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J. Zaghal, M. Benke, Miskolc, Hungary

DETERMINATION OF RELIABLE AREA SIZES
FOR 3D ROUGHNESS MEASUREMENT

Abstract. Surface roughness characterization plays an important role in the qualification of machined
surfaces. As a result of the development of high resolution 3D scanning techniques, researchers and
technologists have more possibilities to analyze surface topography in a more detailed way. The
purpose of this study is determining the minimal measurement area size of surfaces hard machined by
single-point and abrasive tools. Some important height parameters were analyzed: S,, Sq, Sp, Sy, S« and
Sie- It was found that the minimum area sizes vary for the different roughness parameters, however, in
several cases minimization is possible, depending on the purpose of the surface analytics.

Keywords: hard turning; grinding; polishing; 3D surface topography.

1. INTRODUCTION

In the automotive industry, surface topography characterization and surface
qualification have great importance. Not only the machined parts have to fulfill the
quality requirements but also with the appearance of new materials the
technologists have to improve the machining procedures and circumstances [1]. 2D
surface measurement has been widely applied in the last several decades; however,
mainly in technology development the application of 3D is increasingly
widespread. 3D surface analysis provides more detailed and more exact
information about the surfaces, which has a great importance e.g. in tribological
characteristics of contact surfaces or fatigue characteristics [2].

The selection of measurement area size is an unsolvable problem in 3D
surface topography analysis. There is no exact method that ensures the scanned
area results in reliable parameter values or analytics [3]. At the same time, 3D
surface scanning is a time-consuming and therefore relatively expensive process.
This means that the designation of a minimum surface that produces reliable results
is important [4].

There are many studies that prove that the unification of measurement and
evaluation area is still not solved. Grzesik et al. [5] applied a 2.5 x 2.5 mm area
size for hard turning. For the same machining technology studies for 0.8 x 0.8 [6]
and 0.5 x 0.5 mm [7] area sizes can also be found. Similarly, for grinding 0.5 x 0.5
mm [7] and 2.5 x 2.5 mm [8] areas can be found. At the same time, not only
squared areas are applied for measurement, but also rectangular ones for griding
(e.g. [9, 10]. Squared 1.75 x 1.75 [11] and also rectangular 1.9 x 2.5 mm [12] areas
were applied in polishing experiments. There is relatively high diversity in
burnishing [5, 13], milling [14, 15] and in other technologies [16, 17] too.
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Analyzing the different surface areas and the reliability of the measurements
based on descriptive statistical methods seems a promising process for minimizing
the scanned area size [18]. Molnar and Szabo suggested a simple method for
determining this minimum in the case of different roughness parameters for hard
turning and grinding [19].

In this paper this method is applied for the same two technologies but with
different material and technological data. Additionally, the minimization method is
applied for a polished surface.

In 3D surface topography characterization, some important surface height
parameters were analyzed. The arithmetical (Sa) and root mean square height (Sq)
are the first choices for judging the ‘smoothness’ of a surface. The 2D counterpart
of the S, parameter is widely applied in machining technology in part drawings and
in academic studies, too. The 3D parameter S, is widely used in scientific studies,
e.g. for comparing theoretical and real roughness values [20] and analyzing the
effects of technological parameters [21] or the effects of the cutting tool path on
the topography features [22]. The maximum peak height (Sp), the maximum pit
height (Sy), the kurtosis (Sk) and the skewness (Ss) parameters are determining
parameters for the characterization of tribological behavior [23], including wear
resistance [24, 25], fatigue strength or fluid-retention ability [26, 27].

2. APPLIED METHODS

In the experiments three surfaces were analyzed. One was hard turned, the
other was ground after hard turning and the third was polished after hard turning.

The hard turning was carried out on a CNC lathe type Optiturn S600. The
applied insert was CNGA 120408 TA4. The cutting parameters were: cutting speed
(ve): 120 m/min; feed rate (f): 0.1 mm/rev; depth-of-cut (ap): 0.2 mm. For grinding
a CNC mantle grinder type Studer S31 was used. The grinding wheel speed (vr)
was 25m/s, the workpiece rpm (nw) was 600 1/min, the feed rate (f) was
700 mm/min, and the removed allowance (Z) was 0.005 mm. The diameter of the
corundum wheel was 400 mm, and the grain size was 80 um. For the polishing, a
manual grinder type Bernardo DS200-400 was used. The polishing speed was
2850 1/min, the paste used was Diastar (diamond grit 5.5-8 pm).

The machined surfaces were external cylindrical surfaces with 50 mm
diameter and 25 mm length, the material grade was AISI 4140, with hardness 53—
54 HRC.

For the roughness measurement, a 3D roughness tester type AltiSurf 520 was
used. The measured area was 1.75 x 1.75 mm, the side length of the evaluated area
were 1.5 mm. The cutoff was 0.25 mm. The resolution of the optical sensor (type
CL2) was 1 um in x and y directions and 0.012 um in z direction. The scanning
speed was 1000 um/s. For analyzing the different area sizes the highest area was
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scanned and smaller areas were then extracted from it. The difference in the side
length of two consecutive areas was 0.1 mm. 14 areas were analyzed (side lengths
from 0.2 to 1.5 mm). In this study an evaluation area was accepted as minimal if its
roughness value does not exceed 5% of a previously designated reference value.

3. RESULTS AND DISCUSSION

In Fig. 1 the analyzed surfaces are demonstrated. It can be observed that the
ground surface (Fig 1b) is random, because the feed marks of the roughing (hard
turning) are entirely removed by choosing a minimum allowance [28], and in the
case of the polished surface (Fig. 1c) the feed marks of the previous (roughing)
machining procedure can still be observed. The reason for this difference between
the two abrasive finishing procedures is that in the case of grinding the size of the
removed allowance is larger, while the manual polishing only improved some
roughness parameter values.
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Figure 1 — Topography of the hard turned (a), ground (b) and the polished (c) surfaces

The 2D and 3D roughness parameter values were compared, from which it
can be observed that there are relatively high differences between the
corresponding values (Table 1). The 2D measurements were carried out at 1.25
mm evaluation length, and the 3D ones at 1.5 x 1.5 mm area.

The 3D parameters are considered reliable because the magnitude of the
measured points is larger. In the case of hard turning and polishing the Sq and Sa
parameters are 3.03-4.2% higher than their 2D counterparts. In the case of
grinding the 3D values are lower by 4.67-7.03%. Concerning the S, and Sy
parameters, relatively high fluctuations were observed in the data: the 3D values
are 4.83-18.42% higher that the R, and Ry values obtained in the three analyzed
machining technology. The skewness and kurtosis values are also fluctuating: the
differences for hard turning, grinding and polishing (3D compared to the 2D
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parameter) are 0.44%, 8.85%, and -26.23%, respectively. These values for the
kurtosis parameter are 2.28%, 14.04%, and 2.51%.

Table 1 — Comparison of the 2D and 3D roughness parameters

Roughness Hard turning Grinding Polishing

parameter 2D 3D 2D 3D 2D 3D
Rq/ Sq 0.4738 0.4904 0.4094 0.3903 0.2216 0.2309
Ra/Sa 0.3597 | 0.3706 | 0.3298 | 0.3066 | 0.1919 | 0.1976
Ro/ Sp 1.4114 1.5377 0.8183 0.8578 0.4416 0.4783
Rv/Sy 0.8179 0.8623 1.168 1.2926 0.3474 0.4114
Rsk / Ssk 1.0926 | 1.0974 | -0.5243 | -0.5707 | 0.3569 | 0.2633
Riu / Sku 3.8495 | 3.9373 | 2.9867 | 3.4060 | 1.9107 | 1.9586

In Figs. 2-7 the analyzed roughness values are plotted as a function of the
evaluation area. The Sq and S, values of the hard turned surface are similar when
the side lengths of the evaluation area are between 0.6 and 1.5 mm, while on lower
areas a deviation can be observed in the data (Fig. 2a). Concerning the S, and S,
values for the same surface, low deviation of the values can be observed between
0.8 and 1.5 mm side lengths (Fig. 2b). Below this range the values show deviation,
and between 0.2 and 0.5 mm side lengths: an increase and a decrease can be
observed in the S, and S; data, respectively.

0.55 1.60

050 goa® et OOt o, 1.50 """’"‘"“"'\o,.
— 0.45 — 1.40

§.0-40 O-M‘-W 21'30 Sp >
8 0.35 3 1.20
< 0.30 o 110
£ 0.25 < 1.00

0.20 —e—3Sg ——Sa 0.90 W
0.15 0.80

T I T T B 0 ™M+ o~ 0 M

I 4 4 O O O O I 1 4 O O O O

Avrea side - s (mm) Area side - s (mm)
a) b)

Figure 2 — Sq and Sa parameters (a) and Sp and Sy parameters (b) as a function
of the area size for hard turned surface
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In the case of the ground surface the Sq and Sa data are relatively stable
between 0.7 and 1.5 mm side lengths; however, both data are increasing slightly
(Fig. 3a). Below these area sizes the parameters decrease and at the smallest
analyzed area an outlying value is observed. Concerning the S, and Sy values of the
ground surface, both are stable at all area sizes (Fig. 3b).
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Figure 3 — The Sq and Sa parameters (a) and the Sp and Sy parameters (b)
in function of the area size for ground surface

For the Sy and S, values stable data were obtained between 1.1 and 1.5 mm
side lengths (Fig. 4a). Below this area the values were decreased and between 0.2
and 0.6 mm increasing deviations were observed. The S, and Sy values of the
polished surface are not stable on the whole range (Fig. 4b). By decreasing the
evaluation area, first a decrease, then an increase can be observed in the S, values.
Between 0.4 and 1 mm side lengths the values decrease again, and below this range
a deviation is observed. The reason for the relatively high deviation is that the
polishing was preceded by hard turning, and the height distribution is influenced
by both the hard turning and the abrasive machining.
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Figure 4 — Sq and Sa parameters (a) and the Sp and Sy parameters (b) as a function
of the area size for polished surface
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This phenomenon draws the attention that the S, parameter, which indicates
improvement of the polished surface compared to the hard turned and ground ones,
is not enough to characterize the surface in a detailed manner. The tendencies of
the S, values are the opposite of those of the Sy values. The reason for this is that
the maximum height (S;), which is the sum of Sy and Sy, is constant at all the
analyzed area sizes. This is valid for all three analyzed surfaces. The S, values for
the hard turned, ground and polished surface at 1.5 x 1.5 mm evaluation area are
2.40, 2.15, and 0.89, respectively.

The skewness (Ssk) and the kurtosis (Sk,) are the higher moments of the height
distribution of a surface. They are determinant parameters from the tribological
point of view; however, they are sensitive to extreme peaks and valleys, and
behave differently when cutting procedures are compared. This can be observed in
the Sk, values of the hard turned surface (Fig. 5). The topography is periodic, and
due to the characteristics of hard machining the distribution of sharp peaks varies
throughout the analyzed area. At large areas (1.3-1.5) its values are high, but on
smaller are sizes first a decrease, then an increase, and between 0.2 and 0.5 mm
side lengths a relatively high deviation can be observed. In contrast, the Ss values
are relatively stable; the highest values were obtained between area sizes 1.3 x 1.3
and 1.5 x 1.5 mm.
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Figure 5 — Ssk and Sku parameters as a function
of the area size for hard turned surface

Analyzing the ground surface, where height distribution is random, the Sy,
and S values are relatively stable between 0.8 and 1.5 mm side lengths (Fig. 6).
Below this range a decrease is obtained in the Sy, and an increase in the S values.

The Ss parameter of the polished surface show a considerable decrease
between side lengths 0.4 and 1.5 mm, while the Sy, parameter shows a considerable
deviation between 0.2 and 1.1 mm (Fig. 7). The reason for the relatively high
deviation is the above-mentioned complexity of the topography (polishing after
hard turning).



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 98

o0 e L
- 3.30
-0.20

1 -0.30 310 T

% 040 290 2
-0.50
060 2.70
-0.70 2.50

DX MmN ®~ QIS MmN
R B B B | O O O O O O o o

Avrea side - s (mm)

Figure 6 — Ssk and Sku parameters as a function
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Figure 7 — Ssk and Sku parameters as a function
of the area size for polished surface

Applying the evaluation area minimization method, the parameter values
obtained at the highest evaluation area (basis value) were considered reliable and a
+5% difference range was designated. The minimum area was the smallest at
which a parameter value does not exceed this limit. In Table 2 the basis value, the
+5% limit (acceptance range), the first not acceptable value, and the acceptable
roughness value and the corresponding area size are summarized. For the hard
turned surface, the Sq, Sp and Sy parameter values at relatively small areas (0.2-0.3
mm side length) are similar to those obtained at 1.5 x 1.5 mm. The Sg and Sk,
parameters can be considered reliable at 1.3 x 1.3 mm or larger areas. A ground
surface is random, i.e. the height distribution is closer to normal and the feed marks
do not influence the topography as much as in the case of hard turning. The S, and
Sy values can be evaluated reliably at 0.2 mm side length areas, while the minimum
area for Sq and S, mean height parameters is 0.5 x 0.5 mm. In the case of the S
and S, parameters the minimum area is lower than that of hard turning: 0.6-0.8
mm side length. Similar area sizes were obtained for polishing in the cases of Sg, Sa,
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Sp and Sy. The minimum side length of the area for Sq and S, is 0.5-0.7 mm and for
Sp and Sy 0.2-0.3 mm. The Sy and Sy, parameters, however, cannot be compared
well to those of the other two procedures. The minimum side length for the Sq is
1.5 mm and for the S, is 0.4 mm.

Table 2 — Determination of the minimal area size

59 £ = Roughness Acceptance range Rejected | Accepted Accepted

g 2 § 2 value at (+5%) value value area

"o |15x1.5mm (mm?)

Hard turning
Sq 0.490 0.466 0.515 — 0.503 0.2x0.2
Sa 0.371 0.352 0.389 0.391 0.389 1x1
Sp 1.538 1.461 1.615 — 1.475 0.2x0.2
Sv 0.862 0.819 0.905 0.925 0.896 0.3x0.3
Ssk 1.097 1.043 1.152 1.037 1.088 1.3x1.3
Sku 3.937 3.740 4.134 3.728 3.928 1.3x1.3
Grinding
Sq 0.390 0.371 0.410 0.361 0.374 0.5x0.5
Sa 0.307 0.291 0.322 0.288 0.298 0.5x0.5
Sp 0.858 0.815 0.901 - 0.867 0.2x0.2
Sv 1.293 1.228 1.357 — 1.283 0.2x0.2
Ssk -0.571 -0.542 -0.599 -0.536 -0.570 0.8x0.8
Sku 3.406 3.236 3.576 3.229 3.270 0.6x0.6
Polishing

Sq 0.231 0.219 0.242 0.219 0.229 0.5x0.5
Sa 0.198 0.188 0.207 0.187 0.193 0.7x0.7
Sp 0.478 0.454 0.502 — 0.455 0.2x0.2
Sv 0.411 0.391 0.432 0.435 0.408 0.3x0.3
Ssk 0.263 0.250 0.276 0.249 0.263 1.5x1.5
Sku 1.959 1.861 2.057 1.841 1.979 0.4x0.4

4. CONCLUSIONS

Three surfaces finished by different machining procedures (hard turning,
grinding and polishing) were analyzed. The findings of the applied minimization
method are the following.

e For the S; and Sy parameters the minimum evaluation areas vary
depending on the applied machining procedure. When analyzing Sy the
side length of this area is 0.2 mm but 1 mm when analyzing S, for hard
turned surfaces. The minimum side lengths are 0.5 and 0.7 mm for ground
and polished surfaces, respectively.

e In the cases of the Sp and S, parameter a side length of 0.3 mm is
recommended for the minimum area in all three analyzed procedures.

10
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e In the cases of the Sq and Sy parameters the minimum area sizes strongly
vary in the three procedures. Due to the purely random feature of the
ground surface, its minimum area is relatively low: 0.8 x 0.8 mm.
These statements are valid for the three procedures and within the applied
cutting data and technology parameters.
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BU3HAYEHHS HAJIIMHAX PO3MIPIB OBJIACTI
JJI51 3D BUMIPIOBAHHS INIOPCTKOCTI

AHoTanis. Xapaxmepucmuka wopcmrkocmi NOGepxHi 6idiepac GadNCIUGy ponb y Keaniixkayii
00pobneHux nogepxouv. Y pesyibmami po3poorku memoodie 3D-ckanysanHs 3 8UCOKOIW PO30iIbHON
30amHICMio0 00CTIOHUKU MA MEXHOIO2U MAOMb Oilblie MONCIUBOCMEN 0TS Oilbll OeMAILHO20 AHANI3Y
monocpagii nosepxui. Memoio 0ano2o O00CHONCEHHSI € GUIHAYEHHSI MIHIMAILHO20 PO3MIDY NIOWji
BUMIPIOBAHHA NOBEPXOHL, 00OPOONIEHUX OOHOMOUKOBUM Ma abpazusHum iHcmpymenmom. bByno
npoananizoéano Oesxi easicauei napamempu eucomu: Sa, Sg, Sp, Sv, S ma Sw. Byno eussneno, wo
MIHIMANbHI pO3MIpU NIOWT PISHAMBCA OIS PISHUX NAPAMEMPI8 WOPCMKOCMI, OOHAK Y OesIKUX 8UNAOKAX
MONCTIUBA MIHIMIZAYIA, 3ANEINCHO i) Memu AHANIZY NOGePXHi. Bubip po3mipy 30HU 6UMIDIOGAHHS €
Hepo3s sa3Ho0 npobremoro 6 3D-ananizi monoepaghii nosepxui. Hemae mounozo memody, skuil Ou
2apanmysas, wo 8i0CKaHo8aHa o6aacmy 0acmy HAOIlHI 3HAYEeHHs napamempie abo aHanimuxy. ¥ mou
ace uac 3D-crkanyeanHs nosepxui € mpyooMicmkum i momy 6iOHOCHO dopoaum npoyecom. Lle oznauae,
WO GUBHAYEHHS MIHIMATLHOT NOBEPXHI, AKA dAc HAOJIUNI pe3yabmamu, € 8adcaueum. s GUMIposants
WOPCMKOCHIL UKOPUCIOBY8ABCS MpusUMIpHuLl mecmep wopcmrocmi muny AltiSurf 520. Bumipsna
nnowa cmanoguna 1,75 *x 1,75 mm, Oosoxcuna cmoponu oyinioganoi obnacmi cmanoguna 1,5 mm.
I'panuys cmanosuna 0,25 mm. Posdinona 30amuicms onmuunozo damuuxa (muny CL2) cmanosuna 1
mim y Hanpamkax x ma y ma 0,012 mxm y nanpamxy z. Lleuokicmo ckanysanns cmanoguna 1000 mxm/c.
Jnsi ananizy pisnux posmipie obracmi 6yna 6i0ckanosana namuguya o6IACMs, a NOMIM 3 Hei BUTYYEeHO
menwii obnacmi. Pisnuya 6 Ooedcuni cmopin 060x nocaioognux Oinanox cmanosuna 0,1 mm.
Ilpoananizoseano 14 Odinanox (Oosoxcuna cmopin 6i0 0,2 do 1,5 mm). ¥ yvomy odocnioxcenni niowa
oyinku Oyna npuiiHaAma AK MIHIMambHa, AKWO Ii 3HAYenHs wopcmKkocmi ne nepesuwye +5% 6i0
nonepeoHbo GU3HAYEHO20 KOHMPONLHO20 3HauenHs. Byno npoananizosano mpu nogepxmi, obpodneni
Pi3HUMU npoyedypamu MexaHiyHoi 0OpobOKu (xcopcme MOUYiHHA, WNiQyeanHs ma nouipyeauus). /s
napamempie Sy i Sq MiHiManbHA NAOWA OYIHKU 3MIHIOEMbCA 6 3ANENCHOCMI BI0 3ACMOCO8Y8AHOL
npoyedypu obpobxu. Ipu ananisi Sq doexcuna cmoponu yiei obracmi cmanosums 0,2 mm, ma 1 mm npu
ananizi Sa Ona moueHux nosepxouv. Minimanrvna Odosocuna cmopin cmanosums 0,5 i 0,7 mm 0ns
winighosanux i nONIpoBanUX NOGEPXoHL 6i0N0GioHo. Y eunadky napamempie Sy i S, pexomenoosana
oogacuna cmoponu 0,3 MM 0151 MIHIMATLHOT NAOWT 8 YCIX MPbLOX AHANIZ08AHUX NPOYedypax. Y eunaoxy
napamempig S i Sky MIHIMANbHI POIMIpU 001ACMI CUTLHO BIOPI3HAIOMbCA 8 MPbOX Npoyedypax. Yepes
YUCMo BUNAOKOBY 0COOIUBICIb NOGEPXHI Tpyumy ii Minimamrvha niowa eionocno mana: 0,8 % 0,8 mm.
L]i meepooicennsn Oiticni O MpboX npoyedyp I 6 Medcax 3aCmOCO8Y8AHUX OQHUX DI3aHHS ma
napamempie mexHonozii.

Kuarouosi cnoBa: oicopcmie mouinns;, wnighysanns; nonipysannsi; 3D pervegd nosepxni.
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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)

Abstract. This article provides information on modern developments in the direction of directed impact
on the cutting surface of a diamond-abrasive tool and its contact zone in machining processes. For the
most part, such processing is faced with issues of influence on the cutting surface of diamond tools,
including ruling mechanical and electrophysical, taking into account the defectiveness of the diamonds
that undergo processing, the directed influence on the surface of such diamonds, thermal and
modification of the surface of diamonds. Such developments make it possible to significantly intensify
processing processes and increase the efficiency of the diamond abrasive tool. That is why, in this
review, the main attention is paid to the presentation of modern developments, known from scientific
publications, mainly for the last 5 years, related to the above-mentioned issues.

Keywords: diamond abrasive tool; cutting surface; contact zone; mechanical processing; defects of
diamonds; electrophysical influence.

1. Introduction

High-hard and high-strength materials, especially tool materials, are now
widely used in industry. Their effective diamond processing is important for
modern production. At the same time, the issue of effective processing, along with
instrumental processing, of such fragile, difficult-to-process materials as mono-
and polycrystalline diamonds, including CVD diamond films, sapphire, etc. For the
most part, such processing is faced with issues of influence on the cutting surface
of diamond tools, including ruling mechanical and electrophysical, taking into
account the defectiveness of the diamonds that undergo processing, the directed
influence on the surface of such diamonds, thermal and modification of the surface
of diamonds. Also, great attention is paid to obtaining a high-quality defect-free
surface processed layer of the above-mentioned difficult-to-process materials. That
is why, in this review, the main attention is paid to the presentation of modern
developments (mainly over the last 5 years) related to the above-mentioned issues.

2. Processing of brittle mono- and polycrystalline materials

At the beginning of this review, let's pay attention to the development of a
grinding wheel with a diameter of 3.2 mm, which was made of nanopolycrystalline
diamond (NPD), obtained by direct conversion sintering under high pressure

© V. Lavrinenko, V. Fedorovich, Y. Ostroverkh, V. Solod ,2023
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and temperature [1]. Using this NPD wheel as a grinding blade, a new useful
method for investigating the micro-scale abrasive properties of single-crystal
diamonds was developed. Since NPD has an extremely high hardness of about
130 GPa, the abrasive properties of various natural and synthetic single-crystal
diamonds, whose hardness is usually around 70 to 125 GPa, can be appropriately
evaluated. In addition, since the wheel diameter is very small, it is possible to
measure the abrasion resistance in a minute region of several tens of pm in a
diamond crystal. It was confirmed that the method can accurately evaluate the
abrasive properties of minute regions of single-crystal diamonds using synthetic
type lla diamond. It was also demonstrated that it is possible to investigate how the
abrasive properties of synthetic type Ib and natural type la diamonds change
depending on the distribution of impurities or crystal defects in the crystals [1].

In work [2], a smooth nano-sized surface of polycrystalline diamond without
damage was polished, on the contrary, with a rough diamond (D151) grinding
wheel on a ceramic bond. Atomic force microscopy verified that surface roughness
of Sa 4.20 nm, S, 2.06 nm, and S, 0.548 nm were achieved under grinding speeds
of 750, 1050, and 1350 rpm, respectively. Electron energy loss spectroscopy
spectra confirmed the existence of a graphitic layer (black layer) with a thickness
of ~15nm in the subsurface after grinding. The “black layer” showed an easy
ability to be removed under scratch and high-temperature oxidation. Moreover,
transmission electron microscopy demonstrated that no damaged layer was
observed in the subsurfaces at 750 rpm and 1050 rpm grinding speed. For grinding
speed of 1350 rpm, stacking faults and micro-crack appear in the subsurface, thus
forming a damaged layer with several microns in thickness. This work [2]
demonstrates a unique removal mechanism for abrasive processing of hard-and-
brittle materials, as distinct from either mechanical grinding or chemical
mechanical grinding.

In the article [3], the grinding of monocrystalline diamond substrates, which
must have a super-smooth surface (atomic-order), was investigated. Known
methods of polishing single crystal diamonds are based on pressure control
processes and are capable of improving surface quality, but are inefficient. To
obtain high-precision surface smoothness with greater process efficiency, the
authors [3] have developed a method for diamond polishing that is based on a
depth-control principle and employs an ordinary rotary grinder in which both the
substrate and the grinding wheel are rotated simultaneously during the grinding.
The resulting ground surface showed tiny crosshatch scratches. By progressively
applying finer grinding wheels from #600 to #15000, the surface could be
gradually improved, and finally a surface with a near-atomic-order surface
roughness was obtained with the finest wheel (#15000); the average surface
roughness was 0.13 nm for 5 x 5 um? area. The removal rate with the #15000
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wheel was 0.04 pm/min, which was markedly higher than that achievable by other
methods capable of producing an atomic-order surface roughness on single-crystal
diamond. The depth of subsurface damage induced by the grinding process was
reduced by using finer grinding wheels. The processed surface was ultrasmooth
with ~0.1 nm average surface roughness.

Polishing of polycrystalline diamond using the synergy of chemical and
mechanical influences is considered in work [4]. Polycrystalline diamond (PCD),
applied in the form of a thin film, is an attractive material due to the unique
combination of its properties. But, since for many of its applications it is necessary
that the PCD has a high quality of surface treatment, effective and economical
polishing is important. In article [4], chemical-mechanical polishing of PCD is
considered. Three main ways of material removal during diamond polishing are
identified and summarized on the basis of experimental results: interphase
mechano-chemical removal, chemically stimulated mechanical removal and
mechano-chemical transformation of diamond.

The work [5] is focused on highly efficient and damage-free diamond
polishing enhanced by atmospheric pressure inductively coupled plasma (ICP)
modified silicon plate. A rapid decrease in the surface roughness from S, 308 nm-
0.86 nm over 300 um? in 120 min proclaims ICP enhanced polishing a highly
efficient technique (Fig 1). Simultaneously, an atomically smooth, high-quality
diamond surface is obtained with a surface roughness of R, 0.26 nm over 20 pm?.
The polishing mechanism based on the OH-modification of silicon plate and
diamond surface, dehydration condensation reaction occurring at the interface of
OH-terminated surfaces, and subsequent mechanical shearing of carbon, is
proposed. TEM and Raman analysis of polished surfaces confirm that the use of
ICP contributes to further damage-free removal of the mechanically caused
damaged layer [5].

