HA Pi3HUX OUISIHKAX MPAaekmopii
06KamMy8aHHs Mapinyacmozo winighyeanvHo2o Kkpyea no obpobmosanomy 3y6y. Koocna 3 yux gopmyn
micmumbs 08i cymu. ITlepwia cyma susHavae 30inbueHHs memMnepamypu y ikcosanii moyyi npoginio
3y6a npu 6acamopa3zosiii O0ii Ha Hei Menaiosux IMRYIbCI6 Npu NPAMUX X00ax, a Oopysa cyma — npu
360pomHux xo0ax. Mamemamuyni Mooeni IPYHMYIOMbCsA HA NPUHYUNT CYREPNO3UYii meniosux nouie.
Bcmanosneno, wjo memnepamypa 6 cepeoniii vacmuni 3y6a na 40% menwe, nisic 'y eepuiunu 3yoa i na
20% menwe, nigic y 1ioco ochosu. Pospobaeno indicenephy memoouxy posnooiny 3a2ambHo20 NPUnYcKy
3a npoxooamu 01 6a2amonpoxiono2o 3yO60ulliQ)y8anHs 080MA MAPITHACMUMU KPY2aMU 3d HYJIbOBO
cxemoro. Memoouka IpyHmMyemvcs Ha eKCnepuMenmanbhill 3a1edCHOCHI 2IuOuHU 0egheKmHo20 wapy
6I0 enubunu pizanns, wo Mae MMiMul xapaxmep. Y pobomi 6UKOHAHO PO3PAXYHKU 3 PO3NOOLLY
NpUnycKy 8 noYamkosiil, cepeOHill ma KiHyesill mouKax e8obeeHmHo20 npogimo 3y6a. Pospaxynku
nokasanu, wo 015 3anobieants NOAGI NPUNIKAHL HA OCMAMOYHO-06POOeHIll noGepXHi wilighyeanns na
Pi3HUX OinAnKax 00pobnI08anoeo Npo@ino NOGUHHO 30IUCHIOBAMUC 3 DISHUM HUCIOM NPOX00Is.
Haiivenwa Kinekicmes npoxodié Ha OiMUILHOMY KO, a Haubitbwa — O0ins eepuiuHu  3yoa.
3anpononosana memoouka posnoodiny npunycky 3a npoxooami Modice 6ymu euKOpucmaua Ha emani
npoexmysannsi onepayii 3yoowinighyeanns (015 onmumizayii pesjcumie) i na emani mexaniunoi 06pooxu
(npu Oiaenocmuyi onepayii). Teopemuyno 06IPYHMOBAHO, WO POPAXYHKU 3 PO3NOOLTY NPUNYCKY 3d
npoxodamu cio 30IUCHIO8AMU MITbKU HA 20108Yi 3y6a.

KarouoBi cnoBa: mapinuacmi Kpyeu; Hymbo8a cxema, Npunikamhs eionany; 0azamonpoxione
winighysanms.
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Abstract. Grinded surface quality state of products made from hard-to-process materials is formed under
the influence of thermomechanical phenomena during final machining operations. But grinding causes
the formation of burns, cracks, and tensile stresses in surface layers of products. These defects
significantly influence reliability and durability of products during their operation. High thermal tension
of diamond-abrasive processing leads to the fact that thermophysics of these processes is dominating in
formation of quality characteristics of processed surface. Existing grinding methods for products made
from hard-to-process materials do not allow to fully eliminate defects that occur in surface layer. Among
the factors that conduce these defects are inevitable fluctuations of processing allowance,
microheterogenity of the material characterized by the size of grain, packaging defects, structural
transformations and dislocations, product warping during thermal treating, insufficiently studied
thermomechanical phenomena. The mentioned effects accompany grinding process and cause burn
marks, microcracks, structural transformations, residual stresses. Exploration of thermomechanical
phenomena that form the quality of surface layer considering preceding machining operations of
products, determining their influence on cracks and burns formation based on quality analysis of thermal
and stress states and make up the objective of this research. This paper proposes more efficient models
for studying quantitative connections between technological system parameters, physical and mechanical
properties of processed materials, their structure, and thermomechanical processes during grinding. We
have developed optimal technological parameters for processing metals and alloys prone to defects in
surface layer based on determined relationships. Such defects encompass defects like cracks, burns, and
chips.

Keywords: grinding; processed surface quality; thermomechanical phenomena; model; defects;
technological parameters; defects-free processing criteria.

1. INTRODUCTION

The development of study of surface quality leads to the establishment of
functional dependencies between technological system parameters, instrument
properties, processing modes, roughness, hardening, existence of cracks and burns,
precision of product surface, and materials. Determining relationships between the
most important properties of products (durability, fatigue and long-term strength,
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contact rigidity, magnetic properties, etc.) made from hard-to-process materials and
technological parameters (surface microrelief, microhardness, presence of
microcracks and chips, spreading depth of hardened layer) is an important task of
machine building technology.

Studying only mechanical processing influence on the operational properties
of product is insufficient because preceding processing types (thermal,
thermomechanical, thermochemical, etc.) and especially preparation of workpieces
contribute significantly to the alternation of surface layer properties exposed to
further mechanical processing. The Development of the technological heredity
problem is a base of scientific and practical trends in machine building technology
aiming to enhance operational qualities of machines details applying technological
methods during manufacturing.

Review of the literature. The most widespread final machining operation is
grinding which ensures high precision and high manufacturing productivity. But also
grinding may cause burns, cracks, and tensile stresses in surface layers of products
which affect their reliability and durability during operation [1] [2] [3] [4]. The
problem of surface layer quality enhancement can be solved with following
approaches:

e Selection of proper grinding modes and appropriate instrument
characteristics for particular material.

e  Usage of grinding wheels and belts with intermittent working surface.

o Applying system with automatic regulation of cutting power.

e  Cutting fluids significantly decreases thermal tension of grinding operation
and thus decreasing the probability of burn marks and cracks.

But application of mentioned methods within current manufacturing
technology and considering composite materials cannot fully exclude defects that
appear in surface layer. This is magnified by processing allowance fluctuations,
material heterogeneity, product warping, thermal defects during processing.

High thermal tension of diamond-abrasive processing determines the
dominating role of thermal physics of this process in surface layer quality
characteristics. This thesis is confirmed by research of a wide range of scientists
regarding concrete problems of such processes [5] [6] [7] [8]. Among the most noted
results in this trend are the following works: [9] — influence of thermal physics on
processed surface quality, [10] — thermal nature of surface quality during grinding;
control of thermal physics applying intended process interruption, [11] — influence
of thermal physics on stressed state of processed surface, [12] — influence of
geometrical form of product and grinding technological parameters on surface layer
quality, [13], [14] — determination of grinding temperature that is a consequence of
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thermal interaction between abrasive grains like heat sources, research of grinding
process using similarity theory methods, influence of cutting fluids on thermal
physics and quality characteristics of grinded products.

Problem statement. Research of thermomechanical phenomena that form
surface layer quality considering preceding machining operations, determining the
influence of them on cracks and burns occurrence basing on quantitative analysis of
thermal and stressed state and make up the sense of this paper.

In this scientific work we propose more efficient models for studying
quantitative relationships between the parameters of technological system
parameters, physical and mechanical properties of processed metals, presence
technological defects in the surface layer, structure and thermomechanical processes
which accompany grinding operation. Optimal technological parameters for
processing metals and alloys (prone to defects occurrence) that are being developed
based on established relationships.

Research methods and materials. One of the concrete results of this scientific
work is the establishment of grinding defects formation patterns depending on
heredity and processed material type, its heterogeneity and methods for their
removing employing proper technological system. Grinding of machine details is
followed by thermal and mechanical phenomena which interact between each other
and define surface layer quality. Quantitative description of these phenomena
requires the choice of definite models. Considering interconnections of processes
during grinding it becomes obvious that stress-strained state of the surface layer is
determined mainly by temperature. If we use the model of thermoelastic body that
reflects the interconnection of mechanical and thermal phenomena in finite thermal
flows, then we can significantly progress in the research of thermomechanical
phenomena accompanying grinding process [15].

2. RESULTS

For further studying of the kinetics of thermomechanical processes we will use
the following system of differential equations [16] as primary theoretical foundation.
This system describes the interaction between deformation field and temperature
fileld:
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where A, G — are Lamé constants; Bt = 3A: + 2G; p - processed material
density; o — temperature coefficient of metal linear extension; a = A / Cy, —
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temperature diffusivity coefficient; A - thermal diffusivity coefficient; Cy —

dimensional thermal capacity; U (@, 1) — total displacement vector of internal ®
(%, ¥, 2) in surface layer under the action of thermomechanical forces following
grinding process; | =1 + 1, 3/3 (t - relaxation time); n = aupT(@, 1) / A; W — thermal
source power; Cq — heat spread rate in processed material; T - time; P; — cutting
forces.

gradT(x,y,z) = ﬂf+ﬂi+ﬂﬁ
OX oy oz
- ou
divU, :£+ u +%
ox oy 0z

As thermal effects prevail over force phenomena, we can ignore the component
responsible for the transformation of mechanical energy into thermal energy in the
thermal conductivity equation. Thus, we can come to thermal conductivity equation
of hyperbolic type. To solve the equation system (1), (2) in explicit way we will
ignore the influence of inertial components and the limitation of thermal spreading
rate. Moreover, we will consider the flat problem to omit the analytical difficulties
connected with spatial thermoelasticity problems solution. This step is acquitted
because for the research of thermomechanical state of grinded surfaces it is
important to consider the information about temperature and deformation spreading
along the depth and in the direction of instrument movement as the source of thermal
emission in processing zone.

The analysis of the scaled schemes of grinding wheel interaction with
processed surface showed that the curvature of the wheel and of the product (in limits
of contact zone) insignificantly affects the geometrical schema of the wheel and
product interaction. That’s why when building the calculations schema, we assume
that product can be presented as partially homogeneous half-plane. This assumption
enables us to study thermomechanical processes during grinding of products with
several types of coating with thickness Aax which are applied to main matrix. Such
schema determines thermal and strained conditions for layer coupling along splitting
border - ax.

During material smelting and during technological process the following
effects and phenomena may occur: structural heterogeneities as phase
transformations of unstable structures, grain films, heredity austenite grains borders,
carbide lining, cementite grid, dents, flocks, and other defects. In our model we will
consider such defects as inclusions and cracks in surface layer.

The calculation schema for the problem of determining thermomechanical state
during grinding of products with heterogeneities as inclusions and cracks in surface
layer is described on fig. 1.

The system of equations that determine thermal and stress-strained state of
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processed product surface includes [17]:
a) Equation of non-stationary thermal conductivity

P 2
a _ (_T ﬂ) (3)
or oy*

b) L’ame elasticity equations in dlsplacements

69' 1 AU = bTaT U—U V:i;
ox 1-2u OX 2G’ 2G 4) (5)
69 1 L AU =p 9 oT b = AG(1+ )
oy 1-2u oy’ 1-2p
c) initial conditions
T(x,y,0)=0 (6)

Fig.1. Calculation schema for defining thermomechanical state during grinding of
products which contain heterogeneities in surface layer.

d) border conditions
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e) for layer coupling
for temperature fields for strain fields
_ k-1 k
kTl(ak -0, y,r):Tk(ak +0,y,7) V,(a -0,y)=V,(a, +0,y) (10)

To consider the constructional peculiarities of the grinding wheels we need to
apply the following boundary conditions:

vz ] O
qv,7) = % [Hy) —H(y —2a7)] ), _, 0(y + Kkl = vjp7) (11)
where H(y) — Heaviside step function; o(y) — Dirac delta function; n —

number of grains that go through the contact zone by time t = —V:t'”“; A — product’s
kp

material thermal conductivity; cv/t — thermal flow from a single grain; Vg, Vikps tun
grinding modes, 2a* — arc length of contact between wheel and product; I* —
distance between cutting grains.