Ultrahard nanotwinned diamond (nt-D) is an ideal material for next-
generation high-precision, high-efficiency cutting tools, due to its high hardness,
enhanced fracture toughness, and increased oxidation resistance temperature, when
compared with natural diamond. However, a critical problem that limits the
application of such material is the grinding and polishing of nt-D material into
suitable shapes. In article [6] confirmed the feasibility of classical mechanical
polishing for nt-D through amorphization transition. The effect of mechanical
loading and the catalysis of Fe nano-particles work together, promoting the
transformation of nt-D into a hard sp?-sp® amorphous carbon (Fig. 2). The surface
of the amorphous carbon layer and the interface between amorphous carbon and nt-
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D were both smooth after polishing. The results are valuable for the mechanical
processing and further applications of ultrahard nanotwinned diamond.
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Figure 1 — Scientific principles underlying the mechanism of polishing single-crystal
diamond enhanced by inductively coupled plasma [5]
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Figure 2 — Scientific principles underlying the mechanism of mechanical polishing
for nt-D through amorphization transition [6]
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Monocrystalline diamond possesses covalent bonding making diamond
extremely hard and difficult to machine. In study [7] a microdiamond stylus
typically used in measuring surface roughness is machined to exemplify the
proposed ‘microspark erosion-assisted machining with heat-avoidance path’
technique. Based on thehigh thermal conductivity and weak electrical
conductivity of boron-doped monocrystalline diamond, high-frequency pulsed
discharge plasma is employed to efficiently perform microspark erosion machining
on an extremely hard monocrystalline diamond blank. It was found that the pulse-
on time and servo voltage respectively affect erosion plasma length and the erosion
gap during diamond machining. Also, the safety distance and safety height of the
erosion path dominate heat transfer to filler metal. These factors all affect the
firmness of the brazed diamond blank on the substrate. Three mechanisms for
removing carbon atoms from the diamond blank surface were observed. They are
vaporization, melting, and graphitization of carbon atoms. This graphitized carbon
atoms have weak electrical conductivity, which is conducive to inducing the wire-
electrode to generate a greater electric field and secondary discharging, facilitating
removal of additional carbon atoms. Experimental results indicate that a
microdiamond stylus prototype with a tip of 10 um can be safely formed using a
‘microspark erosion-assisted machining with heat-avoidance path’ technique,
creating 93.7% repeatability of the minimum residual stylus diameter. The
tangential micro-grinding facilitates the stylus tip to receive grinding from the
grinding wheel's maximum tangential speed and create the precision microdiamond
stylus with 1 um in tip-radius (Fig. 3). The applied microspark erosion-assisted
machining had a diamond material removal rate that was 54% more efficient than
conventional grinding of a commercial microdiamond stylus. The formed
microdiamond stylus was inspected by Raman spectroscopy and verified by the
surface roughness standard gauge to be up to industry standards.
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Figure 3 — Microdiamond stylus prototype with a tip of 10 um can be safely formed
using a ‘microspark erosion-assisted machining with heat-avoidance path’ technique
and create the precision microdiamond stylus with 1 pm in tip-radius [7]

Above, we drew attention to the effect of boron impurities in diamond on its
conductivity, so at the end of this part of the review, we will review the wear
characteristics of cubic boron nitride grains during abrasive wear [8]. The wear
phenomenon is an important issue that affects the grinding performance
of polycrystalline cubic boron nitride (PCBN) grinding wheel. To explore the wear
mechanism, single grain scratching tests were conducted on the nickel-based
superalloy Inconel 718. Fractal theory was applied to evaluate the grain wear
process, and the influences of undeformed chip thickness agmax and grinding wheel
speed vs on grain wear were analysed. The variation in fractal dimension, grinding
force and grinding force ratio were discussed. Results show that the micro-fracture
is caused by the crack, and the adhered grinding chip leads to the attrition wear of
PCBN grain. The average specific material removal volume of monocrystalline
CBN grain is approximately 10.7% that of PCBN grain when macro-fracture
occurs. The effect of agmax ON grain macro-fracture is stronger than that of wvs.
Furthermore, the grinding parameters should be set as follows: vs of 80 m/s and
agmax in the range of 0.1-0.67 um. These settings help improve the grain micro-
fracture phenomenon in high-speed grinding [8].

3. Features of precision adjustment of diamond abrasive wheels

Now let's move on from the above-mentioned modern studies of the wear
characteristics of individual diamond grains to modern developments in precision
straightening of diamond wheels, in which diamond grains are located.

The rapid wear of the dressing tools severely limits the further improvement
of the truing accuracy and dressing sharpness of the arc-shaped diamond wheels
used in ultra-precision grinding. In paper [9] thoroughly investigated the wear
characteristics of electroplated diamond dressing wheels used for on-machine
precision truing of arc-shaped diamond wheels. Firstly, wear topography and
protrusion height of the diamond particles were researched. Secondly, the wear
evolution mechanism of diamond particles with different grain sizes was
systematically researched. Then, the wear mechanism of the metal bonded matrix
was studied (Fig. 4). Subsequently, the Raman spectrum analysis of diamond
particles before and after wear was carried out. Finally, the profile accuracy and
surface topography of the trued arc-shaped diamond wheel were evaluated for
distinguishing the wear resistance and sharpening performance of the electroplated
diamond dressing wheels with different grain sizes.
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The work [10] is devoted to the influence of the properties of grains and
dressing on grinding mechanics and wheel performance: analytical assessment
framework. This paper introduces an analytical assessment framework for
evaluating grinding wheel performance derived from the model of cutting and
sliding grinding force components. Four new parameters are proposed based on
wheel topography. These parameters are normalized through the aggressiveness
number, which circumvents the influences of grinding geometry and kinematics.
The framework is validated through experiments with different wheel topographies
obtained by changing dressing conditions and grit properties (toughness, thermal
stability and shape). The framework and experiments quantify how wheel wear flat
area influences the sliding component and how grit protrusion influences the
intrinsic specific grinding energy. This framework provides a rational basis for
evaluating grinding-wheel performance and abrasive-grit selection.

Figure 4 — Scheme of the truing of arc-shaped diamond wheels [9]

Precision grinding with ultrathin arc-shaped diamond (UAD) grinding wheels
provides a satisfactory solution for the fabrication of high-quality microstructures
on tungsten carbide (WC) molds. However, ultrathin grinding wheels are difficult
to be trued, due to the limited small grinding wheel profile. In paper [11], an on-
machine truing method for ultrathin arc-shaped diamond grinding wheels is
proposed. First, a model of the three-axis linkage controlling truing for the
diamond grinding wheel was introduced. Then, the effects of the setting and
measurement errors of the grinding wheel on the profile radius were theoretically
analyzed. Furthermore, an aspherical microstructure array of tungsten carbide was
ground by the trued diamond grinding wheel. The experimental results
demonstrated that the expected arc radius of the grinding wheel could be achieved
and the binderless tungsten carbide mold could be ground efficiently and precisely.
The profile error of the grinding wheel (diameter of 23 mm, thickness of 0.38 mm)
reached 8.5 um. An aspherical microstructure array surface of tungsten carbide
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with a form accuracy of 15 um was obtained by grinding with the trued diamond
grinding wheel without additional compensation [11].

In paper [12,13] a modified U-Net neural network was used to evaluate the
laser sharpening quality of diamond grinding wheels, and the laser sharpening
parameters were optimized. The three-dimensional (3D) detection algorithm is
researched, and a 3D detection algorithm for the diamond wheel surface matching
the two-dimensional (2D) image and the 3D point cloud was proposed. The
recognized 2D grain image is filtered to remove edge grains and connected grains,
correct the 3D point cloud by eliminating the effect of curvature, and match grain
pixels (Fig. 5). The laser sharpening experiment of the bronze-bonded diamond
wheel was carried out by the orthogonal experiment method, and the quality
evaluation of the laser sharpening pictures of the wheel obtained by the experiment
was carried out. The embedding depth of the abrasive grains was obtained from the
2D area of the abrasive grains, and the evaluation index of abrasive grain height-
depth distribution was proposed. The laser sharpening experiments was carried out
to obtain grinding wheels with different sharpening qualities, and the grinding tests
were carried out. The effectiveness of the sharpening evaluation index was verified
by the amount of grinding force when grinding the workpiece and the surface
roughness of the workpiece after grinding. The optimal dressing process
parameters were obtained as the average power of 35 W, the repetition frequency
of 100 kHz, the rotational speed of 300 r/min, and the scanning speed of
3.6 mm/min.

(b)
Figure 5 — General view of the cutting surface of the wheel (a) and recognized 2D grain
image (b) [12]

Affected by the characteristics of laser Gaussian beam, the spot size and laser
energy irradiated on the grinding wheel surface change at any time with the
dressing path, which makes it difficult to realize the dressing of high-precision arc-
shaped diamond grinding wheel. In order to achieve high-efficiency and precise
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dressing of arc-shaped diamond grinding wheels, a composite dressing method
using laser rough dressing and electrical discharge precision dressing was first
proposed (Fig. 6) [14]. Laser rough dressing method is used to quickly remove the
excess abrasive layer to obtain an arc-shaped profile. Electrical discharge precision
dressing not only improved the accuracy of arc-shaped contour, but also realized
the grinding wheel sharpening. The optimization of kinematic parameters on the
dressing profile accuracy in laser dressing and electrical discharge dressing was
explored. An arc-shaped profile with a radius of 13 mm was tested on a diamond
grinding wheel with a grain size of 120#. The radius of the final dressed arc-shaped
profile is 13,007 um, and the PV value of the profile error is 10.67 um. It was
found that the abrasive grains on the surface of the grinding wheel were slightly
graphitized. The damage degree of the abrasive particles in laser dressing was
more serious than that of in electrical discharge dressing. Most of the graphite layer
on the surface of abrasive particles could be removed by grinding alumina
ceramics. The fitting radius of the arc profile of the workpiece is 13.013 mm, and
the profile error PV value is 11.91 pm.

Initial surface of grinding wheel Congdlbotesis @
& ~ f S 1
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Laser dressing path Ideal arc profile
Electric spark
) .
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10 laser dressing @
(a) Laser rough dressing (b) electrical discharge precision dressing

Figure 6 — Scheme of laser rough (a) and electrical discharge precision (b) dressing [14]

Although significant work has been done on the application of acoustic
emission (AE) to grinding and to dressing of grinding wheels, several fundamental
AE relationships between have not been established. These are: 1) the relationship
between dressing energy and the measured AE signal; 2) how different
diamond/grit contact modes (fracture, plastic deformation, rubbing, etc.) affect AE
energy; and 3) how this can be used to quantify dressing efficiency, wheel
sharpness and wear-induced changes in diamond shape. In paper [15] describes an
investigation into these fundamental concepts, with quantification of the
relationship between AE intensity and dressing energy and the influence of
different diamond/grit contact modes. A new parameter is introduced, the specific
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acoustic-emission dressing energy, which can be used to quantify dressing
efficiency and wheel sharpness. Finally, the use of the AE intensity in evaluating
diamond wear is explored, allowing the operator to know the size of the wear flat
and when changes are necessary to avoid workpiece burn.
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Figure 7 — Scientific principles underlying the mechanism of AE during correction [15]

4. Research on directional impact on the cutting surface of a diamond
wheel and its contact zone

To improve the durability and self-sharpening ability of traditional coated
abrasives for efficient automated manufacturing, structured patterns and super hard
materials were utilized for the fabrication of coated tools. In study [16], the
polymer matrix was synthesized by 50 wt% polyurethane and 50 wt% epoxy, the
tensile strength and elongation at break is 53.6 MPa and 36.8%, respectively. Then
the thermosetting PU/EP diamond composites were prepared by roller embossing
successfully (Fig. 8).

22



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 98

Embossing structured SCD before wear test SCD after wear test
morphology

Figure 8 — Technological features of the surface of thermosetting diamond
wheels made by roller embossing [16]

The wear performance tests of the composites were performed with the
difficult-to-machine material 304 stainless steel. The maximum height of the
summit of the 400# and 800# diamond composite grits declined by 13.6% and
8.2%, respectively after wear tests. Also, the composite grits could retain material
removal ability and renew themselves due to the domed pyramid structure. The
surface roughness of the workpiece decreased to 0.405 um by 80% after the first
wear test for 400# diamond and eventually approached 0.036 ym. The
improvement on the surface of the workpiece could be accomplished in no more
than 90 s [16].

Micro diamond tools are indispensable for machining microstructured arrays.
The cutting edge durability and consistency of micro diamond tools are the
determinants of the microstructure quality and accuracy, in addition to the motion
accuracy of the machine tool. In article [17] a strength distribution model of the
working area including the cutting edge and rake and flank faces was established
considering diamond anisotropy and chip flow direction. Comprehensive wear
resistances of micro diamond tools with different crystal orientation combinations
were analyzed based on the model, and the wear prone areas of different tools were
successfully predicted. The evolution processes of the sharpness and wear
topography were monitored for every micro diamond tool in the micromachining
experiments (Fig. 9).
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Micro diamond tools designed with
different orientation combinations.

Topographic images of the Microstructures machined
Strength of the working area on micro diamond tool noses with with different orientation
the micro diamond tool noses. cutting distance of 30 km micro diamond tools.

Figure 9 — Micro diamond tools designed with different orientation combinations [17]

The morphologies, profile errors and topological characteristic of the
microstructures machined with different micro diamond tools with increasing
cutting distance were analyzed. Finally, a conclusion was drawn that the wear
resistances of the micro diamond tools in ascending order are A,{100}A.{100},
A{100}A.{110}, A,{110}A.{100}, and A,{110}A.{110}. The three working areas
of the A,{100}A.{100} tool are prone to wear; in contrast, those of the
A{110}A.{110}tool are resistant to wear. The tool wear of A,{100}A.{110}is
caused by flank face wear, and that of A,{110}A.,{100} is caused by rake face wear
[17].

Coupling of multiple abrasive grainsis crucial for the efficiency in the
grinding process and grinder design. In [18] the coupling effect in a double-grain
model in vibration-assisted scratch of single-crystal silicon carbide (SiC) have been
investigated using the molecular dynamics simulations for both simultaneous and
sequential scratch processes. The coupling between the double abrasive grains
affect the scratch force, stress, amorphous layer and surface morphology. The
reduction ratios of tangential and normal force and the influenced material volume
show that the critical distance for the inhibition of the coupling of vibration-
assisted scratch is significantly greater than that in conventional scratch (Fig. 10).
The change of overlap ratio can reflect the change trend of the scratch force
reduction ratio. In the vibration-assisted grinding, the increase of overlap ratio also
intensifies the coupling of the abrasive grains, resulting in faster material removal,
smaller scratch force and better surface finish. Insights obtained through the
molecular dynamics analysis in this work into the coupling effects of abrasive

24


https://www.sciencedirect.com/topics/engineering/abrasive-grain
https://www.sciencedirect.com/topics/engineering/silicon-carbide
https://www.sciencedirect.com/topics/engineering/abrasive-grain
https://www.sciencedirect.com/topics/engineering/surface-morphology

ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 98

grains in the vibration-assisted grinding process is believed to be beneficial in the
development of grinding wheels and the optimization of machining processes.
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Figure 10 — The coupling between the double abrasive grains affect the scratch force, stress,
amorphous layer and surface morphology [19]

In article [19] Single pass scratch tests were carried out in three different
grades of WC/Co, containing 6, 11, 28% of cobalt and in different environmental
conditions: dry, distilled water (pH 6), acid (pH 2) and basic (pH 10) solutions in
order to analyze its influence on wear and friction coefficient. Tests were
conducted with increasing normal load ranging from 2 to 102 N. A drop of liquid
was placed between the indenter tip and the sample at the beginning of the test. At
the end of the test, sample was cleaned and dried. The total exposure time to liquid
is around 200s in order to minimize corrosion effects. Worn surfaces were
analyzed by Scanning Electron Microscopy (SEM) and optical profilometry. Co%
has a significant effect on mechanisms transition loads and on friction coefficient.
The later increased with Co% due to the larger extent of plastic deformation.
Results indicated that at loads inferior to 62 N, liquid nature does not affect friction
or critical loads. However, at higher loads, liquid media effect is statistically
significant and distilled water presented the lower friction coefficient and fluid
wettability. The liquid acted as a lubricant resulting in lower friction when
compared to dry conditions. In Rockwell tests, wear is controlled by plastic
deformation, whereas, in Vickers tests, brittle-mechanisms such as cracking took
place [19].

Thermally sprayed tungsten carbide coating is extensively engaged in wear
resistance applications due to its good tribological properties. For some
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applications in aerospace, automotive, printing and forming industries, these coated
components require a nanolevel surface finish. In the investigation [20],
magnetorheological fluid based finishing (MRF) process is carried out on the pre-
polished tungsten carbide coating using standard magnetorheological (MR) fluid
which contains diamond powder as the abrasive particles. In this case, the lower
gripping strength of non-magnetic abrasives into the chain structures of carbonyl
iron particles (CIPs) is responsible for inadequate material removal rate (MRR)
and irregular polishing. To overcome these problems, MRF is conducted with a
chemical etchant and that leads to a higher finishing rate due to the integrated
effect of etching and polishing. The mechanism of material removal in normal
MRF operation is schematically shown in Fig. 11. In the traditional MR fluid,
abrasive particles are loosely gripped in between CIPs chains under the effect of
magnetic flux lines. However, the gripping force of CIP chains on abrasive
particles is not sufficient to restrict the rolling motion of the abrasive particles
during finishing of hard materials. Hence, a lower penetration depth is
accomplished by the rolling motion of abrasives as shown in Fig. 11. Thus,
material is removed by both rolling and sliding motions of the abrasive particles.
Therefore, the material removal mechanism is similar to the three-body abrasive
wear and that leads to an inefficient and nonuniform material removal. In addition
to that, the abrasives may also be thrown away from the MR fluid ribbon at a high
wheel speed due to the lack of gripping of abrasive particles into the CIP chain
structures. So, it is difficult or time consuming to finish hard materials due to less
abrasive particles and low forces.
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Figure 11 — Mechanism of material removal in MRF with (a) conventional MR fluid
and (b) MR fluid with magnetic abrasives
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As a result of presenting the available modern developments, it is
possible to draw the following conclusions.

Attention is drawn to the processing of polycrystalline diamonds using the
synergy of chemical and mechanical effects. Three main ways of material removal
during diamond polishing are identified and summarized on the basis of
experimental results: interphase mechanochemical removal, chemically stimulated
mechanical removal and mechanochemical transformation of diamond. Attention is
drawn to the fact that developments in the polishing of monocrystalline diamond
without damage at the atomic level can be enhanced by inductively coupled plasma
at atmospheric pressure.

It is shown that the accuracy of straightening diamond arc-shaped grinding
wheels can be significantly increased by reducing the wear of diamond particles of
the galvanic straightening tool. Graphitization appears in the ruling circle with a
large grain size of diamond particles, and the wear rate of diamond particles will be
accelerated. It was established that to achieve high-performance and accurate
straightening of arc-shaped diamond grinding wheels, a combined method using
laser rough straightening and electric discharge precision straightening is used.
Moreover, the laser roughing method is used to quickly remove the excess abrasive
layer to obtain an arc-shaped profile. Electroerosion precision correction not only
increased the accuracy of the arc-shaped contour, but also improved the cutting
ability of the grinding wheel. The use of acoustic emission intensity for the
assessment of diamond wear was studied, which allows the operator to estimate the
size of the worn surface and when changes are necessary to avoid burnishing of the
working surface.

In order to increase the durability and self-sharpening ability of abrasive
materials for efficient automated production, structured models and superhard
materials have been developed and researched. In vibratory sanding, increasing the
overlap ratio also increases the adhesion of the abrasive grains, resulting in faster
material removal, less scratch force, and better surface finish. It is believed that the
data obtained by molecular dynamics analysis on the effects of abrasive grain
bonding in the vibration grinding process will be useful for the design of grinding
wheels and the optimization of machining processes.
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CYYACHI PO3POBKH LIOJAO CIPSIMOBAHOI'O BILIUBY
HA PI3AJIbHY IOBEPXHIO AJIMA3HO-ABPA3UBHOI'O
IHCTPYMEHTY TA MOI'O KOHTAKTHY 30HY
B IIPOLIECAX MEXAHIYHOI OBPOBKH (OTJISIT)

AHoOTaUisA. B OaHuiil cmammi HAgeoeHi 8i0OMOCMI 3 CYYACHUX PO3POOOK V HANPAMKY CHPAMOBAHO20
6NIUGY HA DI3ANbHY NOBEPXHIO GIMA3HO-AOPA3UEHO20 IHCHMPYMEHMY Ma 1020 KOHMAKMHY 30HY 6
npoyecax MexawiuHoi o6pobxu. 30edinbuioco maxa 0OpoOKA CMUKAEMbCS 13 NUMAHHAMU GNIUGY HA
DidICYUy NOBEPXHIO ANMA3HUX THCIPYMEHMIB, 8 M.4. NPAGIAY020 MEXAHIYHO20 MaA eneKmpogi3uutozo,
BPAXYBAHHIO OeeKMHOCMI aIMa3ie, AKUMU NI00AEMbCsL 00pOOKA, CRPAMOBAHO20 GNIUBY HA NOBEPXHIO
MAKUX armasie, menio6o2o ma Moou@iKyeanHsam no8epxui aimasie. Bcmanosneno, wo 0ns docaenenus
BUCOKOI NPOOYKMUBHOCMI MA MOYHOCMI NPABKU AIMAZHUX WHIYE8ANbHUX KpY2ie 3 OY20onoOdiOHuM
npoginem uUKOPUCMOBYEMbCsL KOMOIHOBAHUL MEMOO 1A3EPHOT YOPHOBOI NPABKU MA e1eKMPOPO3PAOHOL
npeyusitinoi npaeku. Kpim moco, memoo nazepHoi UYOpHOBOI 06POOKU BUKOPUCMOBYEMBCS OISl
WBUOKO20 BUOANICHHS HAOIUWIKIE AOPA3UEHO20 Wapy ONsi OMPUMAHHS OY20N00iOH020 NpoQio.
Enexmpoepositina npeyusitina Kopekyisi He MilbKu niOGUWULA MOYHICIb 0Y2ON00IOHO20 KOHMYPY, d/ie
il noKpawuna pizanbHy 30amuicme wigyeanvnoco kpyeda. Bugueno euxopucmanns iHmeHCUgHOCMI
AKyCMU4HOI eMicii O OYIHKU 3HOCY AIMA3Y, Wo O00380JI8€ ONepamopy OYIHUMU PO3MID 3HOULEHOT
noeepxui ma Koau HeoOXiOHI 3MiHU, WOO YHUKHYMU 8U2OPAHHS POOOHOT NOBEPXHI.

o6 nioguwumu 006208iuHicmMb [ 30AMHICMb 00 CAMO3AMOYYEAHHS AOPA3USHUX Mamepianié O0.s
eeKmusHO20 A8MOMAMU308AHO20 BUPOOHUYMEA, OYIU PO3pOONeHi ma O0CHOdNHCeHi CMPYKMYPOBaHi
Mooeni ma naomeepoi mamepiam. I1i0 uac eibpayiinoeo winighyeanns 30inbuients Koegiyicnma
nepexpummsi maxoic 30iIbuLye ad2esito abpasusHUX 3epet, wo npu3sooums 00 WEUOU020 BUOAIEHHS
Mamepiany, MeHuoi cunu noOpsnuH i Kpawoi 06podKu nogepxti. Beasxcaemocs, wjo oawni, ompumani 3a
00NOMO2010 AHANI3Y MONEKYIAPHOI OUHAMIKU NpO 6NJUE 36 A3KU aOpasueHux Kpyeie y npoyeci
8IOpayiino2o wigyyeants, Oy0yms KOPUCHi Ol NPOEKNYBAHHS WIQYEATbHUX KpY2ig ma onmumizayii
npoyecie 0bpobru. Taxi po3podku 003601a10Mb 3HAUHO THMEHCUPIKYeamu npoyecu o6podaenns ma
30inbwumy - egheKmueHicms  aAmMasHo-abpaszuenozo incmpymenmy. Came momy, 6 OaHOMY 021:0i
OCHOBHA y6aea | NPUOileHd GUKIAOEHHIO CYHYACHUX HANPAYIo8ans, GIOOMUX I3 HAYKOGUX NyOMiKayil,
nepesadicHo 3a OCMAHHI 5 pOKi6, NOG A3AHUX I3 6KA3AHUMY ULYe NUMAHHAMU.

KaiouoBi cioBa: anmasno-abpazusnuil iHCMpyMenm; pi3aibHa NOGepXHs, KOHMAKMHA 30HA;
Mexaniuna oo6pobKa; depekmuicmy aimasie; ereKmpoQizuiHuLl Gnus.
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OPTIMISATION OF OPERATOR-MACHINE
ASSIGNMENT PROBLEM USING EXCEL SOLVER

Abstract. Although the fourth industrial revolution has greatly accelerated the automation of
production processes, the importance of human resources has not diminished, as evidenced by the fact
that multinational companies are increasingly investing more and more effort in determining the
optimal allocation of machines and operators. In this paper, the authors present an approach to the
operator-machine assignment task through a suitable model. The mathematical model presented is
suitable to support the design of an appropriate human resource management strategy and the
implementation of operative human resource management tasks in production systems of different sizes.
Keywords: assignment; operator; optimization; cost-efficiency; reject rate.

1. INTRODUCTION

The design of material flow systems is becoming increasingly important in
both on- and off-site value chains. The main reason for this is that, in addition to
technological processes, the logistics processes that serve them are becoming
increasingly important. The aim of this research is to identify possible solutions in
the area of assignment task design, an important area of material flow system
design, and to propose a solution that goes beyond these. In order to achieve this
goal, a systematic literature review has been carried out as a first step, resulting in
an examination of the main relevant design methods discussed in the literature.
Subsequently, we briefly review the structuring of design tasks in material flow
systems in order to identify the areas where it is possible to formulate specific
design tasks as assignment tasks.

In the main part of the paper, we demonstrate the potentials of Excel Solver
for different operator-machine allocation problems by solving optimization
problems of different complexity. The article discusses the mathematical models of
two typical assignment tasks that allow to describe different types of operator-
machine assignment problems. Then, the implementation of the discussed
assignment problems is described.

By examining the models and methods compared in the research work, we
investigate the significance of transforming certain constraints into an objective
function component and the impact of added constraint sets on the objective
function value.

The models and methods presented in this work are suitable for optimising
the allocation of process equipment, manufacturing and assembly cells and the
operators serving them, even in large enterprises, resulting in increased production
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process efficiency, improved product quality through reduced reject rates and
increased economic efficiency.

2. LITERATURE REVIEW

All research activities should be preceded by a literature review, which aims
to identify areas of research relevant to the research objectives by looking at the
existing research in the literature. In this chapter, we present the results of a
systematic literature review to identify research results in the field of transportation
and assignment problems and to identify areas where new research directions could
be identified. To this end, we have divided the literature review into three major
parts. In the first part, we describe a descriptive analysis of the literature sources in
the relevant publication databases. In the second part, we provide an overview of
the content of the literature sources identified and selected on the basis of various
criteria, while in the third part we formulate our findings that contribute to the
precise limitation of the research objective.