We have obtained theoretically and confirmed by the experiment maximal
values of instant temperature T,, and temperature from single grains to a constant
component Tk. These values will be used as criterial for predicting burn-like defects
appearance conditions and their depth.

The existence of stress concentrators like preceding machining operations
defects in the surface layer of grinded products complicates the research for crack
formation reasons. That’s why to determine the limited balanced state of strained
surface layer we need to insert values of the components of stresses and deformations
at the corner apex into classic strength criterion. Such approach is used in fracture
mechanics [18], [19], where newly formed strength criteria are the invariants in the
models of continuum mechanics and in models which consider structural
peculiarities of the material. From the existing criteria in fracture mechanics which
are divided into energetic, power and strained, the most proper for our case are power
criteria which are related to the definition of stress intensity factor [19]. In the most
general case, the distribution of strains near 0 point of crack-like defect contour is
presented as a superposition of triple deformations which correspond to main types
of crack surface displacement. They are: normal separation (l), transverse (Il) and
lateral (111) displacements.
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Stress intensity factors Ki, Ky, Ky serve as a measure for the singularity of
stresses near the apex of crack-like defect. The critical value of the stress intensity
Kc is a characteristic of the material. When the load causes stress intensity to become
critical, then crack-like defect transforms into primary crack. Critical stress is
inversely proportional to the square root from the initial length of crack-like defect
[19]:

KlC

e

where 2l is the initial length of the crack-like defect and index 1 means that this
is the first stage of destruction.

Grinding is a multifactor process. Physical and mechanical properties of
processed metal, its structure, grinding modes (fig. 2) and grinding wheels
characteristics, conditions for preliminary treating with impregnating compounds
and cutting fluids characteristics influence product’s surface layer quality during
grinding [20].

That’s why to ensure the quality of processed surfaces we need select
processing modes, cutting fluids, and instrument characteristics corresponding to
established functional relationships between physical and mechanical properties of
materials and grinding process parameters. At the same moment grinding
temperature T (x, y, ) and thermal flow q(y,t), stresses opmax and cutting forces Py,
Pz, intensity factor Ki(S, o, opmax) shall not exceed their limit values which ensure
required quality of the surface layer.

Let’s consider the following system of bounding inequations obtained by the
solution of problems (3) — (11). This fact allows us to develop the algorithm for
selecting technological parameters that ensure required quality of processed
surfaces.

During the exploration of kinetics of temperature field of the product
considering peculiarities of single grains we have established that it consists of
regular (constant) and instant (impulse) components. Impulse component — Ty
describes temperature state of the metal under the grain. Constant component — TK
characterizes metal temperature in the processing zone as a result of cumulative
action from instrument grains.

Despite the short duration of instant temperature action and its fast descend
along the depth it takes part in forming of structural stressed state of thin surface
layer of the product. That’s why
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Fig .2. Influence of the grinding depth on the intensity of cracks formation during
processing of UNDK magnets in state of o-phase.

bounding inequations for values of the temperature itself and its spreading
depth will be correspondingly equal to:

(x,y,7) Z (r ——I)H(L\;kl)ff(r,r’)dr’s[T]M
kp kp  n (12)
T(hlo, r)=2%§": H (r—\l/(—I)H(L\;L K v de <[y
k=0 kp kp " (13)

where
Va(kI=Viyr) V2(r—7)  (KI=V,,z)?+[nf

,T) =exp| —
v(e) =exp 2a 4a 4a(z—7)

(14)

[T]c, — acceptable temperature of structural transformations of given metal; [h]
— limit acceptable depth of structural transformations.

In some cases the loss of quality of the surface layer becomes significant only
when structural transformations spread to a certain depth. Its value is determined by
operational conditions and indirectly by technical conditions. Limit values of such
depth are determined by the zone of deep heating, sic constant component of the
temperature field. Bounding inequations in this case have the following form:
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In the last inequation we used limit temperature on the surface (X = 0) as
bounding factor.

Grinding cracks formation depends on the value of temporal stresses which
originate in the surface layer under the influence of thermomechanical phenomena
accompanying this process. Maximum stress originates in the zone of intensive
cooling. That’s why the structure of controlling inequation in this case will be the
following [21]:

X, T ZG a1, erf <|ol.
e (07) =26 [ZHJ lo]. w
The phenomenological approach in the estimation of cracks formation of
metals during don’t consider many technological factors. Particularly the influence
of thermal treating modes for these materials and their structure defectivity related
to preceding machining operations. That’s why we need more “sensitive” limiting
inequation. The structure of such inequation shall include functional connections of
technological parameters of diamond-abrasive processing and shall consider
technological heredity.
We can use the limitation of stress intensity factor with established
relationships with technological parameters in mentioned above role. The main
criterion of crack resistance for metals is the coefficient Kic [22]:

I
1 Zﬂiﬁ_“ :%:{Gxx’o-yy}dtS KlC
-l

where 2| — linear size of structural defect.

Defect-free grinding of materials with low mechanical characteristics is
possible if we limit cutting forces, particularly tangential component — Pz and
decrease friction coefficient between the abrasive and processed metal - p

Thus, from the study about the influence of cutting forces on the stressed state
in the surface layer we can build another one auxiliary condition for defect-free
grinding:

(19)
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where [t] — limit value of the tangent stress on the displacement;
1 1-2v
f=—arctg———
a 2p(1=v) | p — minimal possible value of the friction coefficient between

the abrasive and processed metal provided by the application of cutting fluids and
impregnating compounds; K = Py / Pz — relationship factor.
Using known value of crack resistance coefficient Kic of the processed material
[23], size of the “weakest” structural parameter |, we can determine the range of
technological parameters which ensure limit value of thermal flow when structural
defects balance is preserved:
g - _ 3K,

\/Dt = HivAs

(21)

The conditions of the defect-free grinding can be implemented using the
information about the structure of processed metal. Thus, in case of prevailing
character of structural imperfections with length 21, their regular location related to
contact zone between instrument and product we can use the balance condition in
defect as criterial relationships:

K¢

b< 7z[GTk 1+v)e, ]Z

(22)

In this formula the technological part lies in the connection between contact
temperature value Tk and grinding modes and instrument characteristics (4.4.6).
Obtained inequations uncover the relationship of limit characteristics of

temperature and power fields with controlling technological parameters. They define
the area of combinations of technological parameters (modes, cutting fluids,
grinding wheel characteristics) which ensure the required quality of processed
surfaces.

Based on the obtained criterial relationships we developed the algorithm for
providing surface layer quality of products during grinding considering maximum
processing productivity (Fig. 3).
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Fig.3 Algorithm for providing quality of mechanical processing corresponding to
optimal accepted parameters of technological system.

3. CONCLUSIONS

Prevention of grinding cracks during the processing of products made from
hard-to -process materials which have low mechanical properties and anisotropy
depends on the right choice of grinding wheel characteristics, proper modes (which
provide defect-free processing considering manufacturing technological process and
morphology).

Obtained technological criteria proposed in form of bounding inequations (by
the limit values of the grinding temperatures, burn mark depth, cutting forces,
thermal flow, stress intensity) make possible to find the area of combinations of
technological parameters — cutting fluids, grinding wheel characteristics which
provide the required quality of products.

We developed the algorithm for providing quality working surfaces of products
made from hard-to-process materials prone to defects formation during grinding.
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Amnaromiii Ycos, IOpiit 3aitunk, Oneca, Ykpaina

JOCJIIKEHHS BIIVINBY TEPMOMEXAHIYHUX SIBUIIl HA
HAPAMETPH SIKOCTI HIJII®OBAHUX NOBEPXOHb JIETAJIEM I3
CKJIAJTHO OBPOBJIIOBAHUX MATEPIAJIIB

Awuorauisa. Cman sxocmi uinigposanoi noeepxmi 6upo6ie i3 CKIAOHO 006POONIOBAHUX MAMEPIanie
popmyembcs nio BNAUBOM MEPMOMEXAHIYHUX A6ULY, WO CYRPOBOOXCYIomb QiniuHy onepayito. Ane
3acmocysants winigpyeanns nog'azame 3 NOAB0I0 NPUNIKIG, MPIWUH, PO3MASYIOUUX HANPYIHCEHb 6
NnosepxHesux wapax demanetl, WO ICMOMHO 6NIUBAE HA HAOIUHICMb | 008208I4HICIb YUX Oemaneli 8
npoyeci ix excniyamayii. Bucoka menioemHicme aimasHo-adpasusHux npoyecie 06podKu npu3eoounts
00 M020, WO MenIoPizuKa Yux npoyecie 4acmo € OOMIHYIOH0I0 Yy QOPMYBAHHI AKICHUX XAPAKMEPUCTIUK
00po6nt08anoi nogepxti. Icnyoui cnocobu winighysanns demaineil 3 8aHCKOOOPOONOBAHUX MAMEPIANIE He
00360/15110Mb NOGHICMIO YCYHYMU OeheKmil, Wo SUHUKAIOMb 8 nosepxHesomy wapi. Llbomy cnpusiioms:
HeMuHyyl KOIUSAHHA NPUNYCKIE uepe3 NOMUIKU 6 NONnepeoHix onepayisx Mexauiunoi o6pooxu,
Heoocmamubo — 6usueni  MiKpOHeOOHOPIOHICHb — camozo  mamepiany, WO  XapaKmepuzyemocs
3epHucmicmio, deghexmamu YnaKosKu, 3MIUeHHAM | CIPYKMYPHUMU NePemBOPeHHAMU, KOPOOIEHHAM
Ooemarnei npu mepmiynitl i noOiOHil 06poOYI, MePMOMEXAHIUHUMU AGUWAMU, SIKI CYNPOBOOICYIONTbL
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npoyec winigpysanns i 6 pesyibmami AKUX HA O0OPOONIOBAHUX NOBEPXHAX 3'AGNAOMbCA NPUNIKU,
MIKpOMpiWurY, CMPYKMYPHI nepemeoperHs, 3anuuKosi Hanpysicenus. Ilpedmemom oanoi pobomu €
00CTIONHCEHHS. MEPMOMEXAHIYHUX AU, WO YOPMYIOMb AKICMb NOBEPXHEBO20 WAPY, 3 YPAXYBAHHAM
nonepeonix uoig 06pooKu UPoOI8, BCMAHOGIEHHS IX GNIUGY HA YMEOPEHHS MPIWUH | NPUNIKIE HA OCHOBI
KIMbKICHO20 AHANI3Y MENA08020 | HANPYICEHO20 cmarie. Y npedcmasieriti po6omi 3anponoHo8ati Oiivul
eexmueni mMooeni Onsi OOCHIONCEHHS. KITbKICHUX CNIGBIOHOWEHb MIJIC NApamempami mexHoI02iuHol
cucmemu,  QPIBUKO-MEXAHIYHUMU  GIACUBOCMAMU  0OPOONIOBAHUX Memanie, ix cmpyKkmypoio i
mepMOMeXaHiYHUMU npoyecam, uwo 6i00yearomsvcs 6 NOBePXHeEOMY wapi oemarel, Wo Waipyomscs.
Ha ocHogi 6écmanosnenux cniggionowensb po3pooieHo onmumManbHi mexHoI02iuHi napamempu 06pooKu
Memanie i cniasie, siKi 3HAYHO CXUIbHI 00 NOsGU 0epeKmie NOBEPXHEE020 Wapy, MAKUX K MPIWUHU,
8IOKO/IU, NPUNIKU.