As a first step in the systematic literature review, we had to define search
criteria to identify literature sources that fit well with our research objectives
related to the study of transportation and assignment tasks. For our review, we first
used the Scopus database and searched using the keyword (TITLE (“assignment
problem”) OR TITLE-ABS-KEY ("transportation problem™)).

The search based on the keyword (TITLE (“assignment problem™) OR
TITLE-ABS-KEY (“"transportation problem™)) resulted 8771 publications. The
research of assignment problems has a history of more than 60 years, while
interestingly the earliest publication in the Scopus database in the field of
transportation problems dates back to 1899 [1]. The first publication on solving
assignment problems appeared in 1957 and focused on methods for solving
assignment problems in directed graphs [2].

The number of publications shows a continuous increase (with the exception
of a few years), but the trend in the number of publications shows that the research
area is still relevant today, which we see as a result of the need to solve complex
logistics problems in complex supply systems that require the development of
increasingly complex solution methods.

An examination of the sources revealed that the majority of the articles were
published in journals covering the fields of operations research, discrete applied
mathematics and computer science. Based on the title and discipline of the sources
that published a large number of articles, it can be concluded that heuristic
optimization methods and artificial intelligence methods are playing an important
role in solving assignment and transportation problems in complex supply chain
planning. We found an interesting result when we examined the distribution of the
number of published scientific results among researchers. Surprisingly, we were
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able to identify several researchers who had published more than 30 scientific
results in Scopus database papers. This number indicates to us that several
scientific workshops have developed over the decades that have made significant
achievements in the field of research on transportation and assignment tasks.

We found similar results when analysing the affiliation of authors. Research
groups with a large number of publications can be found in many countries around
the world, in Europe, in America and in Asia. The same result is supported by the
distribution of scientific papers by country, with the countries with the largest
number of articles being China, India, France, Canada, Germany, Italy, Japan, Italy,
Turkey, United Kingdom and the United States of America.

Focusing on the research topics, it can be observed that transportation and
assignment tasks cover a wide range of different disciplines, with the following
being of particular importance: computer science (4140 articles), engineering
(3431 articles), mathematics (3315 articles), decision theory (1682 articles), social
sciences (772 articles), business and management (765 articles), environmental
science (278 articles).

This classification shows that our chosen research area fits well with
engineering and applies knowledge from both computer science and mathematics.
The explanation for this is that, since the transportation and assignment problems
mainly seek solutions to problems that arise in the design of logistics processes in a
large enterprise environment, the transport and assignment tasks are also mainly
(but not exclusively) in the field of logistics. The importance of the information
sciences lies in the fact that the design and management of complex supply chains
requires the application of information and telecommunication technologies. The
importance of the field of engineering implies that the problems involved in
solving transportation and assignment tasks can generally be conceptualized as
complex engineering systems. The large number of mathematical and decision
making articles supports the fact that transportation and assignment problems
require increasingly advanced solution methods, so that the use of newer and
newer analytical and heuristic methods is inevitable. And the importance of
business sciences draws attention to the important fact that cost-effectiveness is of
great importance in the design of logistics systems, while environmental
considerations are also inevitable. The categorization of the articles by keywords
confirms the same facts from the point of view of the keywords used.

Following the statistical analysis, we examined a narrowed set of literature on
assignment problems, analyzing the content of journal articles that are no older
than 5 years and have the most independent citations. For the purpose of this
analysis, we have chosen to analyze the content of articles focusing only on
assignment problems. Articles focusing on assignment problems cover the
following typical application areas: production logistics, supply chain planning,
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transportation management, warehousing logistics, warfare, education. The
importance of these areas is demonstrated by the results of the following main
research areas: modelling of real time ride sharing by linear assignment [3], traffic
assignment problem [4], storage location assignment problems [5], assignment
problems in socio-economic systems [6], assignment problems in optical networks
[7], rapid drone assignment problems [8], weapon-target assignment [9],
assignment of maintenance workers to maintenance tasks [10], assignment in
education [11], restricted assignment problems [12], e-scooter assignment
problems [13], period stochastic assignment problem for social engagement and
opportunistic 10T [14], traffic assignment problems [15], assignment of nurse and
patient [16], tail assignment problem [17], knapsack assignment problem [18].

Although an analytical solution of the assignment problem is possible, the
constraints increase the complexity of the optimization problem to such an extent
that the following heuristic and metaheuristic algorithms can be used: Whale
algorithm and Tabu search [19], deep neural networks [20], Pareto-Ant Colony
optimization [21], Birnbaum-heuristics [22], Discrete Bat heuristics [23].

In summary, research on assignment tasks has a history going back several
decades. There are a number of applications that are not only of logistical
relevance, but also concern many areas of production and civil services. A wide
range of mathematical methods is available for solving transportation and
assignment problems. These can be analytical methods for basic models of
assignment problems, while for a large number of constraints the search space of
the optimization problem requires the use of heuristic and metaheuristic algorithms.
Based on the above conclusions drawn from the reviewed literature, we intend to
investigate in our research to what extent the solution of transportation and
assignment problems can be supported by Solver.

3. ASSIGNMENT PROBLEMS IN MATERIAL HANDLING DESIGN

The design problems of material flow systems can be traced back to a number
of operational research problems. This chapter briefly describes examples of
potential design problems that can be traced back to assignment problems [24, 25].
Layout planning, facility location: assignment of empty sites and objects to be
installed, packaging, planning of unit loading: selection of optimal unit loading and
packaging device, route planning: assignment of vehicles to routes, supply tasks to
routes and assign collection and distribution tasks to routes and vehicles, design of
queuing systems: assigning service tasks to resources, reliability of material flow
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systems: assigning tasks to resources and assigning resources to subsystems in
order to design an optimal system structure to increase reliability.

4. OPERATOR MACHINE ASSIGNMENT WITH TRAINING OPTIONS

In the model, we consider as given the cost of assigning human resources
(operators) to each technological resource (machine), the predicted reject rate of
each operator on a given machine, the value of the planned quantities to be
produced per shift on each machine, the cost of training of operators and the
performance improvement as a result of training, which is reflected in the
improvement of the reject rate:

* k;;: assignment cost of operator i to machine j,

e s;;: reject rate of operator i assigned to machine j,
e ¢;: value of products to be produced on machine j within a shift,

e w: training cost of an operator, which can lead to a reject rate decrease of .

The decision variable of the optimization problem is the matrices describing
the assignment of human resources and technological resources and the training of
human resources:

* x;;: assignment of operator i to machine j:

Vi, j: x;; € (0,1) 1)
e x;: training of operator i:

Vi: x7 € (0,1) 2)
The objective function of the optimization task is to minimize the total cost:

:nélz 1xu k:; +E 12

We can define two different constraints:
e each operator can be assigned to one machine:

J=1 %y T 3 e, + X wex; s min. (3)

Vi Xhogx; =1 4)
¢ each machine can be assigned to one operator:
vj: E?élej =1 )

The input parameters of the scenario are the cost shown in Figure 1, the reject rate
shown in Figure 2, the total value of products to be produced per shift per machine
shown in Figure 3 and the training cost, which in this case study is 10
EURO/person.
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Technological resources

Cost

1 86 76 37 47 42 18 32 82 20 85 20 62

2 35 66 47 52 52 24 40 69 54 42 81 65

3 56 52 67 38 60 74 79 76 85 48 55 66

¢ 4 24 69 85 75 25 31 66 61 64 82 14 16
= 5 29 29 23 31 64 86 27 76 24 56 22 49
3 6 27 39 41 56 54 58 47 79 54 49 41 19
% 7 28 65 62 52 29 35 82 67 85 68 35 66
£ 8 77 58 50 82 21 46 81 62 17 10 59 42
T 9 72 22 39 29 29 86 77 63 51 80 26 21
10 51 56 21 83 67 25 37 43 18 44 42 65

11 45 76 18 47 49 57 74 35 21 47 81 66

12 24 87 44 62 39 80 88 40 64 79 33 42

Figure 1 — The assignment cost of operators and machines
Technological resources
Reject rate

1 2 5 1.1 | 12 | 08 | 43 | 1.3 | 03 | 36 | 1.3 | 44 | 27
04 | 27 | 16 | 43 | 39 | 03 | 37 | 06 1 3 02 | 48
3 1.9 | 39 | 27 | 08 | 33 | 05 | 31| 34 |09 | 44 | 33| 01

o 4 1.9 | 49 | 32 | 1.3 | 11 | 49 | 48 | 01 [ 37 | 25 | 03 | 35
s 5 1.4 | 35 | 37 | 16 | 29 | 46 | 23 | 11 | 23 | 13 | 08 | 41
3 6 08 | 1 [ o1 o9 [32[35] 2 1 | 26 | 19 | 12 [ 32
g 7 35 | 38 | 1.8 | 36 | 44 | 16 | 06 | 06 | 08 | 41 | 26 2
£ 8 41 | 38 | 1.2 5 13 | 46 4 49 [ 02 | o6 | 28 | 26
T 9 3 35 | 1.9 | 35 [ 27 [ 24 [ 01 | 39 | 45 | 1.8 | 3.1 | 1.2
10 03 | 31 5 24 | 03 5 1.9 3 12 | 05 | 1.2 | 17

11 5 29 | 1.7 | 02 | 13 [ 48 [ 02 | 01 | 13 | 03 | 43 1

12 21 | 21| 25 [ 06 | 36 | 32 | 1.8 | 31 | 41 | 39 | 45 | 18

Figure 2 — The reject rate of operators assigned to different machines

Technological resources

Valuetobel .o, | 0 | 1500 | 2650 | 4570 | 9510 | 1500 | 980 | 12000 5400 | 3200 | 6540
produced

Figure 3 — Value to be produced per shift per machine

The solution is illustrated in Figure 4 and Figure 5. The integrated assignment
matrix shown in Figure 4 contains both the assignment of human resources and
technological resources and the assignment of human resources to training.
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Technological resources

1 0 0 0 0 1 0 0 0 0 0 0 0 1
2 0 0 0 0 0 1 0 0 0 0 0 0 0
3 0 0 0 1 0 0 0 0 0 0 0 0 1
4 4 0 0 0 0 0 0 0 0 0 0 1 0 0
§ 5 0 0 0 0 0 0 1 0 0 0 0 0 1
% 6 0 1 0 0 0 0 0 0 0 0 0 0 1
% 7 0 0 0 0 0 0 0 1 0 0 0 0 0
g 8 0 0 0 0 0 0 0 0 1 0 0 0 1
x 9 0 0 0 0 0 0 0 0 0 0 0 1 1
10 0 0 0 0 0 0 0 0 0 1 0 0 1
11 0 0 1 0 0 0 0 0 0 0 0 0 1
12 1 0 0 0 0 0 0 0 0 0 0 0 1

Figure 4 — The integrated assignment matrix

The integrated assignment matrix in Figure 4 can be used to calculate the
modified value of the reject rates shown in Figure 2, which is summarized in
Figure 5. The cells in blue show the reduced reject rates.

Technological resources

7 [ 8 oo [T [T
1 | 1 [ 2505 0.65 | 015 | 1.8 | 065 | 22 [ 135
2 | 04 [ 27| 16 3.9 37 |06 | 1 | 3 | 02| 48
3 | 095 195 135 165 155 | 1.7 | 045 | 22 | 165 | 0.05
ol 4 | 19 | 49 [ 32 | 13 | 11 [ 49 |48 | 01 [ 37 | 25 [HOBN 35
S5 [ 07 [175] 185 | 08 | 145 | 23 055 | 115 | 065 | 04 | 205
2 6 | 04 005 | 045 | 16 | 175 1.3 [ 095 ] 06 | 16
cl 7 |35 ]38 [ 1836 aa]16] 06 08 | 41 | 26 | 2
E[ 8 [205] 19 [ 06| 25 |o065] 23 [ 2 [ 245 14 | 13
T 9 [ 15 [175] 095|175 [ 135 1.2 | 005 ] 1.95 155 (06N
10 015|155 [ 25 | 12 [ 015 25 | 095 | 15 0.6 | 085
1 | 25 | 145 01 | 065 | 24 | 01 | 005 065 015 | 215 | 05
12 [J050 105 | 125 [ 03 | 18 | 16 | 09 | 155 | 2.05 | 1.95 | 225 | 0.9

Figure 5 — The modified reject rates

The optimization resulted the following costs: cost of assignment of human
resources to technological resources 375 EURO, training cost 90 EURO, reject
value 232.4 EURO and total cost 697.4 EURO. The Excel Solver implementation
of the solution and its relation to the mathematical model is illustrated in Figure 6.
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Solver Parameters

&

| Set Objective: sNs4s E I—
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Figure 6 — The Excel Solver implementation of the solution and its relation
to the mathematical model

The impact of training cost on the cost structure of the optimal solution is
shown in Figure 7.

900
W Training cost ™ HR cost © Reject cost

2 4 6 8 0 12 14 16 18 20 22
Specific training cost

24 26 28 30

Figure 7 — Impact of specific training cost on the cost structure of optimal solution

5. DISCUSSION AND CONCLUSIONS

An important part of the design and operation of material flow systems in
manufacturing processes is the solution of transportation and assignment tasks. The
goal of this research work was to develop a mathematical model for the optimal
assignment of operators (human resources) and machines (technological resources)

37



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 98

in complex manufacturing environment. To achieve this goal, the main tasks in the

design of material flow systems (especially in in-plant supply) have been

investigated and the typical assignment tasks they represent have been presented.

Several methods are available for solving these assignment problems (Northwest

corner method, minimum cost method, Vogel method), but when the objective

functions and constraints subject to optimization are complex, new solutions are
needed to solve the problem under consideration. In this research work, we
investigated whether Excel Solver is suitable for solving complex assignment tasks.

Having established that Excel Solver is suitable for solving complex assignment

tasks, we have developed a mathematical model that is suitable for assigning

operators to machines, while also analyzing the potential performance
improvements that can be achieved through worker training. The most important
consequences of our analysis can be summarized as follows:

e The more constraints are taken into consideration, the more the optimal
solution decreased. This is a trivial fact follows from the nature of optimization
problems. It is important to note that this statement is only trivial and true if we
add constraints to an existing constraint set. Replacing a smaller set of
constraints with a larger set of constraints does not necessarily imply a
decreasing objective function value in the case of maximization.

e If a constraint is integrated into the objective function, the solution can be
significantly improved. For example, as long as only a constraint on the reject
rate that can be produced on technological resources is formulated, a worse
solution is obtained than when this reject value is integrated into the cost
function as objective function.

e Training of operators can improve their performance, which can lead to a
decreased reject rate, but since training has also significant cost, training of
human resources may not be appropriate. This conclusion should be treated
with caution, as the time horizon over which the return of training is interpreted
is very important. In the case of short-term employment, the cost of training is
less profitable than in the case of long-term employment.

The practical impact of the research work presented above can be
summarized as follows:

e the presented model and solution method can be used to assign human
resources (operators) to production resources (production tasks) in a real
production environment,

e as a result of the optimization discussed, the utilization of human resources can
be increased, the quality of products can be improved by reducing the reject
rate, and a more cost-efficient production system can be operated.

Future research plans include further extension of the models and the
investigation of methods for solving large-scale complex problems. An important
further development could be the inclusion of uncertainty factors.
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BikTopis Meuko, Tamam bansi, Mimkoms1l, YropmmHa

ONTUMIBALISA 3AJAYI TIPU3HAYEHHS OIIEPATOP-MAIIIMHA
3A JOIIOMOT OO0 EXCEL SOLVER

AHoTauis. Hessaocarouu na me, wo uemeepma NPOMUCIOBA PeBONIOYIA 3HAYHO NPUCKOPUNA
asmomamu3ayio GUPOOHUYUX NPOYECis, BANCTUBICIG TIOOCLKUX PeCypCie He 3MeHWUNAcs, npo ujo
c8i0uums moti pakm, wo 6a2amoHayioHaIbHi KOMRAHKIi 6ce uacmiule 6KIA0AIONb 6ce Gilbule 3YCUNb Y
BU3HAYEHHS ONMUMANLHO20 PO3NOOINYy MawwuH [ onepamopie. Pospobka cucmem mamepianbHux
NOMOKI8 cmae 6ce OibUL BANCIUBOIO 6 JIAHYIOICKAX CMBOPEHHS 6APMOCMI K HA MICYl, max i 3a 1020
medcamu. OcnoHa npuyuHa Ybo20 NOJAAE 8 MOMY, WO, KDIM MeXHONI02IUHUX npoyecis, 6ce binbiuo2o
3HaueHHs: Habyealomv JO2ICMUYHI  npoyecu, AKI iX obcayeogyroms. Baswcnueorw  uacmuroo
NPOEKMy8aHHs ma eKCnIyamayii cucmem MamepiaibHUX NOMOKIE y GUPOOHUYUX NPOYeCax € GUPILLeHH:
3a60aHb MPAHCROPMYBAHHA MA npusHayenHs. Memoto yici docnionuybkoi pobomu 6ynra po3pobka
Mamemamuynoi mooeni Ol ONMUMATLHO20 PO3NOOLTY ONepamopie (MoOCbKUX pecypcie) i Mauiun
(MEXHON02IUHUX pecypCiB) ¥ CKIAOHOMY BUpOOHUYOMY cepedosuwyi. /s 0ocsenenns yiei memu 6yau
00CTiOHCeHI OCHOBHI 3A60AMHS NPU NPOEKMYBAHHI CUCMEM MamepiaibHUx Nnomokie (0cobnaueo npu
GHYMPIUHBLO3AB00CLKOMY NOCMAYAHHI) ma npedcmagieni munogi 3a60anHs NPUSHAYEHHS, SAKI 60HU
npedcmagasaioms. Icnye xinbka memooie Ons Gupiwents yux npoonem npusHaients (Memoo nieHiuyHo-
3aXi0H020 Kyma, Memood MIHIManbhux eumpam, memood Dozens), aie Ko yinwogi @yukyii ma
obmedceHHs, wo nionAealomv  onmumizayii, € CKIAOHUMU, OAf  GUPIWEHHA npobiemu, o
posensoacmucs, HeoOXioni nogi piwenns. YV yiil docnionuybki pobomi asmopu 3’acyeanu, uu
nioxooums Excel Solver ons po3eé’szyeanns ckiaonux 3aedanv. Bcemawnosuewiu, wo Excel Solver
nioxoO0ums 015 BUPIUEHHS CKIAOHUX 3A80AHb NPUSHAYEHHS, A8MOPU PO3POOULU MAMEMAMUYHY MOOEb,
KA NiOX0O0umv 0Nl NPUBHAYEHHS] ONepamopié MAawluHam, d MAaKodC AHARIZYIONU NOMeHYilHi
nokpawjents npooyKmueHOCHI, AKUX MOJCHA 00CAMU WIIAXOM Haguanis npayienukie. Haiieascnusiuti
HAcHiOKU aHani3y agmopie MOMCHA NIOCYMY8AMU MAKUM YUHOM. Yum Oinbuie oOMmedxceHb bepemubes 00
yeazu, mum Oinblie 3MEHULYEMbCA ONMUMAIbHe piuenns. Akuo copmynbosano auute obmediceHHs Ha
giocomok OpaKy, AKull Modce Oymu CmeopeHull 3a O0O0NOMO20K) MEXHONO0IYHUX pecypcis, 6yde
OMPUMAHO 2ipute PIUEeHHS, HIHC KOTU Ye 3HAUYeHHs OPAKy iHmezpoeaHo y YHKYIIo eumpam sK yiibogy
@yuxyito. Haguanns onepamopie modce nioguwyumu ix npoOyKMugHicmv, wjo Modice npuzsecmi 00
3HUIICEHHA 8I0COMKA BIOMOS, aje OCKINbKU HAGYAHHA MAKONC BUMALAE 3HAYHUX BUMPAM, HABYAHHSA
JH0OCHKUX pecypcie Modce 6ymu Hedopeunum. [Ipedcmagiena mooens i Memoo piuieHHs MOX*Cymb Oymiu
BUKOPUCIAHT OJI51 NPUBHAYEHHS TIOOCHKUX Pecypcié (onepamopis) upoGHUYUM pecypcam (6UupodHUMUM
3a60aHHAM) Y PeanbHOMY 6UpOOHUYOMY cepedosuiyi. B pesynbmami ob62oeopiosanoi onmumizayii
MOJICHA NIOGUWUMY BUKOPUCMANHA TIOOCLKUX Pecypcis, NOKpawjumu AKicms npoOyKyii 3a paxyHox
3MeHwents giocomka Opaxy ma 3anpogaoumu Oinbl eKOHOMIYHO eeKmugHy cucmemy eupooHUYMEd.
Ku1104oBi ci10Ba: npusnauenns; onepamop; onmumizayis, eKOHOMI4HIiCMb; OPax.
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REGULARITIES OF VIBRATION FINISHING AND GRINDING
PROCESSING AND DIRECTIONS OF IMPROVEMENT
OF ITS INTENSITY AND QUALITY

Abstract. The data on the labor intensity of manufacturing engineering products and the share of
finishing and grinding operations in the total labor costs of their manufacture are presented. The list
and the degree of mastering the technological operations of finishing and grinding processing,
performed in the conditions of machine-building industries during the last years are given. The grounds
are given for highlighting the method of vibration processing as the most promising for ensuring
complete mechanization of the process of finishing and cleaning, as well as achieving high
technological characteristics of the surface roughness of parts. An assessment was made of the
influence of modes, the trajectory of the movement of the reservoir and the grain size of the granules of
the abrasive medium on metal removal. It is indicated that the intensity and quality of vibration
treatment is estimated quantitatively by the weight removal of metal and qualitatively by the roughness
of the processed surface. It is indicated that the determining factor in this case is the speed of the
oscillating movement of granules and parts, the difference of which represents the speed of vibration
processing, depending on the speed of the oscillating movement of the medium. It is noted that in order
to increase the productivity of the process, it is necessary to increase the speed of the medium by
increasing the frequency and amplitude of the reservoir oscillations. The layer-by-layer transmission of
a force impulse from the bottom of the reservoir to the bulk medium is considered. The physical
meaning of increasing productivity by increasing the amplitude of the reservoir oscillations is indicated.
The conditions for obtaining metal removal are indicated, which provide increased efforts for the
interaction of granules with parts at high micro-cutting speeds. Experimental studies are described to
determine the influence of the amplitude and frequency of oscillations on the results of vibration
finishing and grinding. Graphic dependences of metal removal were obtained for various ratios of the
sample weight to the weight of the medium granule. The dependence of metal removal on the ellipticity
coefficient and the amplitude of the reservoir oscillations was obtained in a similar way. It is noted that
the vertical component of the amplitude during in-plane oscillations of the reservoir is the determining
factor of the complex influence of the parameters of the ellipse coefficient of the trajectory of the
reservoir and its amplitude of oscillations. It has been established that when using a coarse-grained
abrasive, the penetration of grains into the metal of the part occurs to a greater depth and larger metal
chips are removed with a large metal removal. With a small grain size of the abrasive, small chips are
removed with a small metal removal and a decrease in the height of micro-roughness.

Keywords: vibration treatment; technological capabilities; intensity and quality; amplitude and
frequency of oscillations; trajectory of the reservoir; metal removal; ellipse coefficient; granularity of
the medium material.

With the growth of production volumes and the requirements for the quality
of products of mechanical engineering and instrumentation, there is a constant
increase in the volume of finishing and grinding processing.

It is known from domestic and foreign experience that at the present stage, the
share of finishing and grinding processing reaches 10 ... 20 % of the total labor
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intensity of manufacturing parts. In some cases, for example, in the manufacture of
parts from materials that are difficult to machine by cutting and pressure processes,
the labor intensity of finishing and grinding operations can reach 40 — 70 % of the
labor costs for manufacturing the part [1].

The technological operations of finishing and grinding processing include:
deburring; removal of flash and grata; edge rounding; surface cleaning from scale,
corrosion; molding sand residues; grinding and polishing to give shade and shine,
etc. [2].

Studies of various types of finishing and grinding processing have made it
possible to establish the degree of their development in the metalworking industry
in the recent period. These data are as follows: vibration treatment — 23 %; jet-
abrasive — 18 %; belt grinding — 11 %; tumbling — 6 %; polishing wheels and metal
brushes — 5 %; treatment with a stream of compacted abrasive — 2 ... 3 %.

An analysis of technological capabilities and experience in practical
application made it possible to single out the vibratory processing method from the
variety of industrial methods of finishing and cleaning, as the most effective from
the position of mechanization of manual labor while achieving high technological
characteristics of surface roughness and ensuring complete mechanization of the
process of vibration finishing and grinding.

Further, in order to improve the intensity and quality of vibration finishing
and cleaning processing, we will evaluate the influence of the modes and trajectory
of the reservoir movement, as well as of the material grain size of the abrasive
medium granules on the resulting metal removal.

It is accepted that the intensity and quality of vibration treatment is estimated
quantitatively by the weight metal removal from a unit surface area per unit time
and qualitatively by the roughness of the processed surface [3,4].

The determining factor in this case is the speed of the oscillating movement
of abrasive granules and parts, the difference of which represents the speed of
vibration processing. The latter depends on the damping coefficient of the bulk
medium, which in its urn is determined by its elastic properties, the thickness of the
medium layer, the size and shape of the granules, the relative content of the
chemically active solution in the reservoir, the internal friction in the medium, its
air permeability and a number of other factors, the influence of which should be
taken into account almost impossible analytically.

Obviously, to increase the productivity of the process, it is necessary to
increase the speed of the oscillating movement of the medium by increasing the
frequency and amplitude of the reservoir oscillations. Usually, the oscillation
frequency is in the range of 1500 ... 3000 vpm and its increase is limited by the
design capabilities of the vibrating machine units. Running at lower frequencies
causes significant performance degradation. The amplitude of oscillations during
vibration processing is selected within the range of 0.5 ... 6.0 mm. Increasing it
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more than 6.0 mm causes a sharp decrease in the service life of bearing assemblies
of inertial vibration exciters.

The transfer of a force impulse from the bottom of the reservoir to the bulk
medium is carried out in layers — from one layer to another. During vibration
processing, a phase lag is observed in the movement of various layers. There may
be a mode of operation in which the inner or upper layers are in suspension state,
and the lower layer, falling on the surface of the reservoir bottom, again receives
and transmits an impulse to the upper layer, when it has not yet completed its
upward movement. Such a transfer of motion reduces productivity, since layers of
abrasive granules, which are far from the walls of the reservoir, practically stop
removing metal from parts [5, 6].

In this case, the most effective measure to improve productivity is to increase
the amplitude of the reservoir oscillations. The physical meaning of this lies in the
fact that when the reservoir moves upwards, first there is a compaction and elastic
compression of the medium layers with a thickness of & located near the wall.
When the reservoir wall is moved by an amount equal to the amplitude of 4, the
layer is compacted and decreases by an amount A.

Thus, it is shifted by an amount of 4—A . The next layer will not receive an
impulse if the compaction and compression of the first layer by A is greater than
A. The same will happen with the n -th layer, when A > A.

The force F,, of the mutual pressure of the parts and the abrasive granule is
determined by the expression:

F, =& MAo®; 1)

where €= kz/kl, k and k; — coefficients are not constant in value; k — takes
into account the damping properties of the medium and the inertia of the part; k; —

takes into account the decrease in amplitude due to the damping of the medium.
Each point of the cross section of the reservoir has its own values k and k;, which

vary depending on the distance of parts from the reservoir walls and some other
reasons.

By increasing the oscillation amplitude, it is possible to transfer the force
impulse to a layer of much greater thickness. According to dependence (1) at
A=2.5 mmwe have F, =¢2.5-43600=109000 grams.

Increasing the amplitude from 4=1.5 mm to 4=2.5 mm makes it possible
to obtain a greater force than it is achieved by increasing the frequency by
1000 rpm.  With an increase in  amplitude to A=4.0 mm,
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F, =€4-436000] 175000 grams, that is, the force increases by 1.7 times

compared to the first case.

Thus, for the vibration grinding process, when it is necessary to remove a
defective metal layer from the surface to be treated, as well as for cleaning
operations, large amplitudes should be used, providing increased interaction forces
between granules and parts, as well as high micro-cutting speeds along with high
values of the parameters of the elastic-plastic deforming.

For finishing operations, on the contrary, large vibration amplitudes are
unacceptable, since in this case it is not required to remove a significant layer of
metal from the surface to be treated, but to increase its purity with a decrease in the
height of micro-roughness., Therefore, the designs of vibrating machines that allow
changing the amplitude and frequency of processing in a wide range receive all
greater distribution [7].

It is extremely difficult to analytically determine the influence of the
amplitude and frequency of vibrations on the results of grinding and polishing due
to the large number of factors that affect the results of processing. This can be done
more simply and accurately experimentally. The corresponding experiments were
carried out on cylindrical samples of steel 45 DSTU 7809:2015 (steel 45C
DIN EN 10083-2) weighing 25, 50, 100 and 300 grams. Mineral-ceramic plates
weighing 10 grams were used as an abrasive medium for all experiments.

Obtained as a result of the experiment, the dependence of metal removal from
1 cm?of the surface of the samples on the oscillation frequency at a different ratio
of the weight of Q sample to the weight of q granules of the medium is presented

graphically (Fig. 1).
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Figure 1 — Dependence of metal removal on the oscillation frequency and relationships
Q/q=25;5;10; 30
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The difference in the removal of metal from the samples when the ratio Q/q

changes from 2.5 to 30 is explained by a large decrease in the speed of movement
of heavy parts when they are removed from the reservoir walls compared to light
ones. This leads to an increase in the relative speed between the part and the
granules and, therefore, to an increase in the efficiency of the operation.

As the frequency increases, metal removal increases rapidly at first, then
slows down. This can be explained as follows. With an increase in the oscillation
frequency, the impulse from the walls and bottom of the reservoir is transmitted
only to the layers located near these surfaces, with a frequency corresponding to
the oscillation frequency of the reservoir. The layers, however, remote from the
walls and the bottom, receive an impulse of the opposite sign even before the end
of the movement in the original direction. So their movement is damped [8].

The dependence of metal removal on the ellipse coefficient K, and the

amplitude 4 of the reservoir oscillations has been obtained in a similar way
(Fig. 2). It can be considered linear within 4=0.5...6.0 mm.
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Figure 2 — Dependence of metal removal on the ellipse coefficient and the amplitude
of the reservoir oscillations: 1 — Ay =1 mm;2- Ay =2 mm;3-— Ay =3 mm;

4— Ay=4 mm; 5 — Ay:5 mm
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The results of experiments to determine the removal of metal, depending on
the grain size of the material of the granules of the abrasive medium, are presented
graphically (Fig. 3).

The greatest removal of metal at all investigated amplitudes is observed at
KA =10..15, and within these limits of fluctuations K, the removal of metal
changes insignificantly. This allows you to adjust the trajectory of the reservoir

motion with less accuracy, which speeds up and simplifies the adjustment of
vibrating machines.
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Figure 3 — Dependence of metal removal on the grain size of the material
of the granules of the abrasive medium

At a value of K, =20..25, an increased number of micro-nicks are

observed on the processed surfaces of parts, the depth of which reaches 0.1 mm.
For grinding, the most productive modes will be those that have K, close to unity.

The removal of metal is decreased with a decrease in the material grain size
of the abrasive medium granules. This is especially noticeable in the grain size
range of 2.5 ... 5.0 um. An increase in the grain size of grinding powders in the
range from 5.0 to 7.0 pm also leads to a decrease in metal removal. However, the
use of fine-grained abrasive media allows to obtain a higher surface quality.

Conclusions
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1. An analysis of the theoretical and experimental studies carried out showed
that an increase in the frequency of oscillations, depending on the accepted ranges
of its change, has a different effect on the intensity and quality of the process.
However, in all cases, there is a clear tendency to increase the productivity of
vibration processing with an increase in the frequency of vibrations of the vibrating
machine reservoir.

2. The amplitude of the reservoir oscillations, as well as its frequency, has a
significant impact on the intensity of the vibration treatment process, where the
fundamental effect on the medium is the vertical component of the amplitude
during in-plane oscillations of the reservoir. The conducted studies have a general
tendency to increase the intensity of vibration treatment with an increase in the
amplitude of vibrations of the vibrating machine reservoir.

3. Experimental studies have established that when using a coarse-grained
abrasive, the number of grains in contact with the processed surface decreases. In
this case, the penetration of grains into the metal occurs to a greater depth and
larger metal chips are removed with a significant metal removal. With a small
grain size of the abrasive, the number of contacts with the processed surface
increases. This contributes to the removal of small chips and a decrease in the
height of the micro-roughness of the processed surface with a small metal removal.
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Amnnpiit Minuk, Bonogumup ®enoposuy, Xapkis, Ykpaina

3AKOHOMIPHOCTI TPOLIECY BIBPALIIMHOI
03/10BJIIOBAJIbHO-3AUYHILNYBAJILHOI OBPOBKU I HATIPSIMKU
BJIOCKOHAJEHHSI if IHTEHCUBHOCTI TA SIKOCTI

AHoTauiss. Hagedeno Oaui mpyoomicmkocmi 8U20mMosieHHs Upodi6 MAuUHOOYOY8AHH MA Y4ACMKU
03000.1108A1bHO-3A4UWYBATLHUX ONEPAYill Y 3a2albHUX MpyO0osumpamax ix eueomosnenus. Jlano
nepenix ma cmyninb 0C60ECHHsI MEXHONOIUHUX ONepayii 030001108aNIbHO-3A4UULY8ATLHOT 0OPOOKU, WO
BUKOHYIOMBCS 8 YMOBAX MAWUHOOYOIBHUX BUPOOHUYME 3a ocmaHHill nepiod. Hasedeno niocmasu ons
BUOIIeHHs MemoOdy GIOpayiiinoi 0OpobKu 5K HAUOLIbW NEPCneKmUHo20 Ol 3a0e3NeUeHHsl NOGHOT
MexaHizayii npoyecy 030001108a1bHO-3a4UWYBATLHOI 0OPOOKU, d MAKONMC OOCACHEHHS BUCOKUX
MEXHON0IUHUX XAPAKMEPUCTIUK WOPCMKOCTI NOGepXHi demaell. 30iliCHeHO OYIHKY GRIUGY DeCUMIS,
mpaeckmopii pyxy pesepeyapa ma 3epHUCmocmi epamyil abpasueHozo cepedosuwd Ha 3UoM Memarny.
Brasano, wo inmencugnicms ma sKicmo 6i0payitinoi 06poOKU OYIHIOEMbCA KiNbKICHO 3a 8a208UM
3H0MOM Memany I AKICHO 3a wiopcmxicmio 06po6noeanoi nosepxwi. Brasano, wo eusnHauanbHum
pakmopom npu yboMy € WEUOKICHIL OCYUTAYIHO20 PYXY 2PAHYIL i Oemaieil, PisHUYSA AKUX NPeOCmAaesiie
wieuoKicms 8i6payitinoi 0bpoOKU, AKA 3anedcums 6i0 WEUOKOCII OCYUNAYIUHO20 PYXY cepedosuiyd.
Biosnauerno, wo nioguwjeHHss NPOOYKMUBHOCH Npoyecy CAi0 ULIAXOM 30IIbUeHH Yacmomu ma
amniimyou Konueamv pesepeyapa 36inbuumu weuokicme pyxy cepedosuwya. Posensmymo nowapogy
nepeoauy cuno8o2o iMnyIbLCy 6i0 OHUWA pe3epeyapa 00 HACUNHO20 cepedosuwd. Braszano ¢hisuune
3HAYeHHA NIOBUWEHHA NPOOYKIMUBHOCI WINAXOM 30ilbUleHHs aMniimyou KoIueaws pes3epeyapd.
Brasano ymosu ompumanta 3iomy memarny, wo sabe3neuyioms niosuiyeHi 3yCuiis 63aemooii epanyn 3
Ooemanamu HA BUCOKUX WBUOKOCMAX MIKpopisanHsa. ORucamo npoeeoeHHs eKCnepumMeHmaibHux
00CIOHCEHb W00 BUSHAYEHHSA 6NIUBY AMANIMYOU MA YACMOMU KOAUSAHb HA pe3ybmamu 6ibpayiiHoi
03000611108a1bHO-3a4uUWY8ANLHOTI  00poOKY. Ompumano epagiuni 3anejcnHocmi 3Uomy Memany npu
PISHOMY CNi68IOHOWEHHI 6a2u 3pasKka 00 6a2u Zpanyiu cepedosuujd. AHANOSIYHUM YUHOM OMPUMAHA
3anexcuicmy  3tomMy memany 6i0 koeiyichma enincnocmi ma amnaimyou Koaueanb pe3epeyapd.
3asnaueno, wo eepmuxanrbHa cKA006a AMAAIMYOU NPU NIOWUHHUX KONUSAHHAX pe3epeyapa €
BUBHAYATLHUM PAKMOPOM KOMIIEKCHO20 MIUGY napamempie KoeQiyicnma emincHocmi mpaekmopii
PYXy pesepeyapa ma 11020 amnaimyou Konueawv. Bcmanoeneno, wo npu  eukopucmanmi
KPYNHO3epHUCTO20 abpa3uey NPpOHUKHEHHS 3eper y Meman oemani 6i06yeaemvcsa Ha 6eUKY 2IUOUHY
ma 8uOanAEMbCs OinbUla Memanesa CMpyscKa 3 8enukum suomom memany. Ipu maniti seprucmocmi
abpazugy 6i00yeacmvcs uoanents OpiOHOI CMPYIICKU 3 MATUM 3UOMOM MemAany ma 3MeHUWeHHAM
8UCOMU MIKDOHEPIGHOCTEl.

KurouoBi ciioBa: sibpayitina 06podKa; mMexHON02IUHI MOMCIUBOCI, THMEHCUBHICMb ma AKICMb,
amniimyoa ma Yacmoma KOMUBAHb, MPAEKMOpPIs pyXy pesepeyapa,; 3UoM Memany; Koegiyicnm
eNinCHOCI, 3ePHUCTICTNG Mamepiany cepedosuwyd.
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ANALYZING SURFACE INTEGRITY ELEMENTS
OF HARD TURNED 16MNCR5 STEEL

Abstract. Surface integrity plays a determinant role in the functional requirement of precision
machined parts. In the automotive industry billions of components are manufactured by using case
hardened steels. In this study some surface integrity elements, such as surface roughness or residual
stress are analyzed based on systematic machining experimental plan to optimize the applied cutting
parameters. Recommendations are made for these parameters based on the measurement data and
some widely used functional requirements.

Keywords: hard turning; surface integrity; design of experiment.

1. INTRODUCTION

Case hardened materials are widely used in precision machined industrial
components where surface layers must fulfill certain functional requirements in
their operating time, such as wear-resistance or high fatigue strength [1]. These
components are mainly shafts of disc-shaped elements, e.g., bearings or gears.
16MnCr5 is a widely used low-carbon content steel which is applicable for case
hardening. To ensure the required accuracy and surface quality, the hardened
surfaces (55-65 HRC) can be machined by hard cutting or grinding [2, 3]. The
applied machining procedure determines the surface topography among other
surface integrity elements [4]. If a random surface is not needed, hard turning is a
suitable option for machining cylindrical components [5].

Maximum height (S;) of the surface topography is a height parameter that
provides a simple piece of information about how rough a surface is. In calculating
the theoretical value of the maximum height, cutting data are used [6]. The
arithmetical mean height (Sa) provides the same information, but its use is more
widespread in part drawings. The importance of these parameters is that they are
directly or indirectly connected with several mechanical and material-related
characteristics of the surface, e.g., fatigue life [7]. Another two parameters are the
maximum peak height (Sp) and maximum pit height (Sv). The former is related to
lubricant-retention ability and, through micro-crack propagation, with fatigue
strength [8, 9]. The latter provides information about the load-bearing capacity and
wear resistance of a surface. The higher-order moments of the height are skewness
(Ssk) and kurtosis (Sku). A surface that is more filled in the peak zone has negative
skewness, which results in a higher load-bearing capacity and a lower extent of
wear [10, 11]. A kurtosis higher than 3 indicates that fewer peaks and valleys are
located on the surface [12].

©V. Molnar, 2023
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The fewer peaks leads to less debris formation during operation and better wear
resistance [13].

Residual stress is another determining factor of surface integrity. Due to the
case hardening process, an initial residual stress can be observed in the surface
layer; however, the machining procedure results generally in a higher extent of it
than the initial value [14]. By hard turning, basically compressive residual stress is
evolved, which is useful in cases when e.g., the risk of fatigue or corrosion is
recommended to be minimized [15]. The reason for the relatively high compressive
residual stress is that in hard turning the cutting tool has a negative rake angle [16]
and therefore high radial-direction (passive) force arises during the material
removal process.

In this paper the functionality of hardened surfaces is in focus. Based on a
design of experiment, hard machining experiments and measurements have been
carried out to determine the cutting parameter values that fulfill the following
functionality requirements: reduction in Sa, S;, and Sy increases the fatigue life;
reduction in Sp and Ss and increase in Sy, improves the wear resistance. At the
same time, increase in the cutting and passive force components, and therefore,
increase in the compressive residual stress state (-o), results in increased fatigue
strength.

The novelty and contribution of the study is that it provides information for
cutting parameter selection when functionality-related surface integrity aspects
(residual stress, roughness) must be considered in designing the hard turning
procedure for 16MnCr5 case hardened steel in the case of external cylindrical
surfaces.

2. METHODS OF THE EXPERIMENT AND MEASURMENTS

Hard turning (dry machining) experiments were carried out to analyze surface
roughness, cutting force and residual stress values of the machined surfaces. The
machine tool was a hard machining center: EMAG VSC 400 DDS. The applied
insert was 4NC-CNGA 120408 coated CBN and the tool holder was PCLNR 2020-
K12. The material was 16MnCr5 (HRC 60-63), the diameter and the length of the
machined workpieces were 60 mm and 13 mm, respectively. The analyzed cutting
parameter values were selected based on the recommendation of the tool
manufacturer. The minimum and the maximum values of the three cutting data
were varied in the experiment, which resulted in eight setups.

e Depth-of-cut (ap): 0.05 and 0.35 mm
e Cutting speed (vc): 120 and 240 m/min
e [Feed rate (f): 0.04 and 0.2 mm/rev

The effects of the medium values of these parameters were also analyzed: a,

= 0.2 mm; v¢ = 180 m/min and f=0.12 mm/rev.
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For the force measurement a Kistler dynamometer type 9257A was used
(5000 sample/sec). For the 3D roughness measurement an Altisurf 520 machine
with an optical sensor type CL2 was used. The evaluation area of the surface was 2
x 2 mm, the cut-off length was 0.08 or 0.8 mm based on the periodicity of the
topography, the resolution in x and y directions was 1 pm and in z direction 0.012
um, the measurement range in z direction was 0-300 um. For the residual stress
measurement a Stresstech type G3R X-ray diffractometer was used, the source was
Cr X-ray.

3. RESULTS

In the following figures the analyzed parameter values are designated by dots.
These values show quite well-separable levels for the two considered feed rates.
The parameter values that belong to the minimum (0.04 mm/rev) and the
maximum (0.2 mm/rev) feed rates are designated by black and gray dots,
respectively.

The maximum height and arithmetical mean height of the surface should be
decreased when lower fatigue strength is required from the precision machined
surface. The S, values of the surfaces machined at the 0.04 mm/rev feed rate are
between 0.49 and 0.70 um, and those machined at 0.2 mm/rev are between 4.57
and 5.51 pm. The relative deviations of these two groups are 15% and 10%,
respectively (Fig. 1a). The S, values of the surfaces machined by 0.04 mm/rev feed
rate are between 0.08 and 0.10 pm, and those machined by 0.2 mm/rev are
between 1.07 and 0.33 pm. The relative deviation of each group is 11% (Fig. 1b).
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Figure 1 — The S;(a) and Sa (b) parameter values of the machined surfaces

The maximum peak height (Sp) and the maximum pit height (S,) provide
information about several tribological characteristics of a surface. If the peak zone
is relatively high, and includes thin peaks, they wear relatively fast, which results
in debris that influences the surface. If the peak zone is low, it indicates that the

51



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 98

surface is quite filled, i.e. the load-bearing capacity and the wear resistance of the
surface is high. On the other hand, the valleys of the surface are useful from a
lubricating point of view, i.e. the valleys are able to retain lubricating fluid, but
they can also be the initiation places of micro-cracks. In this study the wear
resistance and fatigue strength are in focus, therefore the minimization of these two
parameters is the aim. The S, values of the surfaces machined at the 0.04 mm/rev
feed rate are between 0.22 and 0.33 pum, and those machined at 0.2 mm/rev are
between 2.82 and 3.29 um. The relative deviations of these two groups are 17%
and 8%, respectively (Fig. 2a). The Sv values of the surfaces machined at 0.04
mm/rev feed rate are between 0.27 and 0.37 pum, and those machined at 0.2
mm/rev are between 1.67 and 2.23 um. The relative deviation of each group is
15% (Fig. 2b).

Maximum peak height, Sp [pm]
Maximum valley depth, Sv [um]

b)

Figure 2 — The Sp (a) and Sy (b) parameter values of the machined surfaces

A surface with negative Sg and relatively high S, (>3) is asymmetric, filled,
and among other characteristics, wear-resistant. In the present study these
requirements are fulfilled in some cutting parameter combinations.
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Figure 3 — The S« (a) and Sku (b) parameter values of the machined surfaces
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The S values of the surfaces machined at the 0.04 mm/rev feed rate are between -
0.37 and 0.10, and those machined at 0.2 mm/rev are between 0.43 and 0.60 (Fig.
3a). The Sk values of the surfaces machined at the 0.04 mm/rev feed rate are
between 2.51 and 3.01, and those machined at 0.2 mm/rev are between 1.95 and
2.12 (Fig. 3b). These results show that the lower feed rate results in favorable
skewness and kurtosis values.

The cutting force components determine the stress state of a machined surface.
Here the F. cutting force and the F, passive force are analyzed. The hard turned
surfaces typically show high compressive residual stress, which is useful in the
fatigue life of the components. The F¢ values of the surfaces machined at the 0.04
mm/rev feed rate are between 34 and 79 N, and those machined at 0.2 mm/rev are
between 87 and 248 N. The relative deviations of these two groups are relatively
high: 43% and 52%, respectively (Fig. 4a). The F, values of the surfaces machined
at the 0.04 mm/rev feed rate are between 35 and 106 N, and those machined at 0.2
mm/rev are between 72 and 230 N. The relative deviations of these two groups are
53% and 56%, respectively (Fig. 4b). It has to be noted that the higher force results
in favorable residual stress, and the reason for a higher force value is the more
intense cutting parameters (e.g. higher cutting speed of depth-of-cut), which results
in higher material removal efficiency. However, the material removal process
characterized by the increased force requires higher energy consumption by the
machine tool.
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Figure 4 — The Fc (a) and Fp (b) parameter values of the machined surfaces

The two components of residual stress are the axial and tangential. They have
significance in hard turning operations. To decide which component plays a
determinant role in the component, the main direction of load that affects the
component has to be known. In the present experiment, the axial residual stress
values were favorable at the 0.04 mm/rev feed rate, and the tangential residual
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stress values at 0.2 mm/rev. The oa values of the surfaces machined at the 0.04
mm/rev feed rate are between -459 and -566 MPa, and those machined at 0.2
mm/rev are between -130 and -365 MPa. The relative deviations of these two
groups are 9% and 43%, respectively (Fig. 5a). The or values of the surfaces
machined at the 0.04 mm/rev feed rate are between -235 and -535 MPa, and those
machined at 0.2 mm/rev are between -706 and -816 MPa. The relative deviations
of these two groups are 34% and 7%, respectively (Fig. 5b).
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Figure 5 — The oa (a) and ot (b) parameter values of the machined surfaces

4. DISCUSSION

Not only the possible minimal (a, = 0.05 mm; v = 120 m/min; f = 0.04
mm/rev) and maximal (a, = 0.35 mm; v¢ = 240 m/min; f = 0.2 mm/rev) values of
the cutting parameters were set in the experiments but also the medium values (a,
= 0.2 mm; v¢ = 180 m/min; f = 0.12 mm/rev). The extra data can provide
information for the technologist in the data selection, because not only surface
integrity-related factors but economic, efficiency or energy consumption factors
should also be considered in technology planning.

The most favorable (best) S;, Sa, Sp and Sy values were obtained by setting all
three cutting parameters at their minimum values (min). The least favorable (worst)
values of these parameters were obtained at minimum cutting speed and maximum
(max) depth-of-cut and feed rate values (Figs. 6 and 7). The medium value is 43%
and the most favorable is 9% of the least favorable value of S,. These values in the
case of S, are 43% and 6%, respectively. The medium value is 44% and the most
favorable is the 7% of the least favorable value of Sy. These values in the case of S,
are 43% and 12%, respectively. When minimization of these roughness parameters
is aimed for, it is recommended to choose the minimum values of the cutting data.
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Figure 6 — The best and the worst S; and Sa values
and their cutting parameter combinations
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Figure 7 — The best and the worst Sp and Sy values
and their cutting parameter combinations

The most favorable value of the S parameter was obtained at the minimum
levels of all the three cutting parameters (Fig 8).
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Figure 8 — The best and the worst Ss and Sk values
and their cutting parameter combinations

The relatively low cutting speed and feed rate supports the cutting edge (with
negative rake angle) in burnishing the surface. The medium and the less favorable
values are relatively close to each other, but the peak zones of the connecting
surfaces are less filled, which results in poorer tribological characteristics. The
most favorable value of the Sy, parameter was obtained at the minimum levels of
the depth-of-cut and feed rate and the maximum level of the cutting speed (Fig 8).
The other two Sy, values are close to each other and result in relatively poor
tribological characteristics.

In Fig. 9 the F. and F, force components are demonstrated. The most
favorable values were obtained at minimum depth-of-cut and feed rate and
maximum cutting speed, if minimization (e.g. energy efficiency) is specified. The
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medium value of the F¢ is 38%, the most favorable value is 14% of the least
favorable one. The medium value of the F, is 51%, the most favorable value is
15% of the least favorable one. However, if the high values are considered
favorable (residual stress, and therefore fatigue strength improvement), the
recommended cutting data values are the opposite: depth-of-cut and feed rate at
maximum and cutting speed at minimum level.
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Figure 9 — The best and the worst Fc and Fp values
and their cutting parameter combinations

Concerning the residual stress values (Fig. 10), their high negative values are
favorable when fatigue strength and wear must be minimized. For the ot tangential
residual stress, the most favorable value was obtained when the depth-of-cut and
the feed rate were set to their maximum values, while the cutting speed was
minimal. The highest values of the cutting force components F. and Fp were
obtained at this cutting parameter combination. The most favorable value for the oa
axial residual stress was obtained when the F¢ and F, values were the lowest. The
corresponding cutting parameter combination is the minimal depth-of-cut and feed
rate and maximum cutting speed. It was observed that the lower feed rate whose
direction is axial supports the higher compressive residual stress. The reason for
that is that the tool moves more slowly and spends more time in one place,
meanwhile loading the surface. In the case of the tangential residual stress, the
same is observed in the perpendicular direction: the tangential direction cutting
speed is relatively low, which increases the tangential residual stress value. The
medium value of the axial residual stress is 2.3 times and the most favorable is 4.4
times better than the least favorable. The medium value of the axial residual stress
is 2.5 times and the most favorable is 3.5 times better than the least favorable.
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Figure 10 —The best and the worst oa and ot values
and their cutting parameter combinations
5. SUMMARY AND CONCLUSIONS

In this paper well-known surface roughness parameters (S;, Sa, Sp, Sv, Ssk and
Sku), two cutting force components (Fc and Fy) and two residual stress components
(oa and or) were analyzed. They are determinant indicators for some surface
integrity characteristics, such as wear resistance, fatigue strength or load-bearing
capacity. Depending on the function of the surfaces of machine components or
other (e.g., economic) purposes, these parameters can be minimized or maximized.
This study focused on how this optimization can be carried out by varying the
cutting parameter values. The following findings were made.

e To minimize the parameter values of maximum height (S;), arithmetical
mean height (Sa), maximum peak height (Sp), maximum pit height (Sy) and
skewness (Ss), it is recommended to set the depth-of-cut (ap), cutting
speed (v¢) and feed rate (f) to their minimum values.

e To maximize the kurtosis (Sk) parameter value, maximum v. and
minimum a, and f are recommended.

e The F. (cutting speed direction) and F, (depth-of-cut direction) cutting
force components reach their maximum values at maximum a, and f
levels.

e The highest compressive axial residual stress can be reached at minimum
ap and f and maximum vc. The highest compressive tangential residual
stress can be reached at maximum a, and f and minimum ve.