KarouoBi cinoBa: wihysanns; sxicme 00po6ieHOl NOGepXHi; MEPMOMEXAHIYHI AGUWA;, MOOEb;
Oepexmu; mexHono2iuni napamempu; kpumepii 6e30epexmmnoi 06pooKu.
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Abstract. Milling is widely used in mechanical engineering and other industries. Optimization of this
process can lead to improved quality of machined parts, increased productivity and reduced wear of
equipment. The paper investigates an important aspect of the milling process, namely the influence of
radial depth of cut on the properties of the tool-part technological system (TS) and the amplitude of
vibrations during machining. Vibrations can be a direct cause of reduction of quality and accuracy of
machined parts. When the amplitude of vibrations increases, their impact on accuracy becomes critical.
The analysis of studies of up and down end-milling with different radial depths of cut in the third speed
zone of oscillations shows that with increasing radial depth of cut the cutting time and maximum thickness
of the cut layer increases. This affects the length of the cutting surface and the character of the workpiece
oscillations during up and down-milling. The length of the cutting surface determines how many waves
of accompanying free oscillations of the TS and with what intensity will leave their trace on the cutting
surface. In up-milling, the thickness of the cut layer increases with increasing radial depth of cut, while
the amplitude of the accompanying free oscillations TS and their period decrease. At down milling the
thickness of the cut layer decreases, and the amplitude of accompanying free oscillations of the TS and
their period increase. A common characteristic feature of up and down-milling is the shaping of the
machined surface in the cutting zone with a small thickness of the cut layer. In up-milling, this area is at
the beginning of cutting, when the oscillation conditions are the same for all radial cutting depths.
Therefore, the machined surfaces after up-milling with different radial cutting depths have close values
of pitch and undulation height. At down-milling with increasing radial depth of cut, the amplitude of
accompanying free oscillations of the TS in the profiling zone increases. This leads to an increase in the
pitch and height of undulations on the machined surface. When milling in the third speed oscillation zone,
it is necessary to select the radial depth of cut so that the cutting time is less than the period of the
accompanying free oscillations of the TS. This will avoid undesirable oscillations and improve the quality
of machining. The paper provides important results and recommendations for optimizing the milling
process, considering the influence of radial depth of cut on TS properties and vibration amplitude. These
findings may be useful for professionals working in the field of cutting materials processing to improve
the efficiency and quality of production processes.

Keywords: milling; up and down-feed; radial depth of cut; accompanying free oscillations of the
technological system; cutting time; thickness of the cut layer.

153 ©S5. Dyadya, O. Kozlova, P. Tryshyn, E. Brukhn, D. Yakhno, 2023


https://orcid.org/0000-0002-7457-7772
https://orcid.org/0000-0002-3478-5913
file:///C:/Users/Asus/Desktop/РІТС_99/0000-0002-3301-5124
https://orcid.org/0000-0001-5526-073X
file:///C:/Users/Asus/Desktop/РІТС_99/0009-0009-2816-9397
file:///C:/Users/Asus/Desktop/РІТС_99/0009-0009-2816-9397
mailto:kozlova@zntu.edu.ua

ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 99

1. INTRODUCTION

Ensuring accuracy and productivity in the production of workpieces are the main
tasks of machine-building companies. At the same time, the main focus is on
preventing the causes that adversely affect them.

One of these causes is cutting vibrations. At small vibration amplitudes they
are not taken into account when selecting cutting modes and tool geometry. At large
vibration amplitudes their influence on accuracy becomes decisive. Various methods
are used to control vibration intensity. In heavy milling, the machine's own drives
are used to suppress vibrations. They are controlled based on signals received from
an external accelerometer located near the centre point of the tool. The measured
acceleration is fed back to an additional control loop to regulate cutting speed and
feed rate [1]. In multiaxial milling of hollow fan blades, the vibration stability of the
tool depends on its motion. The use of optimization of cutting parameters on the
basis of a single-line motion makes it possible to analyses the dynamic responses to
different positions of the tool cutting edge and to select stable milling areas [2, 3].
Machining on the previous tool track leads to regenerative chatter. To break them,
cutters with different geometries are used. Milling cutters with variable pitch create
a phase shift of the current oscillation trajectory of the workpiece during cutting
relative to the trace on the cutting surface from the previous cut [4 — 6]. But
depending on the milling process, they can perform worse than milling cutters with
a uniform pitch. Improved performance of variable-pitch milling cutters can be
guaranteed by taking into account the reflected dynamic behaviour of the machine-
tool-workpiece system. Cutter behaviour is tuned along stability margins at selected
spindle speed ranges [7].

2. EXPERIMENTS AND DISCUSSION OF RESULTS

The studies focus on the effects of free oscillations, forced oscillations and self-
oscillations [8]. The latter have the greatest impact on machining accuracy and tool
life. But in [9] it is shown that at small cutting time in the process of end milling
self-oscillations do not occur. In this case, the accompanying free oscillations of the
TS "tool - workpiece”. As free oscillations, they depend on the properties of the TS
and, unlike self-oscillations, on the initial conditions. In milling, the properties of
the TS and the initial conditions of oscillations depend on cutting modes and tool
geometry.

This paper presents the results of research into the influence of radial depth of
cut on the accompanying free oscillations of the TS during up and down end-milling
of a thin-walled part. Cutting at these feed directions is performed according to two
fundamentally different schemes. But in both cases the thickness of the cut layer is
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variable (Fig. 1). In up-milling, it increases from the tool plunge until it leaves the
workpiece (Fig. 1, a). In down milling, it decreases from the tool plunge until it
leaves the workpiece (Fig. 1, b) [10].

Sz

jw]
°

ag

Figure 1 - Cutting patterns for up (a) and down (b) end-milling [10]
ae — radial cutting depth; amax — maximum thickness of the layer to be cut; S; - feed
per tooth

The studies were carried out on an experimental bench [11] when milling a
St. 3 sample with a single-tooth carbide milling cutter 54 mm. Axial depth of cut —
a, = 4 mm, feed per tooth — S, = 0,1 mm/tooth, spindle speed — n = 280 rpm, radial
cutting depth — a. = 0.1; 0.3; 0.5 mm. Stiffness of thin-walled plate — ju =
2,98-10° N/m, free oscillation frequency — f, = 512 Hz. Free oscillation frequency
of the cutter — fr = 1315 Hz, cutter stiffness — ji = 34-10° N/m.

Cutting speed v =47 m/min (n = 280 rpm) is recommended when machining
difficult-to-machine materials. These materials are used to produce aircraft engine
parts. This speed falls into the third speed zone of oscillations [11], in which the
intensity of oscillations is high. Milling in this zone was chosen to better illustrate
the effect of radial depth of cut on the vibration amplitude and properties of the TS.

During the experiments, oscillograms of oscillations of the thin-walled part
and profilograms of the machined surfaces were recorded. They are shown in Fig. 2
— 5. The oscillogram fragments and profilograms were used to determine the
parameters of oscillations of the workpiece during cutting, pitch and height of
undulations on the machined surface. When determining the period and amplitude
of the accompanying free oscillations, the Savitsky-Goley filter was used to
straighten the oscillogram fragment.

The oscillograms of the oscillations of the workpiece using the electro-contact
device showed areas of contact breakage during cutting and the absence of friction
between the cutter and the specimen.
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Figure 2 - Fragments of oscillograms of workpiece oscillations during up
milling with different radial depth of cut.

» - tool plunging; x — tool exit from the workpiece; PEE - position elastic
equilibrium of the part; Amax — maximum amplitude of the accompanying free vibrations of
the workpiece when cutting; teut - cutting time; yst — static deflection of the workpiece from
the radial component of the cutting force Py; Tr- free vibration period of the part; T1, T2, T3
— periods of accompanying free oscillations of the TS, Aprof — deviation from the PEE of the
first wave of accompanying free oscillations during counter milling
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Figure 3 - Fragments of oscillograms of workpiece oscillations during down
milling with different radial depth of cut
Aprof— deviation from the elastic equilibrium position of the last wave of
accompanying free oscillations during down milling
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Figure 4 - Profilograms of machined surfaces after up milling with different radial
depth of cut
Sw — waviness pitch; W; — waviness height
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Figure 5 - Profilograms of machined surfaces after down milling with different
radial depth of cut

Tables 1-3 show the values of parameters of workpiece oscillations during
cutting, pitch and height of undulations of machined surfaces after up and down

milling.
Table 1- Measurement results of oscillogram fragments after up milling
de, teut, Yst, Amax, Aprof, Ttv, T1, T2, T3,
mm | 10°%s | mm mm mm 103 s/ 103 s/ 103 s/ 103 s/
fry, HZ fry, HZ fr, HzZ frv, Hz
0,1 2,2 | 0,009 | 0,065 | 0,061 | 1,95/512 - - -
0,3 | 412 | 0,026 | 0,076 | 0,070 | 1,95/512 | 1,72/581 - -
0,5 70 |0,042 | 0,086 | 0,068 | 1,95/512 | 1,6/625 1,6/625 | 1,28/781
Table 2 - Measurement results of oscillogram fragments after down milling
Qe, teut, Yst, | Amax, | Aprof, | T, T1, T2, T3, T4,
mm | 10° |mm |[mm | mm | 10°% s/ | 10° s/ | 10%s/ 103%s/  [10%s/
S frv, Hz fv, Hz  |fv, Hz frv, HzZ frv, HZ
0,1 | 4,68 (0,084 |0,051 (0,055 |1,95/512 |1,12/892 |- - -
0,3 | 8,04 |0,144 10,101 0,088 |1,95/512 |1,08/925 |1,12/892 |1,48/675 |1,68/595
05 | 9,24 |0,181 |0,122 |0,099 |1,95/512 |1,04/961 | 1,2/833 |1,52/657 -

Table 3 - Step and height of undulations of the machined surface after up and down milling

e, MM Feeding direction
Up milling Down milling
Sw W, Sw W,
0,1 2,05 0,065 0,61 0,036
0,3 2,13 0,061 0,94 0,075
0,5 2,13 0,066 1,27 0,102

In end milling, the thickness of the cut layer is determined by the feed rate on
the tool tooth. Its maximum thickness depends on the radial depth of cut (Fig. 6).
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Figure 6 - Maximum thickness of the cut layer — amax at different radial cutting
depths — ae
S: - feed rate per cutter tooth; R — cutter radius; amax1 — maximum thickness of the
cut layer at cutting depth ae1; amax2 — maximum thickness of the cut layer at cutting depth ae

Fragments of oscillograms shown in Fig. 2-3 show that the effect of radial
depth of cut on the cutting process is related to cutting time.