These findings are valid for hard turning by the applied CBN insert (4NC-
CNGA 120408) in the investiaged cutting parameter ranges (a, = 0.05-0.35 mm; v
= 120-240 m/min; f = 0.04-0.2 mm/rev), and for the applied material (16MnCr5).
The limitation of the study is that only the maximum and minimum cutting
parameter values were considered. The experiments are recommended to be
extended to other insert geometries and material grades.
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Biktop MosbHap, Mitkonbl, YropumHa

AHAJII3 OIJIICHOCTI HOBEPXHI EJIEMEHTIB
31 CTAJII 16MNCRS5 HICJISI TOYIHHSA

AwuoTtanis. Lfizicnicme nogepxui gidiepae eupiwanvhy ponv y GYHKYIOHATbHUX 6UMO2axX 00 Oemael,
06pobnenux na eepcmami. B agmomobinbniti npomuciosocmi MinbApou KOMNOHEHMIE U20MOGIAIOMbCA
3 BUKOPUCMAHHAM 3A2apMO8aHoi cmani. Y ybomy 00CHiONceHHI OesKi eleMenmu YilicHocmi nosepxHi,
maki AK WOPCMKICMb  NOGEPXHI  A60  3aMUWIKOGI  HANPYJICEHHS,  AHANIZVIOMbCS  HA  OCHOGI
eKCNepUMeHmalbHO20 NAAHY CUCHeMamUu4Hoi 06po6Ku 08 onmumizayii 3acmoco8ysanux napamempie
pizanna. [nsa yux napamempié pospoblieHi peKomeHOayii Ha OCHO8I OAHUX BUMIDIOBAHb | OesKux
WUPOKO BUKOPUCTNOBYBANHUX (DYHKYIOHATLHUX 8uMOe. Y yill cmammi 6yau npoananizoéani dobpe 8ioomi
napamempu wopcmxocmi nogepxti (Sz, Sa, Sp, Sv, S i Sk), 06a kKomnonenmu cunu pisanus (Fei Fy) i 06a
KOMNOHEeHMU 3ANUIKOBUX HANDPYdiceHb (Oa i O1). Bonu € eusnauanbnumu nOKA3HUKAMU ONs OesKUX
Xapaxkmepucmuk YiniCHOCMi NOGEPXHI, MAKUX 5K 3HOCOCMIUKICMb, 8MOMHA Miynicmb abo Hecyya
30amuicmy. 3anedxcHo 6i0 QyHkyii nogepxons demaneil Mawiuny abo iHWUX (HANPUKLAO, eKOHOMIYHUX)
yineu yi napamempu MOdcHa MiHimMizysamu abo maxcumizyeamu. Lle 0ocnioxcenns 6ynu 3o0cepeodxceni
Ha MoMYy, K Y0 ONMUMI3AYII0 MOJICHA 30TUCHUMU WITAXOM 3MIHU 3HAYEHb napamempie pizanns. byiu
3pobneni maxi 8ucHogku. [nsi MiHIMI3ayil 3HauyeHs napamempie MakcumaibHoi sucomu (S,), cepeoHboi
apugpmemuunoi eucomu (Sy), maxcumanvHoi sucomu nixy (Sp), maxcumanoHoi eucomu amu (Sy) i
nepexocy (Ss), peKoMeHOYEmbcs 6CMAHOSUMU 2ubuny pisauHs (ap), weuokicme pisauus (Vo) i
wieuokicms nooayi (f) 00 ix minimaneHux 3nauens. [ maxcumizayii 3HAYeHHs napamempa excyecy
(Sk) pexomendyemvcs maxkcumanoha ve i MinimansHi ap i f. Komnonenmu cunu pizanna Fe (nanpsamox
weuokocmi pizanns) i Fy (nanpsamok enubunu pisanns) 0ocazaioms c80IX MAKCUMATbHUX 3HAYEHb HA
MakcumanvHux pieusax ap i f. Hauluwi 0cbo8i 3anumikosi HANPydjiCeHHA CMUCKY MOJICYmb Oymu
oocseHymi npu MiHimymax ap i f i maxcumymi ve. Hatisuwe manzenyianshe 3a1uiukoge HAnpysCceHHs
CMUCKy Modice Oymu 00CAHYMO NPu MAKCUMATLHUX dp | f | MIHIMATLHUX V.

Ku11040Bi ci10Ba: srcopcmre mouinus;, YinicHicms NOBEPXHI;, NIAH eKCnepUMeHMm) .
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OPTIMISATION OF INTERRUPTED GRINDING PARAMETERS
ACCORDING TO THE TEMPERATURE CRITERION

Abstract. In the paper analytical optimization of discontinuous grinding parameters according to
temperature criterion is carried out and on its basis conditions for significant reduction of cutting
temperature, which consist mainly in increasing the number of contacts of working ledges of
discontinuous wheel with fixed cross-section of machined workpiece, are determined. It is established
by calculations that providing 20 contacts the cutting temperature may be reduced up to 3 times in
comparison with the conventional grinding by a continuous wheel. This is achieved in the conditions of
deep interrupted grinding with relatively low workpiece speed, as in the conditions of traditionally used
multipass interrupted grinding not more than 6 contacts of working ledges of an interrupted wheel with
the fixed cross-section of the workpiece are realized and the cutting temperature is reduced only in the
range of 50 %. It is established by calculations that the minimum of cutting temperature at
discontinuous grinding is achieved under conditions of equality of lengths of the working shoulder and
the notch on the discontinuous grinding wheel and their reduction. It is also established that excess of
the length of the working ledge over the length of the notch of the discontinuous wheel leads to
insignificant increase of the cutting temperature. This reduces the wear of the discontinuous wheel and
increases the machining capacity without actually increasing the cutting temperature. The paper shows
that the obtained theoretical solutions are a necessary condition for ensuring a significant reduction of
cutting temperature in discontinuous grinding. A sufficient condition should be considered as complete
or partial cooling of grinding zone between contacts of machined workpiece with working jaws of
discontinuous grinding wheel by intensive supply of effective technological media into the grinding zone.
Keywords: cutting force; machining quality; working ledge of wheel; adiabatic bar; process medium;
cutting ability of wheel.

Introduction. Interrupted grinding is one of the most efficient methods of
finishing abrasives which ensures high quality machined surfaces and prevents the
formation of burn marks and other temperature defects. The main effect of
interrupted grinding is a reduction in cutting temperature without sacrificing
productivity. This is due to shock-cyclic interaction of the working ledges of
discontinuous wheel with the workpiece, which allows, firstly, to maintain high
cutting ability of discontinuous wheel in the process of grinding and, secondly,
provides partial cooling of the machined surface in the period of passing over the
cutting zone of discontinuous wheel notch. As Professor Yakimov A. V. in work
[1], such double machining effect is inherent only in the method of discontinuous
grinding, as it is impossible to achieve in conditions of conventional grinding with
a continuous wheel.

The method of interrupted grinding is widely used for machining products
made of various hard metal and non-metal materials, especially when machining
critical parts of aircraft technology [2] in finish grinding operations that require

© F. Novikov, 2023
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high quality machining. Thanks to its application, it is possible to reduce the
cutting temperature by up to 50 % compared to conventional grinding with a
continuous wheel. However, more significant reductions in cutting temperatures
are required for more productive grinding operations. A positive example should
be considered the work [3] which experimentally substantiated the conditions of
grinding temperature reduction below the critical value during productive
machining of titanium alloy Ti-6Al-4V with a special segmented wheel. In works
[4, 5] technological possibilities of reduction of force and temperature of cutting,
increase of productivity of processing of products from ceramic SiC at intermittent
grinding by a segment wheel of special design T-Tool are also proved. Thus, it is
established that the use of special designs of discontinuous wheels can reduce the
cutting temperature. However, it is difficult to solve the problem of theoretically
determining the conditions for significant reduction of cutting temperature during
discontinuous grinding.

The most rigorous mathematical models for determining the cutting
temperature in intermittent grinding have been developed by Yakimov A. V. [2]
and Sizyy Yu. A. [6] on the basis of solving the differential equation of heat
conduction of materials for various initial and boundary conditions taking into
account the main regularities of the grinding process. It is theoretically established
that due to periodical interruption of grinding process, contact time of working
shoulder of discontinuous wheel with workpiece is much less than contact time of
continuous wheel with workpiece. This, in fact, makes it possible to reduce the
cutting temperature in discontinuous grinding. But the condition of additional
removal by working ledge of discontinuous circle of layer of machined material,
not removed for the period of grinding area passage by cutout of discontinuous
circle, as a result of which actual material removal and cutting force at the moment
of contact of working ledge of discontinuous circle with workpiece are increased
and result in increase of cutting temperature. Similar theoretical solutions are given
in [7, 8]. It follows from this that the process of discontinuous grinding is subject
to more complex physical laws, which limit the possibility of more significant
reduction of cutting temperature and increase productivity and quality of
machining.

Further development of mathematical models of thermal processes in
discontinuous grinding are the works [9, 10]. They give theoretical solutions for
justification of cutting temperature reduction conditions for various grinding
conditions, including the use of effective technological media and highly porous
wheels, impregnation technology of discontinuous wheels. Calculation of lengths
of working protrusions and troughs of discontinuous grinding wheels has been
made [11]. However, it is rather difficult to use these solutions for optimisation
calculations of discontinuous grinding parameters according to the temperature
criterion because they are derived from the solution of differential equation of
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thermal conductivity of materials and are represented by complex mathematical
dependences requiring numerical calculations. At the same time, in [12] it has been
theoretically and experimentally quite unambiguously established that a significant
reduction of cutting temperature in flat interrupted grinding can be achieved by
increasing the number of thermal pulses in the grinding zone. This opens up new
technological possibilities for determining the conditions for significant reduction
of cutting temperature in discontinuous grinding. Therefore, in works [13, 14], the
scientific prerequisites of this provision are substantiated.

For their further development it is necessary to carry out optimization of
interrupted grinding parameters according to the temperature criterion on the basis
of application of new mathematical approaches to calculation of cutting
temperature. The aim of the work is theoretical determination of optimum
conditions of interrupted grinding taking into account possibility of significant
reduction of cutting temperature and development of practical recommendations on
creation of highly efficient interrupted grinding processes

Research methodology. The theoretical approach proposed in [1, 15] was
used to achieve this objective. Its essence is to determine the cutting temperature
when grinding based on the conditions of interrupted circle cutting adiabatic rods,
which conventionally represent the removed allowance of the workpiece (Fig. 1)

Figur 1 — Cutting temperature design for surface grinding, taking into account the cutting
around adiabatic rods, the set of which represents a removable allowance: 1 - grinding
wheel; 2 - processed material; 3 - adiabatic rod (Il is the length of the cut part of the

adiabatic rod; |2 is the depth of heat penetration into the surface layer of the workpiece;

|01 is the length of the working protrusion of the intermittent circle; |02 is the length of the

notch on the interrupted circle; VC is the speed of the circle; Vdet is the speed of the part; t
— grinding depth)
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Based on Fig. 1, the condition of continuity of the cut of an adiabatic rod of
length h of time (2'01 + 102) determined by the dependency:

h :VR . (701 + TOZ):VR(M . To]_! (1)

where Vg =Vet - /05-t/ R, is the cutting speed of the adiabatic rod in a

continuous circle, m/s; t — grinding depth, m; Rc — circle radius, m; VR01 is the

speed of cutting the adiabatic rod by the working ledge of the discontinuous circle,
m/s; 7y =1y 1V, is the time for the working protrusion (length |01) to pass
through the intermittent circle of the grinding zone, s; 7, =1y, /V, is the time of

passing through the cutout (length |02) of the discontinuous circle of the grinding

zone, s.
From dependence (1) obtained:

Too |. 2
VR, =Vr '(1+Tooﬂ )

As you can see, the speed VR01 is always greater than the speed VR . Under

the condition 7o = 0, i.e. when grinding with a solid circle, these speeds are
equal. As the time 7, increases, the VROl speed increases and can significantly

exceed the Vi speed. Therefore, increasing the length of the notch on a
discontinuous circle can lead to a significant increase in speed VR01. This is due to
a decrease in the number of cutting grains on the working surface of the
intermittent circle. Accordingly, the productivity of processing Q, at the moment

of contact of the working ledge of the intermittent wheel with the processed
adiabatic rod will also increase due to the increase in the ratio 7y, / To7 and will

exceed the productivity of Q = AS -V when grinding with a solid wheel:

To1
where AS is the cross-sectional area of the adiabatic rod, m?.
In this case, the average processing performance during intermittent grinding
will remain the same as when grinding with a solid circle, i.e. equal to Q = AS Vg
Let us establish the patterns of change in the cutting force and temperature
during grinding, with continuous and intermittent circles. The tangential p, and
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radial Py components of the cutting force when grinding with a solid circle, as

shown in the work [15], are described by analytical dependencies:

P =o- 3 4
VC

pyzz.Q, 5)
KV,

where O is the conditional cutting stress, N/m?; VC — wheel speed, m/s;
K=P,/ Py — grinding coefficient.

In intermittent grinding, dependences (4) and (5), taking into account
dependence (3), take the form:

pZ:a.%ZO-.ASV'VR.[lJrTOZj; (6)
c c 701
p_0.Q_0o 45Vr [ T2, )
YKV, KV, To1

As can be seen, the tangential Pz and radial Py components of the cutting

force during intermittent grinding for the given values o, K, AS, VR and VC
are greater than when grinding with a solid wheel. This is because the
(1+ T2/ 701)>1multiplier, i.e. the longer the time 7(y7 , the greater the cutting

force components P, and Py.

However, as established experimentally in the works of A. V. Yakimov [1, 2],
the conditional cutting stress O is less, and the grinding coefficient K =P, / Py

is greater for interrupted grinding. This is due to the fact that the intermittent circle,
as a result of shock-cyclic interaction with the workpiece during the grinding
process, actually operates in the continuous intensive dressing mode and constantly
maintains high cutting ability, while the solid circle loses the cutting ability over
time. Thus, it has been experimentally established that under conditions of
intermittent grinding, abrasive wheels of increased hardness are operable, which,
during normal grinding, quickly become dull and lose their cutting ability. In this
case, the intensity of friction of the discontinuous circle with the material being
processed is significantly reduced, i.e. in the process of intermittent grinding, the
energy expended on the cutting process and the removal of the material being
processed predominate.
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The cutting temperature during grinding with a solid wheel in the first
approximation is determined by the analytical dependence [15]:

PR Y ®)
A
where ¢ = N / AS is the heat flux density, W/m2 N =P, -V — grinding power,

W, |2 =+/2a-7 is the depth of heat penetration into the surface layer of the

workpiece, m; a is the coefficient of thermal diffusivity of the processed material,
m?/s; T is the contact time of the solid grinding wheel with the material being

processed, s; A is the thermal conductivity coefficient of the processed material,

W/(m-deg.).
Taking into account dependence (4), dependence (8) takes the form:
9_G~Q'\/28.'T_O"VRw/za'T. 9)
A-AS A

As follows from dependence (9), the main condition for reducing the cutting
temperature @ is to reduce the conditional cutting stress & by providing a high
cutting ability of the grinding wheel. An important factor should also be considered
to reduce the contact time 7 of the grinding wheel with the material being
processed. This is achieved, as a rule, by using a multi-pass grinding scheme,
characterized by a small grinding depth and an increased speed of the part.

In intermittent grinding during one contact of the working ledge of the
intermittent wheel with the material being machined, the cutting temperature is
described by the dependence:

920'/1\#«[“702). 2ty (10)

To1
For a generalized analysis of dependence (10), we represent it in the form:

9:‘7'\/R.(1+T02j. 2.q.700 7. (11)
A 701 702

The ratio 71 / T2 has an ambiguous effect on the cutting temperature 0.
In table. 1 and in fig. 2 shows the nature of the change in the dimensionless

variable o = (1+ 702 / 701)~,/z'01 / Top » included in dependence (11), with a
change in the ratio 71 / 7.
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Table 1 — Calculated values of the dimensionless value & and the length of the working
protrusion |01 of a broken circle for |02 =10 mm

tor/7op | 0 o025 | 05 | 10| 2 3 | 4| 5 |6
a oo | 25 | 212 | 20 | 212 | 231 | 25 | 2,68 | 2,86
logmm | o | 25 | 5 | 10| 20 | 30 | 40 | 50 | 60

(04

4

3 —

1

0 1 2 3 4 5 To1 /TOZ

0 10 20 30 40 50 |01 , mm
Figure 2 — Dependence of the dimensionless value ¢ of the ratio 01 / 702 and the length

of the working protrusion |01 of a broken circle: |02 =10 mm

As you can see, the dimensionless value O passes the minimum point at the
value of 71 / 702 =1. Therefore, there is a minimum of the cutting temperature

@ under the condition 701/702 =1, i.e. provided |01: |02. In this case, an

increase in the ratio 7gq / Top in the range 71/ 7gp >1 leads to an
insignificant increase in the dimensionless value ¢ and, accordingly, the cutting
temperature @. So, with an increase in the ratio 701 / 7o Of 2 times, the value
QL increased by only 6%, and with an increase in the ratio 7 / Too by 6 times,
by 43% (Table 1). This indicates the possibility of using intermittent circles that
have |01 > |02, which is the case in practice. As shown in [2], at such values of
the ratio 1, / g, > 1, the wear intensity of the discontinuous wheel decreases and
the grinding efficiency increases without increasing the cutting temperature.
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In table. 1 and in fig. 2 shows the calculated values of the length of the
working protrusion |01 of the intermittent circle, obtained based on the
dependence 71 / 79y =l / 1o, for the given values of the ratio 7 / 7, and
the length of the cutout on the intermittent circle |02 = 10 mm. Calculations have
established that with an increase in the ratio 7y, / 7, the length of the working
protrusion |01 of the intermittent circle increases.

To analytically determine the extreme value of the ratio 701/ 702, the

cutting temperature & determined by dependence (10) should be subordinated to
the necessary extremum condition: 49;01 = 0. The result is:

To1 _q. (12)
702
Calculations have established that the second derivative 0;01 at the

extremum point 7 = 7 takes a positive value. Therefore, there is a minimum
of the cutting temperature & depending on the ratio 701 / 702 » Which corresponds

to the graph shown in Fig. 2. Then the minimum cutting temperature @ taking

min
into account dependences (10) and (12), will be determined by the dependence:

2'O"VR -1¢28-’[01
Ormin = P . (13)

Let us compare the values of the cutting temperature during grinding, with
continuous and intermittent wheels, determined by dependences (9) and (13) for
the time 7 =71 + 72 , ie. for one contact of the working ledge of a
discontinuous circle with an adiabatic rod (Fig. 1). To do this, we represent

dependence (9), taking into account the condition 71 = 7y, in the form:

HZG'VRw/Za'ZTOl . (14)

A
From the comparison of dependencies (13) and (14) it can be seen that the
cutting temperature @ when grinding with a solid wheel is 1.41 times lower than
the cutting temperature when grinding with an intermittent wheel. This is because
dependence (13) is valid under the condition that the material being processed is
removed from its one contact with the working ledge of the discontinuous circle.

66




ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 98

With subsequent contacts, of course, the cutting temperature & will increase due
to the accumulation of the generated heat in the adiabatic rod. However, when
providing intensive cooling of the adiabatic rod, as shown in [1, 2], it is possible to
completely cool it down to subsequent contact with the working ledge of the

discontinuous circle. In this case, the cutting temperature & will periodically take
on a maximum value equal to 6, under the condition 77 = 7. Therefore,

the time 7T(yq can be significantly less than the time 7 of contact between the

solid grinding wheel and the adiabatic rod being machined. Therefore, the
minimum cutting temperature gmin will be less than the cutting temperature when
grinding with a solid wheel, determined by dependence (9), which creates the main
effect of interrupted grinding.

To compare the cutting temperatures during grinding, with intermittent and
solid wheels, determined by dependencies (9) and (13), we consider their ratio,

taking into account the conditions 7 / To1+ To2 )=N and 7 =7y for the
givenvalues o, Vg, 4, a:

Omin _ 5. |7o1 Z\F’ (15)
0 T n

where N is the number of contacts of the working ledges of a discontinuous circle
with an adiabatic rod (Fig. 1) until it is completely cut, i.e. for the time 7 .

From dependence (15) it follows that the ratio 6,;,/6 is quite
unambiguously determined by the value N : the larger it is, the smaller the ratio
Omin / @ and the more efficient the use of intermittent grinding compared to
conventional grinding with a solid wheel.

Research results. In table. 2 and in Fig. 3 shows the calculated values of the
ratio G, / 6 and the length of the working protrusion lgq of the intermittent

circle for V, =30 m/sand 7 =107?s.

Table 2 — Calculated values of the ratio & ... / & and the length of the working ledge |01

min
of a broken circle for Vc =30m/sand T =102s

n 2 4 6 8 10 20 40 80 160

Oin /0 |1 |07 [058 [05 [0447 0316 [022 [0158 [011

|01, mm 75 38 25 19 15 8 4 2 1
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0 min /6 \ log, mm

0,8 60
0,6 \\\( T 45

04 o 30
2
0.2 15
0

0 5 10 15 20 n
Figure 3 — Dependences of the ratio 6,,;,, / € (1) and the length of the working protrusion

|01 (2) of the intermittent circle on the value of IN: 'V, =30 m/s; 7 =107s

Calculation of |01 values is made using dependencies: |01 =Tn -VC;

T /(2'01 + 702): N and 74; = 7. As aresult, it was found ly; =7 -V, /2n.
The calculated value 7 =102 s (Table 2) was obtained on the basis of the

dependence [15]: 7 =1/V gy =+/2t- R, / Vg for initial data: t =0.02 mm;
RC =100 mm; V4o = 0.2 mis; V=30 m/s, where | = 2.1 R. is the length of

the arc of contact of the solid circle with the workpiece, m.

As follows from Table 2, with an increase in N, the ratio g / @ decreases

min
over a wide range, reaching a value of 0.11 at N =160 and |01 =1 mm. Therefore,

by reducing the length of the working ledge |01 of the intermittent wheel, it is

possible to reduce the cutting temperature by up to 10 times when grinding with an
intermittent wheel compared to grinding with a solid wheel.

In the works of Professor Yakimov A. V. [1, 2] it is shown that due to the use
of intermittent grinding, it is possible to reduce the cutting temperature by up to
50%. Based on the table 2, this is due to the increase in N within N = 6 and the
use of intermittent circles with an increased length of the working protrusion

|01 > 20 mm. Therefore, by increasing the value N within large limits (N >10)

and, accordingly, reducing the length of the working protrusion |01 (to values |01

=1 mm), it is possible to more significantly reduce the cutting temperature during
interrupted grinding. The main limitation of reducing the length of the working
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ledge |01 is a decrease in its strength and increased wear of the discontinuous

circle. This confirms the effectiveness of the use of intermittent circles in the
operations of cutting materials, carried out with a cutting depth of up to 100 mm or
more [16]. As a result, the thermal and power intensity of the machining process
and, accordingly, the cutting temperature are sharply reduced, which makes it
possible to ensure high quality and productivity of machining.

As follows from dependence (15), under the condition zy,/7 <4, the

cutting temperature during grinding with an intermittent wheel will be less than the
cutting temperature during grinding with a solid wheel. Therefore, let us consider
more fully the main regularities of the decrease in cutting temperature during flat
grinding with a discontinuous circle.

Taking into account the contact time of the working ledge of the
discontinuous circle with the workpiece 7y, =1y, /V,, dependence (15) will take

the form:

Omin _ 5. Yoo Vaer _ 5. | loa-Qo
6 |V, J2tR, -tV

where Q, =t -V Is the specific processing capacity, m?/s.

; (16)

Based on dependence (16), it is possible to reduce the ratio of cutting
temperatures during grinding with intermittent and solid wheels g, /@ for a

given specific processing productivity Q, by reducing the length of the working
ledge of the intermittent wheel |01, increasing the grinding depth t and the wheel

speed Vc- Obviously, the greatest effect from the use of discontinuous circles is

achieved under conditions of deep-feed grinding with a relatively low speed of the
part Ve , since the grinding depth t is included in dependence (16) with the

highest exponent.
For example, the value N , taking into account the dependencies

v /(rgy +70p)=n and 7gq = 7, for the given values t =0.1 mm; R, =100 mm;
Vet =0.05 m/s; V=30 m/s; |01:10 mm is equal to N =134. Accordingly, the
ratio 6, / 6 = 0.122, i.e., under conditions of deep interrupted grinding, it is

possible to significantly (up to 10 times) reduce the cutting temperature compared
to conventional grinding with a solid wheel. In this case, the specific productivity

69



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 98

of processing Q, is equal to 300 mm?/min, which is a rather high value, which is
achieved in practice under conditions of high-performance grinding.

Under the conditions of multi-pass intermittent grinding (t=0.01 mm; R,
=100 mm; Vy,, =0.5 m/s; V=30 m/s; |5;=10 mm; Q, =300 mm?/min), the value
N =5, and the ratio 6,;, / #=0.632, which allows only slightly (within 50%) to

reduce the cutting temperature compared to conventional grinding with a solid
wheel. Therefore, it is most effective to use intermittent wheels in creep grinding
conditions. This is consistent with the practice of using diamond intermittent
wheels when removing significant allowances in the operations of grinding
products from highly hard non-metallic materials, including the operations of
cutting materials, grinding deep grooves [16, 17], etc.

Dependence (15) was obtained for the condition of the extremum (minimum)
of the cutting temperature during interrupted grinding, i.e. conditions 751 = 7.

In the general case, the ratio of cutting temperatures during grinding with
intermittent and solid circles &, / O, , determined by dependencies (10) and (9),

is described by:
‘9int=[1+fozj. e (17)
esol To1 4

As can be seen, under the condition 71 = 72, dependences (17) and (15)

are identical.
For a given time 7 of contact of a solid grinding wheel with the material

being processed, the nature of the change in the ratio Him / Hsm with a change in
the length of the working ledge of the discontinuous wheel |01is identical to the
nature of the change in the dimensionless quantity ¢ = (1+ 702/ 701). m
included in dependence (11). Under the condition 7457 > 7, the ratio 6, / 6,
will increase with an increase in the ratio 71 / 7o and the length of the working

protrusion of the discontinuous circle |01 (Table 1), but not so significantly. This

makes it possible to effectively use interrupted wheels that have a shoulder length
longer than the length of the cutout on the circle, reducing the wear of the broken
circle and increasing productivity without actually increasing the cutting
temperature and reducing the quality of processing.
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AHoTauis. ¥ pobomi nposedeno ananimuuHy onmumizayiro napamempie nepepusiacmozo wiighyeans
3a memMnepamypHum Kpumepiem ma Ha ii OCHOGI GUSHAYEHO YMOBU CYMIMEBOSO 3MEHUIEeHHS
memnepamypu pi3ants, sIKi ROJA2AI0Mb, 20ONOGHUM YUHOM, Y 30LIbULEHHT KITbKOCIE KOHMAKMIE po60oYUx
BUCYNI6 Nepepusuacmozo Kpyea i3 (QIKCo8aHum nonepeynum nepepizom 06poomoeanoi oemaii.
Pospaxyuxamu ecmanosneno, wo 3a ymosu sabesnevenns 20 KoHmaxmie memnepamypa pizanHs modice
6ymu 3meHwieHa 00 3-X paszié NOPIGHAHO 13 36UYAUHUM WITIQYBAHHAM CYYilbHUM Kpyeom. Lle
00CA2A€MbCS 8 YMOBAX 2IUOUHHO20 NEPEPUBHACINO20 WNIPYBANHS 13 BIOHOCHO HEBEUKOI WBUOKICTNIO
06pobMI06anoi demaii, OCKINbKU 8 YMOBAX 6A2amMonpoxXioHo20 NEPepusuacmozo WaiQyyeants iz Ot
3HAYUHOIO WEUOKICMIO 06pOONI08anoi demani, siKe MPAOUYIIHO 3ACMOCOSYEMbCS, Pedni3yeEmbCs He
binvbute 6 KOHMAaKNie pOGOYUX BUCMYNIE NEPEPUBHACIIO20 KPYed 13 (DIKCOBAHUM NONEPEUHUM Nepepizom
00pobnt0eanol demani i memnepamypa pisanus smeHuyemocs auue y medxcax 50 %. Pospaxynxkamu
BCIMAHOBNEHO, WO 3a YMOBU PIBHOCTT 008ICUH POOOUO20 BUCIMYNY MA BUDI3Y HA NEPEPUBHACIIOMY KPY3i
00CA2a€MbC MIHIMYM MeMnepamypu  pi3auus, 3MEHWUMU AKUL MOJICHA 3MEHWEHHAM OO0BICUH
p0604020 uUCmMyny ma 8upisy Ha Nepepusuacmomy Kpysi. BcmanosneHo makoosc, wjo nepesuiyeHHs
008IHCUHOIO PODOYO20 BUCMYNY O0BXHCUHU BUPI3Y NEPEPUBYACIIOS0 KPY2d NPU3BOOUNb 00 HECYMMEBO20
30inbuennss memnepamypu pisanns. Lle 003601i€ 3MeHWUMU 3HOUWYBAHHS NepPepueiacmozo Kpyed i
niosuwumu  nPOOYKMUGHicms  00podKu  hakmuuno 0Oe3 30iIbWeHHsT memnepamypu pi3aHHs i,
8I0NOBIOHO, 3HUIICEHHS AKOCHI 0OPOOKU 3A60AKU GUKTIOYEHHIO NPUNIKAHbL MA THWUX MeMNepamypHux
Odeghexmis, sKi GUHUKAIOMb HA 0OPOOMIOBAHUX NOGePXHAX. Y pobomi NOKA3aHO, WO OMPUMAHI
meopemuyHi piuienHs € HeoOXIOHO, ane HeOOCMAMHbOI YMOB0I 3a0e3neyeHHs CYMMmMEEo2o
3MEHUEeHHS. MeMNepamypu Pi3anis nio yac nepepusyacmozo wiuigysanti. Jlocmammusboio ymoeow ciio
posensoamu  HeoOXIOHICMb  NO0GHO20 ab0  HACMKOB020 OXONOOJNCEHHS. 30HU WTIDYEAHHS  MIdIC
Konmakmamu 06podmosanoi demani i3 pobOUUMU GUCIIYNAMU NEPEPUBHACTNO20 KPY2d WLIAXOM
IHMEHCUBHO2O NIOBEOCHHSL Y 30HY WIIQYBANHSA eeKMUBHUX MEXHOIOIYHUX CEPedOsULY.