When cutting with a radial depth of a. = 0.1 mm, the oscillogram fragment for
counter milling (Fig. 2, a) shows oscillations that have no period due to the short
cutting time. At down milling with the same cutting depth, oscillations that have a
period are recorded on the oscillogram fragment (Fig. 3, a). In this case, the
amplitude of oscillations is smaller than in up milling due to the start of cutting from
the greatest thickness of the cut layer.

When cutting with a radial depth of a. = 0.3 mm, the cutting time increases and
on the fragment of the oscillogram during up milling (Fig. 2, b), the accompanying
free oscillations of the TS have a period. At the same time, the maximum thickness
of the cut layer is insufficient to damp the oscillations. Therefore, their amplitude
increases. At down milling with the same cutting depth, the number of waves
accompanying free oscillations and their amplitude increase in the fragment of the
oscillogram (Fig. 3, b). The period of these oscillations is shorter during down
milling than during up milling.

During the cutting time with radial depth of a. = 0.5 mm at up milling there is
an increase in the amplitude of accompanying free oscillations of the TS at minimum
thickness of the cut layer and its subsequent decrease with increasing thickness of
the cut layer (Fig. 2, ¢). The period of accompanying free vibrations is also variable
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when milling with variable thickness of the cut layer. It decreases as the thickness
of the layer to be cut increases. At down milling with a radial cutting depth of
a. = 0.5 mm, the maximum thickness of the cut layer increases and in the fragment
of the oscillogram (Fig. 3, ¢) the accompanying oscillations of the TS start later than
at cutting with a depth of a. = 0.3 mm. When the thickness of the sheared layer
decreases, the amplitude of the accompanying free oscillations increases and
negative damping is observed, when the amplitude A of the accompanying free
oscillations of the TS increases according to the exponential law [12]:

A = AyePtcos (wt + @y). @
where 4o — initial amplitude;
[ — attenuation factor;
o - cyclic frequency;
@o - initial phase of oscillation.

Fig. 7 shows the graphs of dependence of the maximum amplitude of
accompanying free oscillations of the TS during up and down milling on the radial
depth of cut.

Amax.A
mm
0,15
o
0,10 o
R i M
0.05 <
i
0 0.1 0.2 0.3 04 0.5 de.mm

e — maximum amplitude of accompanying free oscillations of the TS during down
milling;
m — maximum amplitude of accompanying free oscillations of the TS during up milling;

Figure 7 - Effect of radial depth of cut — a. on the maximum amplitude of the
accompanying free vibrations TS Amax

In addition to the influence on the character of accompanying free oscillations
of the TS during up and down milling, the radial depth of cut affects the elastic
pushback of the workpiece associated with the action of the radial component of the
cutting force Py (Fig. 8). It is greater in down milling, when cutting starts from the
greatest thickness of the layer to be cut.
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e - radial component of cutting force during up milling;
m - radial component of cutting force during cross milling.

Figure 8 - Effect of radial depth of cut — ae on the radial component of the cutting
force Py

Different cutting schemes for up milling and down milling affect the properties
of the tool-piece technological system. The stiffness of the tool-piece system is
higher in down milling than in counter-cut milling. Therefore, the oscillation periods
of the workpiece during down milling are shorter than during up milling. The
number of waves on the cutting surface is greater in down milling than in up milling.

Despite the above mentioned differences in the cutting process during up
milling and down milling, there is one common feature between them. In both cases,
the shaping zone of the machined surface is located in the cutting area with the
minimum thickness of the cut layer.

In up milling, the depth of the forming depression is determined by the
deviation from the elastic equilibrium position (PEE) of the first wave of the
accompanying free oscillations TS — Apror. It has close values when milling with
different radial depths of cut. Therefore, machined surfaces after up milling with
different radial depths of cut have similar values of Sy, pitch and W, waviness height.

At down milling, the depth of the forming depression is determined by the
deviation from the PEE last wave of the accompanying free oscillations of the TS —
Apror. Increasing the amplitude of accompanying free oscillations at the section with
minimum thickness of the cut layer with increasing radial depth of cut increases the
value of Aprr. Therefore as the radial depth of cut increases the pitch Sy and the
waviness height W, of the machined surface increase during down milling.

3. CONCLUSIONS

The performed studies show that the influence of radial cutting depth on the
properties of the technological system “tool-piece” and the amplitude of
accompanying free oscillations of the TS is related to the cutting time and the
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maximum thickness of the cut layer, which increase with increasing radial depth. At
down milling it affects the time of occurrence of accompanying free oscillations of
the TS and their amplitude, which increases according to the exponential law. At up
milling, the amplitude of accompanying free oscillations of the TS at the beginning
of cutting with a small thickness of the cut layer increases, but with increasing
thickness of the cut layer it decreases.

Differences in the character of cutting vibrations are related to the variable
thickness of the cut layer and different cutting patterns in up and down milling.

The common characteristic feature of up and down milling is the shaping of
the machined surface in the cutting area with the minimum thickness of the cut layer.
In up milling, the oscillations at the beginning of cutting at different radial cutting
depths occur under the same conditions. Therefore, the pitch and height of the
waviness on the machined surface have close values. In down milling, the amplitude
of the accompanying free oscillations of the TS at the tool exit increases with
increasing radial depth of cut. Therefore, with increasing radial depth of cut, the
pitch and height of waviness on the machined surface increases after down milling.

When milling in the third speed zone of oscillations, the radial depth of cut
should be chosen so that the cutting time is less than the period of the accompanying
free oscillations of the TS in order to eliminate the negative effect of oscillations on
the machined surface.
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Cepriit Jans, Onena Koznosa, [Tasmo Tpumus, Enyapn Bpyxao, lenuc SIxHo,
3anopixoks, YKpaiHa

BILJIUB PAJIIAJIBHOI ITIMBUHU PI3AHHS HA TIOYATKOBI YMOBH
BUHUKHEHHSA KOJIUBAHD ITIJI YAC KIHHEBOI'O ®PE3EPYBAHHS
TOHKOCTIHHUX JTETAJIEA

AHoTanin. PpesepyeaHHs WUPOKO 3ACMOCOBYEMbCA 6 MAUWUHOOYOYBAHHI Ma [HWUX 2aNY3AX
npomuciogocmi. Onmumizayis ybo2o npoyecy Moxce NPU3BeCHU 00 NONINWEHHS AKOCMI 0OpoOIeHUx
Oemareti, nioGuWeHHs RPOOYKMUGHOCNI] MA 3HUIICEHHS 3HOCY 0ONAOHAHHA. Y cmammi 00CaidNHCyEmbCsi
6AJICIUBUIL ACNEKM NPOYeCY (hpe3epyBanHs, a came 6niue padianrbHoi 2IUOUHU PI3AHHA HA 6AACMUEOCT
mexHono02iunol cucmemu «incmpymenm — oemanvy (TC) ma amnaimyody Koaueansv y npoyeci 06pooKu.
Bibpayii moosicyms 6ymu 6e3nocepeonboio nputuuHo0 3HUICEHHS. SKOCMI Ma MOYHOCMI 06poOaeHUX
demaneti. Ilpu 3pocmanni amnaimyou KOIUSAHb IXHIl BNIUE HA MOYHICIb CIAE KPUMUYHUM. Bukonanuii
aHaniz 00CHOJCeHb 3YCMPIUHO20 I NONYMHO20 KiHYe8020 Gpe3epysants 3 pIHUMU pPadialbHUMU
2NUOUHAMY PI3aHHS 6 mpemill WEUOKICHIN 30HI KOIUBAHb NOKA3YE, WO 3i 30iNbUUeHHAM padianbHOT
2NUOUHU PI3aHHA 30ITbULYEMBCA YAC PIZAHHA | MAKCUMATHA MOBWUHA Wapy, ujo 3pisacmocs. Lle eniueae
Ha 008JCUHY NOBEPXHI DI3aHHA [ Xapakmep KOIU6AHb Oemani Ni0 4ac 3yCmpiuHo2o i NONYMHO20
ppesepysanns. Bio 0osocunu nosepxHi pisants 3a1exCumy, CKilbKU X8Uilb CYynPOS0ONCY8AbHUX BLIbHUX
rkonueanv TC i 3 KO THMEHCUBHICIIO 3a1uwamy C6iti Cid Ha nogepxwi pizanus. ITio uac 3ycmpiuno2o
@pezepysanns 30 30ibUWEHHAM padianbHOi 2IUOUHU DI3AHHA MOGWUHA WApy, WO 3pi3acmbes,
30I1bUYEMbCS, a AMNIIMYOa CYRPOB0OHCYIouUx ginbHux koausans TC i ixuitl nepiod smenuytomocs. Ilpu
nonymHomy — (pesepysanni MoOGWUHA wiapy, WO 3DI3AEMbCA, 3MEHULYEMbCA, A  aAMnAimyod
cynpogoddicyiouux ginbhux koausarwv TC i iXHill nepiod 30L1buwyomscs. 3a2anibHOK XAPAKMEPHOIO
0CobIUGICHII0 3yCMPIUHO20 [ RONYMHO20 (hpe3epyants € hopmMoymeopents 06poodeHol No8epxHi @ 30HI
PI3aHHA 3 MALOK MOGWUHOW wapy, wo 3pizacmocs. Ilpu 3ycmpiunomy @pesepyeanti ys OLIsHKA
NpUNAOAc Ha NOYAMOK Pi3anis, KOaU YMOGU KOTUBANHS OOHAKOGI 0I5l 6CIX pAOIANbHUX eIUOUH PI3AHH.
Tomy 06pobneni nosepxui niciist 3yCMpIuHO20 (pe3epyeants 3 PIHUMU PAOiATbHUMU 2IUOUHAMU DI3AHHS
Maromy 6IU3bKI 3HAUEHHs KPOKY 1 ucomu xeunacmocmi. Illpu nonymnomy gpesepysanni 3i 30inbuenHam
padianvnoi enubuny pizansa 30IIbUYEMbCs AMIIINYOa Cynpogooicylouux ginvhux koamueans TC y 30mi
npogimosanns. Lle npuzgoouns 00 30inbuieHHs KPOKY | 6UCOMU XGUISICIMOCTE HA 06POOIEeHI NOBEPXHI.
I1i0 uac ¢pesepysanns 6 mpemiti wWUOKICHIL 30HI KOIUBAHb HeOOXIOHO niobupamu padiatbhy enubuny
pisanna mak, wob yac pizanus 0ye MeHWUM 3a nepiod cynpogooxcyiouux einbhux koaueanb TC. I]e
oacmp 3M02y YHUKHYMU HeOAMCAHUX KOIUBAHD | Nodinuumu axicms 06pooxu. Cmamms Haoae 8axciusi
pesymvmamu ma pexomenoayii 0 onmumizayii npoyecy gpesepyeants, 6paxogylouu 6naug padiarbHoi
enubunu pisanns na enacmusocmi TC ma amnnimydy koaugaus. Li eucnosxu moxcyms 6ymu KopucHumu
ons1 (paxisyis, sKi npayioOmy y 2ay3i 06podKu Mamepianig pizannsi, 05 NiOGUUEeHHs ehekmugHocmi ma
SAKOCI BUPOOHUYUX NPOYECTS.

KarouoBi cioBa: ¢pesepysanns; 3ycmpiyna i nonymua nooada, palianbha enubuna pizauus;
CYNpo8OOIICYIOUl GiNbHI KONUGAHHA MEXHONO2IYHOI cucmemuy, 4Yac pi3anus; MOSWUHA wapy, ujo
3pi3aemocsl.
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