KuawuoBi ciioBa: cuna pizanus; saxicms 00poOKu; pobouuil sucmyn Kpyea; adiabamuynuil CmepiiceHy;
MexHoN02iuHe cepedosuiye; pixcyya 30amHicme Kpyed.
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EXPERIMENTAL INVESTIGATION OF TRIBOLOGY-RELATED
SURFACE TOPOGRAPHY PARAMETERS
AND HARDNESS OF 16MNCR5 CASE HARDENED STEEL

Abstract. Tribological properties are determinant in the functionality of contacting surfaces of machine
elements. The wear resistance or load bearing capacity influence the lifetime of these parts. In this
study tribology-related surface topography parameters (S« Spi) and the hardness of hard turned
surfaces are analyzed after hardness and topography measurements. Correlation coefficients were
calculated for their relationships. It was found that the cutting parameters affect the wear resistance
and the hardness in the opposite direction.

Keywords: HV hardness; surface roughness; S; Swi; hard machining.

1. INTRODUCTION

Case hardened steels play an important role in machined components whose
surfaces are required to be wear resistant and/or have high hardness or load bearing
capacity [1]. These and other characteristics are determinant in the functionality
and the lifetime of the components [2]. A high number of industrial parts, e.g.
gears that require hardened surfaces, are machined in the automotive industry [3, 4].
Hardened surfaces are machined conventionally by grinding; however hard turning
is also a suitable technology to reach the desired roughness (mainly Ra and R;) or
equal the accuracy of a ground surface [5, 6]. At the same time, hard turning is a
more productive technology because of its high material removal rate [7] and the
fact that grinding burn [8] can be eliminated by its application. One of the main
reasons of applying grinding, despite the advantages of hard turning, is that in
certain cases ground topography [9] is needed.

A determining field of functionality of hardened surfaces is their tribological
characteristics [10, 11]. Among others, wear resistance and load bearing capacity
have high importance when the lifetime of a component is in the focus. The
skewness (Ss) provides information about the asymmetry of the surface [12, 13]. If
its value is negative and decreases, the surface becomes more filled in its peak
zone. This results in higher load-bearing capacity due to the increased bearing area.
At the same time, such a surface is characterized by fewer peaks, which results in a
relatively short wear-in phase, i.e. the surface is more wear resistant [14, 15]. Some
tribological characteristics are related to the Ss parameter [16], and several studies
have analyzed this in detail [e.g., 17, 18]. It has to be noted that this parameter is
sensitive to sharp peaks of the surface [19]. The Surface bearing index (Spi) also
characterizes the peak zone of a surface; however, this parameter provides the
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same information by a different calculation method [20, 21]. Selecting the suitable
roughness or topography parameters requires complex consideration [22, 23]; for
analyzing one phenomenon, it is recommended to compare a few available
parameters [24, 25]. 3D scanning technology is recommended for measuring
surface topography, because it provides more detailed information about the
surface than its conventional 2D counterpart [26, 27], there are a number of
parameters and analytic tools available to analyze the topography in more detailed
way [28, 29], and the reliability of the results can also be considered higher [30].

In this study tribological-related (mainly wear resistance) 3D surface
topography parameters (Ss; Ski) and the Vickers hardness of hard turned surfaces
were analyzed. The experiments were carried out at varying levels of feed rate and
cutting speed, and by two CBN inserts with different geometry. Correlation
relationships were calculated for the numerical results.

2. EXPERIMENTAL METHODS

The workpiece material was 16MnCr5 steel (diameter: 60 mm). Before
cutting, the workpieces were case hardened: after 14 h of carburization, quenching
in oil was carried out from 860 °C. In the third step, the pieces were tempered at
190 °C. In Fig. 1 the time-temperature diagram of the process is presented.

Carburization

) 14h, 920°C

s, [\ 860°C A

= - - - - S = WL c3

SN A

2 Q
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s S .

& & Tempering
2h, 190°C

Time, t [h]

Figure 1 — Heat treatment process

In the hard turning experiment two cutting parameters were varied, the feed
rate (f = 0.04; 0.12; and 0.2 mm/rev) and the cutting speed (vc = 120; 180; and 240
m/min). The depth-of-cut was fixed (a, = 0.2 mm). The used CNC lathe was
Optiturn S600, the used tool holder was CLNR 2524 M12. Two inserts with
different edge geometries were compared in the experiments: NP-
CNGA 120408 TA4 and 4NC-CNGA 120408 (hereinafter inserts A and B,
respectively). They differed from each other in the o angle and the w negative land
width: aa: 35°; ag: 25°; wa: 0.13 mm; wa: 0.12 mm (Fig. 2). Nine surfaces (a total
of 18 for the two inserts) were machined at all of the f and v, data combinations.
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The hard turning experiments were followed by hardness testing and
roughness measurement and analysis. The roughness measurement was carried out
on a 3D machine (Altisurf 520), equipped by an optical sensor. The resolution of
the sensor in z directions was 0.012 um. The measured area was 2 x 2 mm, with
2000 scanned points in both x and y directions. The cut-off length was 0.8 mm, and
Gauss filter was applied for the preprocessing of the scanned data. The skewness
(Ss) is the third moment of the heights distribution of the surface; the surface
bearing index (Syi) is the ratio of the root-mean square deviation over the surface
height at 5% bearing area. Two other parameters, the maximum height (S;) and the
arithmetical mean height (Saz), were also analyzed. They are widely applied
parameters for qualification of surfaces. For the analysis of the parameters the
standard 1SO 25178 was applied.

rake face

e

Figure 2 — Varying geometrical parameters of the applied tools

The hardness tests were carried out on a universal hardness tester
(Reicherter UH250). The load was 10 kp and the dwell time was 10 s. For the
measurement the standard DIN EN 1SO 18265 was applied.

3. RESULTS AND DISCUSSION

As a result of the heat treatment, the thickness of the hardened layer was
around 1 mm. The microstructure of this layer is basically martensitic (Fig. 3).

Figure 3 — Microstructure of the hardened layer (500%)
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In Figs. 4 and 5 the HV hardness data are summarized as a function of the
cutting parameters for the A and B inserts, respectively. The hardness values are
between 752 and 854 in the case of insert A and between 695 and 825 in the case
of insert B. The hardness values increased by the feed rate by applying bot inserts.
The values increased with the cutting speed in the case of insert B. This was not
observed in the case of insert A. The change in hardness results from the layer
hardened during machining, which caused by the relatively high cutting forces,
mainly the passive (radial) force.

s04 54 809
80 829
- 900 = 758
—
> 800 I 0.2
T 700 0.12
0.04
600
120 180 240 f (mm/rev)
vV, (Mm/min)
Figure 4 — Hardness data — insert A
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Vv, (M/min)

Figure 5 — Hardness data — insert B

In Fig. 6 the maximum height (S;) values are presented as a function of the
cutting speed and the feed rate. At 0.04 and 0.12 mm/rev feed rates the values are
similar in the case of the two inserts. At the highest feed rate (0.2 mm), a higher
deviation is observed in S; in the case of insert B. The roughness values are not
sensitive to the cutting speed; however, they increase with the feed rate. The S,
values at different feed rates are 0.10-0.21 um lower for insert B than for insert A.
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Similar results were found in the case of the arithmetical mean height (Sa);
however, no deviation can be observed in the values at the highest feed rate (Fig.7).
Here, at the two lower feed rates a slight decrease can be observed when the
cutting speed is increased. The S, values at different feed rates are 0.03-0.28 um
lower for insert B than for insert A.
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Figure 6 — Maximum height values — insert A (a); insert B (b)
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Figure 7 — Arithmetical height values — insert A (a); insert B (b)
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The skewness values of the surfaces machined at the lowest feed rate show a
relatively high deviation (Fig. 8). In the case of insert A S is between -0.17 and
0.10, and in the case of insert B between -0.24 and 0.46. The negative Ss values
are favorable from a wear resistance point of view because the peak zone of such a
surface is more filled. At the two higher feed rates the Sy values are relatively
close to each other, i.e., the feed rate has no significant influence on the skewness.
In the case of insert B the skewness at the lowest feed rate increases with the

cutting speed.

0.70 0.70
..... .
050 .:__ = 0.50
o - -
030 T 030

Ssk ()
Ssk

0.10 /— 0.10
-0.10 010
030 5 180 | 240 030 % 180 | 240

3| —e—004] -010 | 017 | 010 | 3|—e—004| -024 | -0.03 | 046
€@ 0.12] 0.46 0.47 0.61 E ---@---0.12| 0.53 0.52 041
§ —®-02| 038 | 040 | 047 | ={—® =02 | 051 | 046 | 047
vV, (m/min) vV, (m/min)
@) ()

Figure 8 — Skewness values — insert A (a); insert B (b)

Concerning the Spi parameter (Fig. 9), the lower value is more favorable for
wear resistance. In the case of insert B the values are lower than in the case of
insert A by 0.06-0.30. The skewness value does not provide sufficient information
on the wear resistance at the analyzed cutting parameter values. However, the
surface bearing index indicates clearer differences in the values. This demonstrates
that more than one parameter is needed for obtaining more reliable information
about the functionality of the surfaces.

It was found that the higher cutting forces result in a more hardened surface
layer. In Fig. 10 the correlation between the Sy and the hardness values is
demonstrated. It was seen that both the Sg and the Sy; values and the hardness also
increase with the feed rate. In Figures 10 and 11 it can be observed that the
hardness values increase with the roughness values. At the same time, the lower S
and lower Sy; values are favorable from a wear resistance point of view (more filled
surface, larger bearing area).
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Figure 9 — Surface bearing index values — insert A (a); insert B (b)
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Figure 10 — Relationship between the skewness
and the hardness values — insert A (a); insert B (b)

This indicates that if the topographical parameters are favorable, the hardness
value tends to be less favorable. It has to be noted, however, that the relationship
between the hardness and topography values is not strong. Based on the correlation
coefficients (R), the relationships are medium strong or weak. The correlation
coefficient on the second power is the coefficient of determination. These values
can be seen in the figures. The values between 0.2 and 0.4 indicate a weak
relationship and between 0.4 and 0.7 a medium-strength relationship. The former is
valid for the Sg values (Fig. 10) and the latter for the Sy;values (Fig. 11).
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Figure 11 — Relationship between the surface bearing index
and the hardness values — insert A (a); insert B (b)

5. SUMMARY

Hard turned surfaces were analyzed from a wear resistance and load bearing capacity
point of view. The S;, Sa, Ssk and Spi topography parameters and the HV10 hardness values
were analyzed and compared to each other. The following was found.

e The Sz, Sa, Shi and HV10 parameters increase by the feed rate. This is valid for the

Ssk parameter in the case of insert A (NP-CNGA 120408 TA4; o= 35°).

e The Sz Sa, Shi and HV10 values are lower in the case of insert B (4NC-
CNGA 120408; o = 25°).

e The relationship between the hardness values and the Ss values is weak, while the
Spi values have a medium-strong relationship with the hardness values. When the
topography parameters improve, less favorable values are obtained for the
hardness values.

The above findings are valid in the analyzed ranges of the hard turning parameters (ap
=0.2 mm; vc = 120-240 m/min; f = 0.04-0.2 mm/rev).

The analysis can be extended to the analysis of more depth-of-cut levels, more tools
and more surface integrity or tribology related properties.
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Hopa Hanp, Mimkounsl, Yropiuaa

EKCHEPUMEHTAJIBHE JOCJILIKEHHS
IAPAMETPIB TOIIOI'PA®Ii IOBEPXHI TA TBEPJOCTI
LHEMEHTOBAHOI CTAJII 16MNCR5, HA OCHOBI TPUBOJIOI'Ti

AwuoTtanist. Tpubonociuni gnacmugocmi € BUHAYATLHUMU Y QYHKYIOHATLHOCH] KOHMAKMHUX NOGEPXOHb
enemenmie mawuH. 3Hococmilkicms abo Hecyua 30amHICMb 6HAUBAIOMb HA MEPMIH CAVICOU YUX
demadneti. Y ybomy 0ocniodncenHi 6yau npoananizoeani napamempu mpusumMiprHoi monoepaii nogepxmi
(Ssk; Sbi), nog’szani 3 mpubonozielo (20106HUM YUHOM 3HOCOCMIUKICMY) | meepdicmb 3a Bikkepcom
JHCOPCMKO MOYEHUX 3a2aPMOBAHUX NOGEPXOHDb. Excnepumenmu npogoounucs Ha piHux pieHsax nooaui
ma weuokocmi pisanns, a maxkodxc Ha 0eox naacmunax KHE 3 pisnoro ceomempicio. [na uucenvrux
Pe3yIbmanmie  po3paxoeamno KopensyiuHi 36 ’s3ku. B excnepumenmi 3 dlcopcmium  moKapHum
00pOONIeHHAM 3MIHIOBANUCS 08a napamempu pizanus: weuoxkicmo nodayi (f = 0,04, 0,12; 0,2 mm/06) i
weuokicmo pisauua (v = 120; 180; 240 m/xe). Inubuna pizanus 6yna ¢hixcosaroro (ap = 0,2 mmy).
Bunpobysanns Ha meepdicmb npogoounu Ha yHieepcanvHomy meepoomipi (Reicherter UH250).
Hasanmaoicennss cmanosuno 10 «lla, a uac nepebysannsn 10 c. [ns eumipioganHs 3acmocogysascs
cmandapm DIN EN ISO 18265. Teepoi moueHi noéepxui ananizyan 3 moyku 30py 3HOCOCMILIKOCMI
ma necyuoi 30amuocmi. Ilapamempu monoepagii Sy, Sa, Ss i Svi § 3nauenns meepoocmi HVI0 Oynu
NPOAHANI306aHi Ma NOPIGHAHI 00uH 3 0OHum. Tlapamempu S;, Sa, Spi i HV10 36inewyomscs 3 pocmom
weuokocmi nodaui. Lle cnpaseonuso ona napamempa Sy y eunaoky ecmasxu A (NP-CNGA 120408
TA4; o = 35°). 3nauenus S;, Sa, Spi ma HVI0 nuxcui y eunaoky ecmasku B (4NC-CNGA 120408; o =
25°). 38’130k Midc 3HAUEHHAMU MEepOOCMi ma 3HaueHHAMU Sy cAabKull, mooi aK 3HayeHHs Sy Maroms
CepeoHbO-CUbHUL 36'130K 31 3Hauennsmu meepoocmi. Komu napamempu penvegy noxpawyiomwcs,
OMPUMYIOMb MEHU CRPUSIMAUGE 3HAYeH s 3Hauenb meepoocmi. Hagedeni euwye 6ucCHO8KU cnpageonusi 6
npoananizoeanux 0ianazonax napamempis xcopcmrozo mouinns (@p = 0,2 mm; ve = 120-240 m/xs; f =
0,04-0,2 mm/06). Ananiz moscha poswupumu 0o ananizy Oimbwiol Kitbkocmi pienie enubunu pizanns,
oimvwioi Kinbkocmi incmpymenmia i Oinbuwiol yinicnocmi nosepxmi abo enacmusocmelil, n0G A3AMUX 3
mpubonociero.

Karouosi cioBa: meepoicmo HV, wopcmricms nosepxni; Se; Spi; ocopecmra mexaniuna oopooxa.

82



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 98

UDC 620.179.118 doi: 10.20998/2078-7405.2023.98.08
J. Sultana, I. Sztankovics, Miskolc, Hungry

ROUNDNESS ERROR AND TOPOGRAPHY
OF HARD TURNED SURFACES

Abstract. Accuracy and topography are significant indicators of precision machined high-quality
surfaces. Case hardened steel (16MnCr5) was analyzed to obtain information about the effects of
technological data and the connections between the analyzed accuracy (roundness) and roughness
parameters (Sa, Sz, Ssk, Sku)- It was found that the feed rate has a significant influence on the roundness
and the roughness parameters, and there are strong relationships between the roundness and these
roughness parameter values: the correlation coefficients varied between 0.78 and 0.85.

Keywords: roundness; 3D surface topography; hard turning; precision machining.

1. INTRODUCTION

Several types of machined components are built into units or products where
they must fulfill numerous requirements concerning the functionality and lifetime.
The purpose of precision machining is ensuring the accuracy of these components
and the quality of their surfaces [1]. Although additive manufacturing has been in
the focus of research in recent years by endeavoring to increase accuracy, also
conventional technologies face challenges due to the new materials [2], cutting tool
materials [3] and special technologies [4, 5].

Accuracy is an important characteristic of a machined component, because it
affects the durability and assembly of the parts [6, 7]. At the same time, surface
quality, such as surface layer characteristics [8], texture, roughness or stress state,
also play an important role in the lifetime of a component [9].

Numerous studies have been published in the topic of machined part
accuracy; among others they focus on the optimization of machining parameters
[7], the effect of coolant material [10], the simulation of uncertainties [11, 12] or
the application of artificial intelligence [13, 14]. Concerning surface roughness
topics, the most focused-on topics are the cutting data selection for optimizing the
roughness parameter values [15, 16], roughness prediction [17, 18], comparison of
machining technologies [19, 20], tribological effects of surface quality [21, 22],
cutting conditions [23, 24] or the analysis of measurement methods [25, 26].

In precision machining not only abrasive but also single-point-tools are
applied to ensure the same surface quality. However, from a surface functional
point of view it has to be considered whether a periodic or a random topography is
needed [27]. Several studies report about the applicability of one or the other
procedure [28, 29] or about comparative results for hard turning and grinding [30]
based on surface quality considerations.

© J. Sultana; 1. Sztankovics, 2023

83



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 98

In this study hard turned surfaces are analyzed from an accuracy and surface
quality point of view based on some widely applied qualification parameters.
Roundness and topography measurements were carried out and compared to obtain
information about the effects of cutting parameters. In the experiment 16MnCr5
case hardened steel was applied, which is widely used in the automotive industry.
3D topography analysis was applied to obtain exact information about the surface
quality [31]. The experiment was carried out based on factorial experiment design
and basic statistical indicators were calculated to understand the relationship
between the roundness and the analyzed roughness parameters in detailed manner.

2. EXPERIMENTAL METHODS

The hard turning experiment was carried out on the machine tool
EMAG VSC400 DDS. The applied tool holder and the CBN insert were
PCLNR 2020-K12 and CNGA 120408, respectively. The cutting parameters were:

— @ (depth-of-cut): 0.05 and 0.35 mm;
— V¢ (cutting speed): 120 and 240 m/min;
— f(feed rate): 0.04 and 0.2 mm/rev.

The machining was carried out in all combinations of the parameter values
(two values per parameter), which resulted in eight different setups. The machined
material was 16MnCr5, and @60 mm surfaces were hard turned. The hardness of
the material was between 60 and 63 HRC.

The roughness measurement was carried out on a 3D topography tester
equipment Altisurf 520. For the topography scanning (CL2) an optical sensor was
used. The resolution of the sensor in x, y and z directions was 1, 1, and 0.012 um,
respectively. The squared evaluation areas of the surfaces were 4 mm?2. Two cut-off
lengths were applied because of the periodicity differences of the machined
surfaces: 0.08 and 0.8 mm. The preparation of scanned surfaces included form
removal, Gauss filtering and thresholding of the extreme peaks and valleys. In Egs
1-4 the analyzed roughness parameters are defined: S, — arithmetical mean height;
S; — maximum height; Ss — skewness; Sk, — kurtosis.

Sa= %g‘w[x, )| dxdy 1)

Sz = mfo(x,y) + |rr}&nz(x, y)l )
1 (1

Ssk = 7 [E JL Z3(x,y) dx dyl (3)
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1 |1
Sku = T(f‘[ﬁﬂ; Z*(x,y)dx d}fl 4)

The roundness error measurement was carried out on the shape and position
accuracy measuring equipment Talyrond 365. The scanning speed was 6 mm/s, the
scaling was 1 um/div. For the analysis the minimum zone type reference circle
method was applied. The applied filter was Gauss filter, and the filtering range was
1-500 upr.

3. RESULTS AND DISCUSSION

The machined surfaces were analyzed based on widely used roughness data.
The roundness error has high importance in qualifying the accuracy of cylindrical
surfaces. In Table 1 the cutting and the measurement data of the analyzed surfaces
are summarized.

Table 1 — Cutting data and measurement data of the machined surfaces

Surface ap Ve f Sa S: Ssk Sku RONt
A 120 0.04 011 | 081 | -005 | 327 | 0.99
B 0.2 121 | 516 | 064 | 222 | 163
C 0.05 0.04 015 | 104 | 001 | 315 | 057
D 240 0.2 122 | 517 | 064 | 216 | 1.63
E 0.04 025 | 1.87 | -005 | 3.27 15
F 120 0.2 118 | 517 | 071 | 235 | 176
G 035 0.04 024 | 173 | 002 | 317 0.6
H 240 0.2 118 | 523 | 063 | 222 | 1.9

3.1. Analysis of the roughness values

In Fig. 1 the roughness values of the surfaces are presented. Analyzing the
effects of the cutting data on the roughness values, the following can be stated.

The A, C, E, G surfaces are machined at the lower feed rate, and the values of
Sa and S; are significantly lower than those belonging to the surfaces machined at
the higher feed rate. The cutting speed and the depth-of-cut do not influence these
values. The same can be observed in the skewness values: the height distribution of
the A, C, E and G surfaces indicate normal distribution by their Sg values around 0.
The B, D, F and H surfaces are asymmetric, they are less filled in the peak zone,
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which means that their wear resistance and load-bearing capacity are lower.
Concerning the kurtosis values, those of the surfaces machined at the lower feed
rate indicate normal distribution by their Sy, values around 3. The surfaces
machined at the higher feed rate incorporate fewer sharp peaks and valleys,
therefore, e.g. their fluid-retention abilities are worse. Neither the cutting speed nor
the depth-of-cut have an influence on these two topography parameters.
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Figure 1 — Roundness values of the machined surfaces
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3.2. Analysis of the roundness values

Analyzing the effects of cutting data on the roundness, the following
observations can be made (Fig. 2): at the low feed rate the roundness error
decreased by 40-58% when the cutting speed was increased. This connection was
not observed at the higher feed rate. When the depth-of-cut increased, all the
roundness data increased by 5-52%.
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Figure 2 — Roundness values of the different setups
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In Figs. 3-6 the roundness diagrams are demonstrated. At low depth-of-cut
(ap = 0.05 mm), cutting speed (vc = 120 m/min) and feed rate (f = 0.04 mm/rev) the
roundness error is relatively low and the surface (A) includes no unmeasured
points or ranges that result from extreme peaks (Fig 3a). At the higher feed rate (f =
0.2 mm/rev), the number of these outliers of the surface points (B) increased and a
certain level of roundness was obtained (Fig 3b), which increased the roundness
value by 65%.

a) b)
Figure 3 — Roundness of surface A (a) and B (b)

At the higher cutting speed (v = 240 m/min) and low depth-of-cut the
irregularities of the surface (C and D) increased (Fig 4) and ovality was obtained at
the surface (D) machined by the higher feed rate (Fig 4b). These resulted in the
increase of roundness by 186%.

a) b)
Figure 4 — Roundness of surface C (a) and D (b)
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At the higher depth-of-cut (a, = 0.35 mm) and lower cutting speed more
outliers were obtained for the surface (E) machined by lower feed rate (Fig 5a).
However, the ovality can be observed on the surface (F) machined by the higher
feed rate, which resulted in a 17% increase in the roundness (Fig 5b).

Figure 5 — Roundness of surface E (a) and F (b)

Similar phenomena can be observed at the surfaces machined at the higher
depth-of-cut and cutting speed. The surface machined at the lower feed rate (G) has
more outliers (Fig 6a), and the one (H) machined at the higher feed rate has a
higher ovality (Fig 6b), which resulted in 227% higher roundness.

a) b)

Figure 6 — Roundness of surface G (a) and H (b)
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3.3. Connections between the roughness and roundness values

In Figs. 7 and 8 the connections between the measured roundness values and
each roughness parameter are demonstrated and the separated groups of the results
at different feed rates can be observed clearly.

The mean values of the S, parameter at the lower and higher feed rates are
0.19 and 1.20 pm, respectively (Fig. 7a). The standard deviation values are 0.07
and 0.02 um, the former can be considered high (relative deviation is 38%). The
mean values of the S, parameter are 1.36 and 5.18 um at the lower and the higher
feed rates, respectively (Fig. 7b). Here, the standard deviations are 0.52 and 0.03
um, and the former can be considered high (relative deviation is 38%).
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Figure 7 — The roundness and the Sa (a) and S; (b) values
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Figure 8 — The roundness and the Ssk (a) and Sku (b) values
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The mean values of the skewness are -0.03 and 0.66, and the standard
deviations are 0.03 and 0.04 at the lower and the higher feed rates, respectively
(Fig. 8a). The mean values of the kurtosis are 3.21 and 2.24, and the standard
deviations are 0.06 and 0.08 at the lower and higher feed rates, respectively
(Fig. 8b). The deviations can be considered low in the case of these two parameters.

The mean values of the roundness are 0.92 and 1.75 um, and the standard
deviations are 0.43 and 0.16 at the lower and higher feed rates, respectively. In the
former case the relative deviation is relatively high: 47%.

The correlation (r) between the corresponding parameter pairs were analyzed.
The correlation between S, and the roundness is 0.83 and between S, and the
roundness is 0.85. These indicate not extremely, but strong relationships. These
values for the skewness and kurtosis are 0.80 and 0.78, respectively. These indicate
slightly weaker but still strong relationships.

The reason for the obtained connections between the roughness and
roundness parameters is that at higher feed rate the analyzed roughness parameter
values can be separated from each other, and meanwhile the higher feed rate results
in higher cutting forces, which cause the deformation of the surface (ovality) or
extremely outlying peaks or areas in the surface texture.

4. SUMMARY

Based on a machining experiment (hard turning) and roundness and
roughness (Sa, Sz, Ssk, Sku) measurements, the effects of the cutting data on the
measured parameters were analyzed, and the connections between the roughness
and the roundness data were compared. The findings can be interpreted for hard
turning and in the analyzed parameter range (a, = 0.05-0.35 mm; v, = 120-240
m/min; f = 0.04-02. mm/rev). The main findings are the following:

— The measured Saand S, values obtained at the 0.04 mm/rev feed rate are
lower than those obtained at 0.2 mm/rev, which strengths the findings of
several earlier studies.

— The roundness error of hard turned surfaces is higher if higher feed rate or
depth-of cut is applied. The increased error results from the ovality and/or
the extreme outliers of the machined surface.

— There are strong relationships (high correlation coefficient) between the
analyzed roughness and the roundness values: r = 0.78-0.85.

The limitation of the study is that the machining was carried out in only 8

parameter combinations. More refined results can be obtained by applying more (3
or 4) levels of the cutting data.
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SAxis Cynrana, Imrrsan CrankoBud, Mimkonbi, YropumuHa

MOXUBKA OKPYTJIOCTI TA TOIIOTPA®II
KOPCTKO TOYEHUX ITIOBEPXOHb

Anotauis. Tounicmy i penved) € 8axrcIUBUMU NOKASHUKAMU NPEYUusiiuHo 0OpOONIeHUX BUCOKOAKICHUX
nogepxonv. 3acapmosana cmane (16MNnCr5) 6yna npoananizosana 0as ompumanns ingpopmayii npo
BNIUB MEXHONOTYHUX OAHUX T 36 SI3KY MIJIC NPOAHANIZ08AHON MOYHICMIO (OKpYy2licmy) [ napamempamu
wopemrocnii (Sa, Sy, Ssk, Sky). Byo susigneno, wo weuokicms no0aui Mae 3HAYHUL 6NIUG HA NAPAMEmpU
OKpy2nocmi ma wopcmKOCmi, i ICHYIOMb CUNbHI 36 A3KU MINC OKPYRICMIO ma Yumu 3HAYEeHHAMU
napamempis wopcmrocmi: Koeiyichmu kopensyii xoausamucs mive 0,78 ma 0,85. 'V yvomy
0ocniodiceHHi meepoi moyeni NOBepXHi AHANI3YIOMbCA 3 MOYKU 30PY MOYHOCMI MA AKOCMI NOBEPXHI HA
OCHOBI O€sIKUX WUPOKO 3ACMOCOSY8AHUX napamempie Keanihikayii. Bumipiosanns okpyerocmi ma
monoepagii Oyau nposedeni ma nOPIGHAHI OJisk OMPUMAHHS THGHOPMAYIL NPo BNIUE NAPAMEMPIE PI3AHHSL.
B excnepumenmi euxopucmosysanacsa sazapmogana cmanv 16MnCrS, saka wupoxo 6uKopucmosyemscs
6 agmomobinbuill npomuciogocmi. Jlis ompumanis mounoi ingopmayii npo sKicmv NOGepxHi 6y10
3acmocoeano 3D ananiz monocpagii. Excnepumenm npogoouécs ma 0CHOSI Gakmopnozo niawy
excnepumenmy ma 6yau po3paxoeami OCHOBHI CIAMUCMUYHI NOKAZHUKY Ol 0eMAanbHO20 PO3YMIHHA
36’A3KY Midc OKpyenicmio ma Npoananizoganumu napamempamu wiopcmxocmi. Ha  ochoei
eKcnepumMenmy 3 Mexauiunoi o0OpobKu (JcopcmKe MOYIHHA) mMA GUMIDIOBAHL OKpY2aoCcmi ma
wopcmrocmi (Sa, Sz, Sk Sky) 6Y10 NPOAHANIZ08aHO BNIUE NAPAMEMPIE PI3AHHS HA UMIDSHI napamempu
ma NopieHAHO 36’A30K MidC OAHUMU WOPCMKOCMI ma okpyenocmi. Pezynemamu modicha
inmepnpemyeamu Ol JHCOPCMKO20 MOYIHHA MA 6 ananizoeanomy oianaszoui napamempis (ap, = 0,05—
0,35 mm; ve = 120-240 m/xe; T = 0,04-0,2 mm/06). Bumipsani snauenns S ma S, ompumani npu
weuokocmi nooaui 0,04 mm/o6, nudicui, nise ompumani npu 0,2 Mm/06, wo niOMEEPONHCYE BUCHOBKU
KiTbKOX nonepeoHix 00cniodxcenv. IIoxubka Kpyanocmi JHCOpCMKO MOYEHUX NO6epXOHb BUlYd, AKUJO
BUKOPUCIOBYEMbCA Oinblia 8enuduna nooayi abo enubuna pizaunus. Iliosuwena noxudka 6uHUKAE
BHACTIOOK 08aNbHOCMI MA/abo KpaiHix 6ukudie 06pobreHoi nogepxHi. IcHyromb cunbHi 38 'a3Ku
(sucoxuii Koegiyicnm Kopensayii) Midie aHanri308aHUMU 3HAYEHHAMU WOPCMKOCMI Ma OKPY2nocmi: v =
0,78-0,85. Obmedicenns Oocniodcenns noaseac 6 momy, wo o00poOKy npoeoounu nuwe 3a 8
KoMOIHayismu napamempis. Binbw mouni pe3yivmamu MoxcHa ompumamu, 3acmocogyiodu oinvute (3
abo 4) pignie Oanux pescumie pizansi.

Karouosi cioBa: oxpyericms; 3D penvegh nosepxni; scopcmre mouinns; npeyusiiuna oopoora
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IMPROVING THE EFFICIENCY OF MAINTENANCE PROCESS
IN MANUFACTURING SYSTEMS USING INDUSTRY 4.0 TOOLS

Abstract. In ever bigger quest to maximal efficiency, this article wants to show a route for Total
Production Maintenance (TPM) at maximal efficiency. By bringing the digital twin into the real world,
this essay wants to show how a digital twin can be used as a reliable basis for controlling the running
line. But before the digital twin can be used at its maximal potential, a common ground must be defined
not only in calculating Overall Equipment Effectiveness (OEE), but also in categorizing TPM tasks
according to 3 factors of OEE. The paper outlines the foundations of a new concept that has not been
applied in practice.

Keywords: TPM; predictive maintenance; executable Digital Twin; OEE.

6. INTRODUCTION

Not only energy crisis due to the Russian Ukrainian war, but especially the
vastly unfolding climate crisis, will force each and every company, independent of
its profile and its activities to search for solutions to maximize efficiency and
sustainability (1, 2). Maintenance will not be spared from this quest and
maintenance teams will be forced to improve the use of their resources to maximal
efficiency.

This paper presents a possible road for increasing maintenance efficiency for
serial production lines, using industry 4.0 solutions. The chosen concept is
however a concept that should be applicable not only to the latest and newest lines
but should also find use in older production lines without the hassle of a full-scale
renovation, needed to use most recent technologies and so-called smart sensors.

7. TOTPM OR NOT, SHOULD NOT BE THE QUESTION

The seeds of this concept can be found in short book from Mr. Arno Koch,
OEE for the production team (4). In this book Mr. Koch mentioned TPM or the
time needed for maintenance as a time loss. For him this interval can be defined as
an interval where machines are available for production but are not used for the
purpose of production. On the other hand, in numerous thesis, papers and works (9-
11), as well as in personal experience, TPM can be seen as a way of making
unplannable events or at least the loss due to unplannable events, more or almost
fully plannable.

Out of the perspective of efficiency, these two ideas are fully contradictive. If
one tries to minimize maintenance and reach maximum production efficiency, one

© M. Hermans, P. Tamads, 2023
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risks unexpected losses. Even the idea of preventive maintenance, especially for
serial production with low and very low cycle times, poses a potential risk, because
although breakdown is prevented, the standstills can only be predicted on relative
short notice.

The idea surveyed in this thesis, is to try and find a break even between on the
one side the possibility of reducing maintenance activity and on the other side
minimizing losses due to unplannable events by fixed maintenance activities.

8. STRUCTURE OF THE CONCEPT AND PREVIEW OF MAIN
ARGUMENTS

The following figure presents the concept of this thesis. The main three
pillars, discussed in this order are:

1. ageneral OEE-Calculator,

2. agraph mapping maintenance task against the 3 factors of OEE

3. an executable Digital Twin, for advice on maintenance tasks.

Create a fist prnciple model e Create an executadie wn - Test the executable tw aganst

9.

"'€e'Y )

o 8 »

g y
X - ‘
e S\
\ J

Figure 1 — Proposed solution

8.1. A GENERAL OEE-CALCULATOR

Definition of OEE by Nakajima, S. (1988, Introduction to total productive
maintenance, Productivity Press, Inc.): Probability that the machine is producing
without any loss (5). If we define the different losses of a production system or unit
in the following way:

e A:Planned Losses,

e Ay Unplanned Losses,

e A: Availability Losses, where A = (A; U 4y),
e P: Speed Losses,

@ Quality Losses.
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#s(Planned production time) |

#s(Run time)

| #s(Net run time)

#e(Run Time) #e(Net RunTime) #e(Fully productive time) Event space

OBE:= #s(Planned production time) #s(Run time) #s(Net run time)

Sample space

Figure 2 — Explanation on correlation and statistical independence
of the 3 factors of OEE (own editing)

OEE can be written as:
OEE =1—-P(AUPUQ)
or
OEE =P(ANPNQ)

Using the Bayes’ theorem, under the condition that the 3 factors are statistical
independent, this expression can be rewritten as the general formula for OEE:

OFEE = P(A) x P(P) x P(Q)

Formula for OEE, as defined by its inventor (6):

#e(Run time) #e(Net run time)

#s(Planned production time) #s(Run time)
#e(Fully productive time)

#s(Net run time)

OFEE =

where:
#e(space): Count of outcomes in the event space
#s(space): Count of outcomes in the sample space
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The decay of OEE and its three factors in time will be used to arrange TPM
tasks in order of their importance. To make certain that the results of the simulation
can be carried to the real system, a common way of calculating OEE must be
defined. This general calculator should respect the following topics:

+  the model as well as the real line, should use the same signals and

structures to calculate OEE.

e the calculating algorithm should respect the correlation of the three

factors as well as their statistical independence of each other.

«  the algorithm should not use any predefined or “subjective” parameters,

all parameters must be calculated based on the data available.

Plotting the change of throughput against the 3 factors of OEE, each factor
has a very distinct signature. And it is this signature, that gives further direction in
defining the OEE calculator. During production without loss and during the
interval of quality loss, an arithmetic average can be used to describe central
tendency, unfortunately this average is not capable of describing the loss during
speed loss. In case of performance there is no loss if the production units produce
at average throughput. But any deviation from this ideal throughput, will act as
punishment and reduce performance and so OEE.

A better indicator would be the median. If we look at the bottleneck of the
system, all predecessors and successors will clearly follow the bottleneck, the
faster units before the bottleneck will be partly blocked, all faster successors will
show an amount of waiting time. The changes in speed are induced on one side by
the availability of the different units and here more specific the MTTR (Mean
Time To Repair) of the units, on the other side by the buffers between the
bottleneck and the faster machines. If we define performance by all cycle times
between 0 and 2 times the median, the availability interval is then defined by the
sum of the remaining cycle times over 2 times the median. The count of these cycle
times is a good indicator for the number of failures and so a good indicator for
MTBF (Mean Time Between Failures).

Last but not least remains Quality loss. In this case we have the following
possibilities:

1. We have no detection after the unit. In this case we will assume that all

parts are passed as iO-parts and the factor is neglected

2. We have post process measurements and parts out of specification will

be taken from the system immediately. In this case the loss of this part
can cause small performance loss at the successor units.

3. We have in process measurement and tooling is corrected during

machining. In this case there is some performance loss at the unit itself
as well as with the predecessor and successor units.
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In the best case Quality loss can be neglected, in the worst case Quality loss
will clutter the measurements and create some error on the observations.

Time Loss

Part rate Tact rate Time rate

Figure 3 — OEE heartbeat visualizing the loss signatures (own editing)

3.2. MAPPING MAINTENANCE TASK AGAINST THE 3 FACTORS OF
OEE

Before we can map each maintenance task against OEE, one first has to
position the proposed strategy within existing maintenance strategies. TPM is a
basically a form of preventive maintenance. In this type of strategy, the trend is to
ensure safety and service maintenance by over-maintaining the asset, thus causing
a high economic cost. (Digital Twin for Maintenance: a literature review, 2020)

Within the Industry 4.0 movement, one of the most investigated topics, is the
topic of predictive maintenance. In predictive maintenance, we see two different
approaches (8). A first approach is a data driven approach, where fast amounts of
data are collected and analyzed. The hassle with this approach is not only
developing the algorithm for analyzing the data, but also an immense deployment
of appropriate sensors for collecting the data needed.

A second approach is a model-driven approach, where a model is developed
that describes the asset in a mathematical way. Besides the need of specialized
personal to operate the model, another big disadvantage of this approach is the very
high cost computationally speaking. The idea of this assay is to use model-driven
approach to minimize the economic cost of preventive maintenance, without the
need for special trained personnel for operating the model. The executable digital
twin will be used to anticipate and to advice on maintenance tasks, based on
evidence of degradation and deviation from the normal behavior of the line
modeled.

A first step in classifying maintenance tasks, can be found within the eight
pillars of TPM. Each task can be classified as either autonomous maintenance or
maintenance done by the operators or on the other hand as planned maintenance or
maintenance done by the maintenance team. The main difference lays in interval
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length. Autonomous maintenance tasks are tasks that will return every hour, every
shift, every day. The cycle is relatively short, and the loss of time is minimal and
can be expressed in minutes. On the other hand, planned maintenance tasks have a
relative long interval, every week, every month, every 6 months or year. Their
duration or time loss is also more elaborated and may range from 15 minutes to
half a day or even a full day.

Maintenance
strategies

Proactive Reactive
+ —7VYes Planned No—H
maintenance maintenance

Routine
maintenance
Yes

Analysis of t
maintenance
process

Statistical
analysis

Yes Yes Yes
Preventive Condition-based Predictive Prescriptive

maintenance maintenance maintenance maintenance

Figure 4 — Maintenance strategies diagram (7)

A second classification, also supported in literature, can be made on the their
influence on MTTR and/or MTBF . Expected is that each task will influence
MTTR (Mean Time To Repair) and MTBF (Mean Time Between Failure) at the
same time. The idea is to combine interval length, duration, influence on MTTR
and influence on MTBF by means of fuzzy logics techniques. Over the fuzzifier
and the defuzzifier the four factors will be condensed into 1 factor which expresses
the decay of OEE, Availability and/or Performance.

Although each maintenance task will probably get its own unique decay
factor, it is not the idea to run the model for each unique factor several times. The
values will be grouped in buckets and for each bucket several runs will be made to
find a breakeven between loss of time and not doing certain group of activities. It is
the historic data that these models will produce, which are of importance to the
next phase.

3.3. THE EXECUTABLE DIGITAL TWIN, XDT

Although the previous steps do find support in literature, this last step makes
the study unique. In this step we will harvest the full power of the digital twin, by
integrating the digital representation of the production system with the operational
environment in which it operates. In other words, we will use the digital twin as a
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tool of real-time monitoring, rather than just a simulation or planning tool (8). By
extracting a dedicated encapsulation from the digital twin, which models the decay
of OEE and the 3 factors, we can create an executable representation that can be
integrated into the operational execution environment of the physical asset it
represents.

An executable digital twin should comply with following expectations:

e The response time of the digital twin should be minimal, preferred

within seconds, eventually minutes,

e The digital twin is restricted to one certain element of interest, in this

case the decay of OEE,

e The digital twin should be easily accessible from any controller,

Within industry 4.0 tools, neural networks offer themselves as a good
solution. Furthermore, the Plant Simulation framework offers besides the
experiment manager also a neural network wizard, simplifying the work of
building and training a neural network. By use of the available wizards, all efforts
can be shifted onto positioning the neural network outside plant simulation. And
also, here Siemens offers with Mendix and the Mendix ML Kit a good solution to
implement the idea at high speed.

9. SUMMARY

In the essay, we have discussed the concept of improving the efficiency of
maintenance processes in manufacturing systems using Industry 4.0 tools. Several
important aspects of the concept were touched, including categorizing TPM tasks
in availability, performance, and quality; creating a standard algorithm for
calculating OEE; building a model to mimic the decay of OEE based on changes in
TPM task frequency; using historic data to train a neural network to prioritize TPM
tasks based on continuous OEE monitoring; and the differences between TPM and
predictive maintenance.

The main object of this essay is to highlight the importance of TPM in
promoting sustainability and improving the efficiency of maintenance processes in
manufacturing systems. By using Industry 4.0 tools like neural networks and
simulation models, companies can prioritize TPM tasks and reduce the amount of
maintenance resources needed, ultimately leading to increased productivity and
profitability.
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HNIIBUINEHHSA EOEKTUBHOCTI IPOIECY TEXHIYHOI'O
OBCJIYTOBYBAHHA Y BUPOBHUYUNX CUCTEMAX
3A JIOIIOMOTI'OIO IHCTPYMEHTIB IHJIYCTPII 4.0

AHoTauis. V yiti cmammi npedcmasneno MONCIUGUL WISAX NIOBUWYEHHS eeKMUBHOC MEXHIYHO20
00CY208Y8aHHS CEPILIHUX BUPOOHUYUX TIHIU 30 d0nOMO20r piuens indycmpii 4.0. IlosHe supobHuye
obcnyzosysanns (IIBO) abo uac, HeoOXiOHUIl 05t 06CTY208Y6AHHS, K GMPAMY HACY MOMCHA BUSHAYUMU
AK iHMepeain, Koau MauwluHu OOCMYNHI ONs 6UPOOHUYMEA, ane He GUKOPUCTNOGYIOMbCA OnA yinell
supobnuymea. 3 inuwozo 6oxy, IIBO modicha posensoamu K cnocio 3pobumu nenianosami nodii abo,
NpUHAUMHI, mpamu Yepe3 HenaAaHo8aui nodii, Oitbu abo maiidce NOGHICMIO. NAAHOBAHUU. 3 MOYKU
30py egpexkmugnocmi yi 06i idei noguicmio cynepeuamv 0Oun 00HOMY. HKujo xmocv Hamazacmvcs
MIHIMIZy8amu mexuiyne o0Cay208y6ants ma 00caemu MakCUMAantbhoi eghexmugnocmi 6upodHuYmed, mo
pusuxye ompumamu Hecnooieani empamu. Hasime ides npogirakmuunozo obcny208ysanis, ocobaugo
01 cepitino20 BUPOOHUYMEA 3 MAMUM i OYdice KOPOMKUM YACOM YUKILY, CIAHOSUNb NOMEHYIIHUT PUSUK,
Mmomy wo, xoua noioMKa 3anobieae, NPocmoi MoxicHa nepedbawumu auule 3a IOHOCHO KOPOMKUIL
mepmin. 10es, pozenanyma 6 yiil cmammi, NOAs2AE 8 MOMY, W06 cnpobysamu 3Haumu po30idxcHicmb
MIDIC MOJCIUBICIMIO CKOPOYEHHSI MEXHIYHO020 00CIY208Y8aHHts, 3 00HO20 OOKY, I MiHimMizayiclo empam
uepe3 HenIanoeami noodii, 3 iHwo2o 6OKY, 3a60AKU NOCMIUHIL mexHiuniil distbnocmi. Bynu 062060openi
KIbKA 8AXMCIUBUX ACheKmie Konyenyii, exmoyarouu kiacugpikayito sasdanv IIBO 3a docmynwicmio,
NPOOYKMUBHICIIO mMa  AKICMIO, CMBOPEHHA CMAHOAPMHO20 AN2OPUMMY PO3PAXYHKY  3A2anbHOT
epexmusnocmi obnaonanus (3EO); cmeopenns modeni ona imimayii posnady 3EO na ocnosi 3min 'y
yacmomi 3a6d0anb IIBO; BUKOpUCMAHHA ICMOPUYHUX OAHUX OISl HABYAHHA HEUPOHHOI Meperci
susnavamu npiopumemuicme 3asdans IIBO na ocnogi nocmitinoco monimopuney 3EO; i 6iominnocmi
wmigie TIBO i npoenosnum obcayeogysannsm. Buxopucmosyiouu maxi incmpymenmu Industry 4.0, ax
HeUpOHHI Mepedici ma CUMYIAYINIHI MOOel, KOMNAHIT MOXCYMb 8U3HAYAMU NPIOPUMEMHICIb 3A60AHb
IIBO i 3menutyeamu KinbKicmo HeoOXIOHUX pecypcie O 06Cnye08y8ants, o 6 KiHYyeeomy RiOCYMKY
npu36o0ums 00 nidGUWeHHs NPOOYKMUSHOCHE MA NPUOYMKO80CHi.

Karouosi cioBa: [1BO; npoenosne o6cnyeogysanns; sukonyeanui Digital Twin; 3EO.
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INCREASING THE ACCURACY OF DEFECTOSCOPY
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Abstract. Nowadays, non-metallic heterogeneous materials are widely used in mechanical engineering,
which is primarily due to their unique properties, such as strength, light weight, corrosion resistance,
and high vibration, sound, and heat insulation characteristics. At the same time, non-destructive control
methods that would allow to obtain the most complete picture of the defective state of products made of
such materials are of great importance. The main task of the work is the development of optimal
algorithms for determining each defect of a product made of non-metallic heterogeneous material with
the establishment of its exact location, including the depth of occurrence, as well as its geometric
parameters. The method of thermal non-destructive testing is considered promising. Studies of the
accuracy of determining the parameters of defects in non-metallic heterogeneous materials by the
specified method have been carried out.

Keywords: non-metallic heterogeneous materials; thermal control method; flaw detection; infrared
equipment.

1. INTRODUCTION

Nowadays, non-metallic heterogeneous materials are widely used in
mechanical engineering, aerospace engineering, and other sectors of the economy,
which is primarily due to their unique properties, such as strength, light weight,
corrosion resistance, and high vibration and sound, thermal insulation
characteristics. At the same time, such materials are characterized by specific
technological and operational defects. First of all, this applies to delaminations that
are visually imperceptible, but can lead to a serious weakening of the structure and,
as a result, cause the failure of a product made of non-metallic heterogeneous
material [1]. Taking into account the responsibility of the assignment of nodes and
aggregates, especially in aircraft structures, non-destructive control methods that
would allow obtaining the most complete picture of the defective state of products
made of non-metallic heterogeneous materials are of great importance.

The main task of the work is the development of optimal algorithms for
determining each defect of a product made of non-metallic heterogeneous material
with the establishment of its exact location, including the depth of occurrence, as
well as its geometric parameters. To date, the method of thermal non-destructive
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testing is considered to be one of the most promising for flaw detection of products
from the specified class of materials [2]. This type of flaw detection is based on
visualization of the thermal field of the surface of the research object using infrared
equipment and analysis of anomalies of this field.

2. LITERATURE REVIEW

As a rule, temperature fields arise as a result of thermal stimulation of the
material (active thermal control). However, sometimes they are formed as a result
of the operation of the product being diagnosed (passive thermal control). The
work considers active thermal control, in which thermal energy is excited by
heating the surface with a single thermal pulse or their sequence. In this case, the
amplitude and time parameters of the thermal field at each point of the surface of
the control object carry information about the presence and geometric
characteristics of defects [3].

There are several methods of stimulating thermal energy in objects during
real research. The most convenient and closest to the conditions of measuring
products in mechanical engineering and aviation engineering is the so-called one-
sided control mode, in which heating and registration of a thermal image in the
form of a thermogram is carried out from the same side of the defectoscopy object
[4]. Figure 1 shows a diagram of the location of the research object and the means
by which flaw detection is carried out.

With this approach, temperature changes on the surface of the sample under
study are analyzed in the defect-free zone Tn = f(X, y, t) and in the projection of the
defect Tr = f(x, y, t) after heating the surface with a single thermal pulse of finite
length t. Figure 2 [4] schematically shows the change in the temperature of the
surface of the tested sample in the defective and defect-free zones during the
implementation of one-sided excitation of thermal energy during

It is clear that during heating, the excess temperature of the investigated
surface increases and reaches its maximum value at the moment of time t, which,
according to Figure 2, corresponds to the end of the thermal pulse. During the
cooling of the surface of the object, in the process of propagation of the heat wave
through the volume of the material and heat exchange with the environment, the
excess temperature decreases to zero. At the same time, there is a difference in
excess temperatures and the speed of their change in defect-free and defective
zones [2].
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Figure 1 — The scheme of conducting active thermal imaging control
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Figure 2 — Changes in the temperature of the surface of the research object over the
defective and defect-free zones during unilateral thermal imaging control

This is due to the difference in thermophysical properties in the specified
zones and, as a result, different conditions of heat wave propagation. In the zone
above the defect, the regular nature of the thermal field changes, and so-called
temperature anomalies appear, which are characterized by an absolute temperature
contrast, i.e., the temperature difference in the defective and defect-free zones
AT =1(x, y, t), which can be defined as follows:

AT(X,Y,0) =T (% y,1) =Ty (X, ¥,1), 6

It should be noted that depending on the ratio of thermal conductivities in the
defective and defect-free zones, AT = f(x, y, t) can have both a positive and a
negative value. With this definition, AT > 0 for defects whose thermal conductivity
is lower than the thermal conductivity of the main non-metallic heterogeneous
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material. Accordingly, if the defects are more thermally conductive than the main
material, then AT < 0. It is even possible to invert the sign of AT during cooling [4].

The dependence of the temperature contrast on time has an extremum ATmax
at the moment of time tm, which is the optimal time for observing the defect. Both
of these parameters are the main parameters of the amplitude method of thermal
control and depend not only on the thermophysical characteristics of the studied
non-metallic heterogeneous material, but also on the depth of embedment and the
size of the defect itself [5].

In [4] it is shown that for a semi-infinite object that is heated by a Dirac
pulse, the optimal time for observing an internal defect in the form of a material
discontinuity can be determined as the time it takes for the heat wave to reach the
defect, reflect from it, and return back, that is:

t,=—=——F, )

where | — the depth of the defect;

a — coefficient of thermal conductivity;
¢ — heat capacity;

p — density;

A — thermal conductivity coefficient.

Expression (2) can be used for a very short thermal pulse, i.e. ty >> t;, which
is quite difficult to implement in practice (ti = 10 ps). If the pulse length is
commensurate with the optimal defect observation time, then the estimation
formula [2] can be used:

1> =a-(t, -t ©)

3. MAIN MATERIAL PRESENTATION

In the work, carbon fiber samples with a thickness of 4 mm were studied, in
which defects in the form of layers were specially formed at various depths (air
gaps up to 0.2 mm thick and with an area of more than 1.5 cm?), which are the
most common types of defects for the class of materials that is considered The
minimum depth of defects is | * 1 mm. Taking into account the passport data of the
coefficient of thermal conductivity for carbon-plastics in the transverse direction of
the layers a = 4.5-10" m?%s, the maximum length of thermal pulses, which is
necessary for thermal stimulation of the defect in the structure of such a material
ti<1s. This makes it possible not to use expensive xenon flash lamps, which are
traditional for generating a heat wave during active thermal control of metals and
metal composite materials. In the experiment, for this purpose, an electric heater
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with a mechanical interrupter of the heat flow in the form of a movable flap (Fig.
1) was used, which allowed the formation of heat pulses with a length of (0.5...20)
s. thermal radiation power density P = 10* W/m?,

It should be noted that the studied surfaces are characterized by relatively low
relaxation rates of excess temperature fields. This made it possible to use infrared
devices without special requirements for their speed. In the experiment, a thermal
imager with a frame rate of = 1 Hz was used.

Among the advantages of infrared technology devices used in thermal control,
in addition to non-contact and fast operation, it is also necessary to include high
resolution, which ensures the detection of local temporary temperature contrasts on
the surface of the investigated objects [6]. Given that the accuracy of flaw
detection of products made of non-metallic heterogeneous materials by the
amplitude thermal method (measurement of maximum temperature contrasts) is
determined by the accuracy of the used thermal imagers, it is necessary to pay
attention to instrumental and methodical measurement errors.

A significant drawback of non-contact methods of measuring temperature
using infrared devices is the lack of data on the emissivity of the surface of the
research object under experimental conditions. The object's ability to emit infrared
radiation can vary, as it depends not only on the material itself, but also on the
properties of the surface (for example, roughness, the presence of dirt, oil films,
etc.) and the direction of observation of this surface [7, 8]. It is the uncertainty in
setting the coefficient of emissivity of the surface of the research object that is the
main difficulty in temperature calculations based on the results of thermal imaging
measurements. And, therefore, this introduces an additional methodical error into
the results of determining the depth of defects in non-metallic heterogeneous
materials.

Therefore, before conducting studies of thermal processes on the surfaces of
samples for the purpose of their defectoscopy, the coefficient of surface emissivity
was determined at reference points. The latter necessarily included surface points
with a surface condition different from the basic one. For example, with a different
roughness, the presence of scratches, coatings, films and the like, which could be
perceived as defects according to the thermogram. This operation must be carried
out during defect inspection of products that were in use, since the state of the
surface at different points can be significantly different from each other.

Determination of the emissivity coefficient was carried out in the following
order. In the characteristic zone of the studied surface without temperature
anomalies, reference points were chosen, the temperatures of which were measured
by a contact thermometer (thermocouple). At these same points, the temperature
was measured with a thermal imager with preset shooting parameters (reflected
background temperature, ambient temperature and humidity, distance to the
research object). In the event that a difference in the results of temperature
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measurement by the contact and non-contact method was recorded, such 9a value
of the emissivity coefficient was selected from the panel of the thermal imager,
which reduced this difference to zero. The value of the emissivity coefficient
obtained in this way was taken as a characteristic of the surface at the investigated
reference point and used in further thermal imaging control.

There is one more factor that significantly affects the result of temperature
measurement by infrared devices. In work [7], studies the influence of the
observation angle on the coefficient of emissivity perceived by measuring
equipment were carried out. It can be seen from Figure 1 that during flaw detection
of products by amplitude thermal imaging control with one-sided access to the
research surface, it is practically impossible to ensure the normality of the location
of the thermal imager in relation to the investigated area.

Therefore, to increase the accuracy of determining the depth of occurrence
and parameters of defects of products made of non-metallic heterogeneous
materials, the influence of the angle at which the measuring device is located to the
surface of the object under investigation should be taken into account.

For metals, the emissivity coefficient is constant in the range of viewing
angles 0...40°, for dielectrics (which in most cases include non-metallic
heterogeneous materials) - in the range of angles 0...60°. Beyond these ranges, the
emissivity coefficient changes significantly when observing tangentially [9].

The calculation of the actual surface temperature, in which the influence of
the observation angle on the measurement accuracy is taken into account, was
carried out according to the expression [10]:

T rad ( 4)

fact —

where Tt — the actual temperature of the surface of the control object;
Trad— radiant temperature perceived by a thermal imager;
emea— the measured value of the emissivity coefficient;
Kang— coefficient of influence of the observation angle.
For dielectrics, the dependence of Kang On the observation angle is most
accurately described by the expression [10]:

K, =-0,0014-¢°+0,022 9> —01-p+11 , )

ang
where ¢ — the angle of observation of the studied area of the surface of the control
object.
With the help of the described method, thermal imaging studies of control
carbon-plastic samples were carried out; in this study, the peculiarities of
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temperature distribution in the defective zone were studied. An analysis of the
texture of the temperature field in the delamination type defect zone and defect-
free zones was carried out. Figure 3 shows the thermogram of the investigated
surface and graphs of changes in temperature contrasts at the specified points of
the surface over time.
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Figure 3 — Thermogram of the studied surface and graphs of changes in temperature
contrasts at the specified points of the surface over time

It can be seen from the figure 3 that the change in the contrast amplitudes at
the time t, of optimal observation of the defect depends on the position of the
defect-free zone relative to the temperature anomaly (defect area). Accordingly, the
calculated value of the depth of the defect is changed. Obviously, given that the
conditions of heat removal in zones A, B, and C are the same, it can be concluded
that such a difference in the readings is caused by the presence of a methodical
error from not taking into account the difference in the coefficients of the
emissivity of the surface at the reference points.

4. CONCLUSIONS

As a result of the conducted studies of thermal processes on the surface of
control carbon-plastic samples, it was possible to detect the majority of defects (the
equipment used did not allow detecting 7% of embedded defects). At the same
time, thanks to the use of the proposed method of eliminating the methodical error
caused by the difference in the emissivity coefficient at the investigated points of
the surface, it was possible to increase the accuracy of determining the depth of the
defects.
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Bomnognmup Torkonorui, Onexcannp CraHoBcekuit, Mapuaa ["onodeena,
Omnexkcannp Jlesuncrkwmii, Cepriit Kiimos, Oneca, Ykpaina

NIJABUIIIEHHSA TOYHOCTI JE®EKTOCKOII
METO/IOM AKTUBHOI TEPMOI'PA®Ii BAPOBIB
3 HEMETAJIEBUX TETEPOI'EHHUX MATEPIAJIIB, /
1O BUKOPUCTOBYIOTBCs B TEXHIII

AHoTanis. Huni  Hememanesi  2emepocenni  Mamepianu — WUPOKO — BUKOPUCIOBYIOMbCS 6
MawuHoOyOy8anHi, Wo nO6 A3aH0, Nepuwt 3a 6ce, 3 IX VHIKANbHUMU 6IACMUBOCIAMU, MAKUMU 5K
MiyHICMb, MAna 6aed, KOPO3iiHa CMItIKICMb, 6UCOKT 6i0pO-, 36YKO- I MENAOI30IAYIUNT XAPAKMEPUCTIUKIL.
Ilpu yvomy Heabusko2o 3HAueHHs HAOYBAIOMb MEmOOU HEPYUHIBHO20 KOHMPONIO, WO O00360J10Nb
ompumamu HaubibW NOGHY KapmuHy Oepekmnozo cmany 6upobie i3 makux mamepianis. OcHO8HOIO
3a0auelo pobomu € po3pooKa ONMUMATLHUX ANCOPUMMIE GUSHAUEHHS KOJICHO20 Oeekmy eupoby 3
HeMemanego2o 2emepo2eHHO20 Mamepiany 3 6CMAHOBIEHHAM MOYHO20 1020 PO3MAULYBAHHS, 8 MOMY
YUCH, 2NIUOUHU 3ANASAHHS, 4 MAKOXHC 1020 2e0MempuyHux napamempis. Ha cb0200HiwiHill OeHb 00HUM 3
HauOITbW nepcneKmusHUx 0151 0ehekmocKonii Gupoobie i3 3a3HAUEH020 KIACY MAMEPIanie 66aicacmvcs
MemoO Mennoso2o HepylnieHozo koumponio. Lleti eud oeghexkmockonii basyemocs na eizyanizayii
Meno8020 NoJisi NOBEPXHI 00 '€KMA OOCTIOHCEHHS 3a OONOMO20I0 NPUNAOIE IHPPayepBoHOi mexHiKu ma
ananizy anomaniii ybo2o noas. B pobomi docniodcysanucs 8y2neniacmurosi 3pasku moswunoio 4 mm, 6
SAKUX HA DISHOMAHIMHIL 2nubuHi OyIu cneyianbho copmosani Oeexmu y 6uensiol po3uapysans
(nosimpsani 3asopu moewunoio 0o 0,2 mm ma nioweio Girowe 1,5 cM?), aKi € 0OHUMU 3 HALIGITbWL
nowupenux 6udig¢ Oegexmis 0ns Kiacy mamepianie, wo posensidacmvcs. Bugueni ocobausocmi
Ppo3nodinenHs memnepamypu 6 degpexmuiii 30ui. [Iposedeno ananis mexcnmypu memnepamypHo2o nojs
6 30Hi Oeghexmy muny poswapyeanus ma 6 Oezoepexmuiil 30Hi. [Iposedeno 00CnioHCeHHs MOYHOCMI
6USHAYEHHA napamempie Oe@eKmHocmi HeMemaneeux 2emepoceHHUx Mamepianie 3a3HaveHum
Memooom. B pezyremami npogedeHux O00CHiOHceHb Meniosux npoyecié Ha NOBEPXHi KOHMPOIbHUX
BY2/IENIACIMUKOBUX 3PA3KI8 80AI0Cs BUABUMU OLNbUicmb deheKmis (BUKOPUCMOBYBAHA anapamypa He
0o36onuna eusigumu 15 % 3axnaonux oegexmis). IIpu ybomy, 3a605Ku UKOPUCMAHHIO 3aNPONOHOBAHOT
MemOOUKU — BUKTIIOYEHHSI  MemOOUdHOI  NOXUOKU, WO  BUKIUKAHA — BIOMIHHICMIO — KoeqhiyieHmy
BUNPOMIHIOBANLHOI 30AMHOCMI 8 OOCHIONCYBAHUX MOUKAX NOBEPXHI, 80ANOCA NIOBUWUMU MOYHICMb
6CMAHOBNEHHT 2UOUHU 3ATA2aHHA OeheKmis.

KuirouoBi ciioBa: nememaniuni pisHopioHi mamepianu, Memoo menjio8o2o KOHMpPOio, 0e@eKmocKonis,
iHghpauepeone 00O1aOHAHHS.
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ANALYSIS OF SELECTED FUNCTION-DEFINING 2D SURFACE
ROUGHNESS PARAMETERS IN TANGENTIAL TURNING

Abstract. Among other, more frequently analysed surface topography parameters, the function-defining
parameters must be analysed in different machining procedures to outline their application possibilities.
These values are the core roughness, the reduced peak height, the reduced valley depth, the skewness,
and the kurtosis of the roughness profiles. Tangential turning is a promising machining procedure,
which can produce ground-like surfaces with twist-free properties by defined cutting edged tools. The
achievable productivity is also very high. Therefore, in this paper, these roughness parameters were
analysed from 2D roughness profiles measured on surfaces machined by tangential turning.

Keywords: functional parameters; kurtosis; skewness; tangential turning.

1. Introduction

Machining with tangential turning [1] is analysed in this paper in the point of
view of the functional parameters of the surface. Among others Molnar also proved
[2,3], that between the frequently analysed surface topography parameters, the
extent of the R parameters is equally significant. This cutting procedure has many
advantageous properties. It can be an alternative to rotational turning in machining
of outer cylindrical surfaces [4,5] because twist-free surfaces are achievable [6].
Leichner et al. proved in their study that oil leakage, wear of the tool and
machining costs can be reduced, when tangential turning is applied on sealing
surfaces [7]. The combined procedure, where turning and grinding is done in one
clamping, can be a good alternative [8], however MQL technique can be applied in
tangential turning. Better tool life can be achieved than in traditional turning due to
the different insert and feed motion [9]. The application of tangential turning is
widely developed by machine tool manufacturers as well (e. g. EMAG [10]).

In this paper, the function defining parameters of the roughness profile are
studied in tangential turning by changing the cutting speed, feed, and depth of cut.
The core roughness, the reduced peak height, the reduced valley depth, the
skewness, and the kurtosis of the roughness profiles were measured and analysed.
During the measurement, the recommended adjustment values are set [11,12].

2. Experimental conditions and methods

The aim of this study was the analysis of the function defining surface
parameters in tangential turning. Cutting experiments were carried out to achieve
this goal. The tools used during the experiments was the following. A tangential

© |. Sztankovics, 2023
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tool with 45° inclination angle was used. The indexable turning tool is made by
HORN Cutting Tools Ltd. and consisted of two parts S117.0032.00 insert and
H117.2530.4132 holder. The working part of the tool was an uncoated carbide
insert (MG12 grade). In the experiments, a cylindrical workpiece is machined,
which outer diameter was 70 mm. 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 was prepared before the
experiments by turning with a standard CNMG 12 04 12-PM 4314 cutting insert
made by SANDVIK Coromant, which was put into a PCLNR 25 25 M12 tool
holder. An EMAG VSC 400 DS hard machining centre was applied for the study.

| aimed to analyse the alteration effect of the setup parameters of tangential
turning, therefore the cutting speed (v¢), the feed per workpiece revolutions (f) and
the depth of cut (a) were changed during the experiments. 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.
This limit values resulted in 8 different setups, which can be seen in Table 1.

Table 1 — Experimental setups

Setup 1 2 3 4 5 6 7 8
Ve 100 200 100 200 100 200 100 200
[m/min]
[mfm] 0.3 0.3 0.6 0.6 0.3 0.3 0.6 0.6
[mam] 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2

The necessary measurements were carried out after the experiments with an
AltiSurf 520 three-dimensional topography measuring instrument using a confocal
chromatic probe. The measurement variables were chosen according to ISO
4288:1996 standard. In this paper, the 2D roughness parameters describing the
functional properties of the surfaces were evaluated.

The analysed parameters were (1SO 13565-2:1996 and 1SO 4287:1997):

* Ry — Core Roughness, is a measure of the core (peak to valley) roughness
of the surface [um]

* Rp— Reduced Peak Height, is a measure of the peak height above the core
roughness [um]

* Rw — Reduced Valley Depths, is found from a measure of the valley
depths below the core roughness [um]
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* Ry — Skewness of the assessed profile [-]
*  Rw — Kurtosis of the assessed profile [-]

3. Experimental results

The experiments were carried out with the planned setups. Figure 1 shows an
example of the measured roughness profile and the assessment of the R parameters
in case of Setup 8. The Bearing Area Curve based on the 1SO 13565-2:1996
standard, and the core roughness, reduced peak height and valley depths are
calculated for each measurement. The skewness and kurtosis parameters are
calculated from the profiles according to ISO 4287:1997. Each machined
workpiece was measured three times and the average values of the registered
values were calculated. These results are shown in Table 2.

Table 2 — Measurement results

Setup 1 2 3 4 5 6 7 8

R 7.00 4.48 4.07 9.75 1.09 0.91 1.29 1.26
[pm]

Ry 1.33 0.98 0.89 1.83 0.60 0.36 0.69 0.55
[pm]

Ruc 3.75 2.16 1.58 2.63 1.12 0.40 0.36 0.35
[pum]

?_S]k -0.45 -0.50 -0.38 -0.18 -0.23 -0.99 0.49 0.26
F[{_k]“ 2.98 2.66 2.90 2.40 2.33 5.82 2.81 2.90

140um

R )
1.2918um e

-5 Rvk
{\_A}L‘Ipm

T = MARARS Wb\t it aisia s |
05 1 15 2 25 3 35mm C 0 40 60 a0 100%

Figure 1 — Example of the measured 2D profile and the evaluation of the Rk parameters

4. Discussion

The three R parameters were analysed based on the graphs shown in Figure 2.
Here the green points represent the 200 m/min cutting speeds while the red points
show the values measured after the machining with 200 m/min. The four directions
represent four different parameter combination. The feed increases in the bottom
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left direction while the depth of cut increases in the bottom right direction. Based
on these graphs, a complex analysis can be done on these parameters.

Increasing the cutting speed results in lower values of these three parameters.
This conclusion shows, that in the viewpoint of the Rx parameters, the material
removal is better in 200 m/min cutting speed. This is caused by the increased rate
of plastic strain, which results a more favourable plastic deformation.

As the analysis of the other two setup parameters, it can be seen, that the
increase of the depth of cut results in lower values of the studied roughness
parameters. Higher depth of cut means higher chip width, which also improves the
material removal in the chip root. The increase of the feed resulted in a more
different effect. The reduced valley depth decreases while the core roughness and
the reduced peak height increases, if we increase the feed from 0.3 mm to 0.6 mm.

©-100 m/min @100 m/min
a, f #4200 m/min a, fi &200 m/min

<

feed per rev. depth of cut
a, f| a, f]

Rvk

Arcasing

feed per rev.

increasing
depth of cut

©-100 m/min
a, f, 200 m/min

£y f
increask Arcasing
depth of cut feed per rev.

a, f|

Figure 2 — Alteration of the Rs, Rw, Rk parameters
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Figure 3 — Alteration of the skewness and kurtosis of the roughness profile
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Figure 4 — Topological map of the studied setups

The skewness and the kurtosis of the roughness profiles are shown in Figure 3.

Machining with lower cutting speed resulted in a lower value of the skewness,
which means a flatter surface with some small valleys. As the cutting speed
increased, this attribute of the surface is reversed. Increasing the feed per rev.
decreases the flatness of the surface, while increasing the depth of cut had almost
no effect. These mean that to achieve a machined surface with a better bearing
capability, the cutting speed must be decreased while the feed should be increased
in tangential turning. The reason for this phenomenon is the higher than usual
contact length of the cutting tool, which helps to achieve a smoother surface. The
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kurtosis of the roughness is in the region of 2.3 — 3.0 in 7 cases and showed no
clear correlation with the setup parameters in the studied region. This represents
that the tangentially turned surfaces has a higher periodicity, and the peaks and
valleys on the surface are wider, which means better functional attributes and
longer life-time of the machined parts.

The topological map (R«—Rk graph) is presented in Figure 4 based on the
measured results. In the viewpoint of the functionality of the machined surface, the
lower left quadrant of the map is preferred to be achieved, because these surfaces
show the better bearing capability and life-time. The lower cutting speed has a
clear advantage over the higher cutting speed because all the results with 100
m/min cutting speed remained in the desired quadrant. Increasing the feed and
depth of cut resulted in worse skewness or kurtosis, which should be avoided.

5. Conclusions

Cutting experiments were carried out to study the functional attributes of
tangentially turned outer cylindrical surfaces. In this work the cutting speed, the
feed and depth of cut were adjusted to analyse the alteration effect of these
parameters. After the cutting experiments the core roughness, the reduced peak
height, the reduced valley depth, the skewness, and the kurtosis of the roughness
profiles were measured. In the evaluation of the resulted data the following
conclusions were drawn:

e Higher cutting speed is favourable to achieve better R parameters.

e The skewness of the profile is better on lower cutting speed.

e The kurtosis showed no clear correlation with the studied
technological parameters.

e Surfaces with good functional attributes can be achieved with
tangential turning.
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IrrBan CrankoBUY, MilIKoJIbI], YTOpIIHHA

AHAJII3 BUBPAHUX ®YHKIINHO-BU3HAYAJBHUX 2D
ITAPAMETPIB IIOPCTOCTI HOBEPXHI ITPU TAHI'EHINIAJIBHOMY
TOYIHHI

AnoTtanis. Ceped iHwux, 4acmo aualiz08aHUX napamempie monoepagii nosepxwi, napamempu, wo
BU3HAUAIOMb (DYHKYIL, NOGUHHI OYMU NPOAHANI306aHI 8 PIZHUX npoyedypax o6pobKu, wob okpeciumu
Moxcaugocmi ix 3acmocysanta. Lle maxi 3HaueHHs AK: OCHO8HA WOPCMKICMb, 3MEHWEHAa 8UComa niky,
3MEHUeHa 2MUOUHA 3ana0UHU, acummempis i excyec npoinie wopcmrkocmi. TaneenyianbHe MoyinHs €
bazamoobiysrouoio npoyedyporo 06podKU, 3a O0NOMO20I SAKOI MONCYMb SUPOOIAMUCA NOBEPXHI
aHanoziuni wiighosanum 3 0OE3CKPYUYSANbHUMU GLACMUBOCHIAMY 34 OONOMO20I0 [HCMPYMEHMIE i3
nesruMu piscyuumu Kpatikamu. Jlocsaicha npooyKkmugHicme makodic 0yvice sucoka. Tomy 6 yiit cmammi
yi napamempu wopcmkocmi 6yau npoananizosani Ha ocrnosi 2D npoghinie wopcmrocmi, UMIpAHUX Ha
NOBEPXHAX, 0OPOOICHUX MAHLCHYIATLHUM MOYIHHAM. Y po6omi 00CHIONCEHO BYHKYIL, WO SUHAUAIOMb
napamempu npoQiI0 WOPCMKOCmi NPU MAHSEHYIANLHOMY MOYIHHI WSAXOM 3MIHU WEUOKOCTI Pi3aHHS,
nodaui ma enubunu pizanna. bByno eumipaHo ma npoananizoeaHo WOPCmMKiCMb cepyesutu, 3MeHueHy
sucomy niky, sMeHuiery enubuHy 3anaouHu, nepekoc i excyec npoginie wopcmxocmi. Excnepumenmu 3
DI3AHHAM NPOBOOUNUCA OISl 6UGHEHHA (DYHKYIOHATLHUX 6IACTNUEOCTMEN MAH2EHYIANbHO 0OMOoYeHux
306HIWHIX YuninOpuynux nosepxomns. ILlleudxicme pizannsa, nodava ma enubuma pizanus 6yau
cKopueoeami 015l ananizy egexmy sminu yux napamempie. Ilicis excnepumenmis 3 pisanusm 6yuu
BUMIDAHI WOPCMKICNb CEPYEBUHU, 3MEHWEHA BUCOMA NIKY, 3MeHueHa nubuna 3anadut, nepekoc i
excyec npoginie wopcmxocmi. B pesynomami oyinku ompumanux oanux 6yno 3pooneno Hacmynmi
BUCHOGKU. UYA WEUOKICTb PI3anHs CHPUAMAUBA Ol 00CACHEHHS Kpawjux napamempis Ry, acumempis
npoginio kpawa npu MeHwiiil  WeUOKOCMI PpIi3anHHA, eKcyec He NoKazae uimkoi Kopenayii 3
00CTIONHCYBANUMU  TEXHONOSTUHUMU — NAPAMEMPami, NOGEPXHI 3  XOPOWUMU — (PYHKYIOHATLHUMU
XapaxkmepucmuKkamu Mo’CHA OMPUMami 3a 00NOMO2010 MAH2EHYIANbHO20 MOYIHHL.

Kuroqosi cioBa: ¢yynkyionansui napamempu; excyec; nepekoc; maHeeHyiantbHuil nogopom.
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INVESTIGATION OF FACE MILLED SURFACE TOPOGRAPHY
ON C45 WORKPIECE ASSUMING MOVEMENT AT 30° AND 60°
TO FEED DIRECTION

Abstract. When surfaces with anisotropic texture are moved in different directions related to their
assembled counterpart during operation, the friction conditions change, as they are determined by the
lay of the topographies. In the article, contributing to the exploration of this characteristic, we analyze
the inhomogeneity of the topography on a face milled plane surface with a symmetrical setting in
sections at an angle of 30° or 60° to the feed direction. Roughness profiles are recorded at 13 points
located equidistantly from each other in each measurement plane, and the degree and distribution of
the roughness deviations are determined on the surface.

Keywords: face milling; surface roughness; distribution of roughness; direction-dependent
characterization of topography.

1. Introduction

The aim of machining is to product parts of the required shape, dimensions,
condition, etc., while achieving their prescribed accuracy. These are important factors,
so that machines can fulfill their specified functions during the planned lifetime.
Such expectations can be fatigue life [1], wear [2] and corrosion resistance,
lubrication [3] and sealing ability, etc. [4]. To guarantee these, the specifications on
the part drawings (tolerances, surface quality, condition) must be followed during
production. One of the most common methods of production is cutting. During the
process, the tool penetrates the material of the workpiece and creates a new machined
surface while removing chips [5]. The surface is formed by impressions left on it by
the edge(s) of the tool, which can be characterized as periodic or random.

A periodic topography is typically created with machining methods using a tool
having defined edge(s), which form regularly repeated grooves. This has been
investigated in different processes, mainly characterized by the values of profile
roughness parameters. When examining the effect of tool coating and cutting data
(cutting speed v, feed f, depth of cut ap) on roughness and tool wear in the hard
turning of corrosion-resistant steel, it was found that the maximum profile height R,
was significantly reduced, the friction and flank and crater wear rates were notably
decreased, and the service life was increased with PVD coating [6]. The roughness
value further decreased for increasing v and decreasing f and a,. When turning hard-
to-cut austempered ductile iron, the reduction of average roughness Ra value was
achieved by increasing values of v¢ and ap in the studied ranges [7]. In rotational
turning, the theoretical roughness profile in the reference plane was determined, and

© A. Nagy, J. Kundrak, 2023
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it was stated that half to one-sixth of values of R, and R, can be achieved with this
process compared to roughness values measured on a surface peripheral turned with
a traditional CNMG insert [8]. In drilling of a titanium alloy the value of R, was also
significantly affected by v, f and the helix angle [9]. There was a large increase in
roughness due to the high rotation speed, thus the appearance of diffusion wear, as
well as thermal softening and the increase in forming resistance. On burnished
cylindrical surfaces, up to a third of R, Rq and R, values were measured compared to
the previous, turned topography if set to the appropriate values of burnishing force,
feed and number of passes [10].

In addition to traditional profile roughness analysis, the 3D topographic
parameters are increasingly used during the examination of surfaces machined with a
defined edge tool due to their higher accuracy [11]. The topography of a hard turned
hole in a hardened steel gear is anisotropic (the level of isotropy was below 5%), and
by increasing the feed from 0.2 mm/rev to 0.3 mm/rev the wear resistance (based on
values of Sy, Sy, Vimp parameters) and the lubricant retention capacity (determined by
Ssk and Svi indices) of the surface deteriorated [12]. In the comparative study of this
process and grinding, where the relationships between the cutting parameters, the
tribological characteristics of the surfaces, and the topographical parameters were
analyzed, a significant correlation was found between S, and Vi, indicating the wear
resistance, between S, and Vyy indicating the ability to keep the lubricant [3], and
between Vip, Vi and Sg parameters [13] that characterize both functions. In the case
of burnishing after turning, it was further found that better wear resistance of the
surfaces can be achieved based on the values of Sg and Sk, parameters [14].
Topographies created by the methods discussed so far have the same feature that
their roughness can be properly specified when measured in the feed direction
(perpendicular to the cutting marks), and in this case the theoretical roughness profile
is the same at any location on the surface.

The topography created with a rotating tool — milling — is one of the most
commonly used process in industry, due to the productivity of its multi-point tool.
Thus, face milling (where the tool axis is perpendicular to the machined plane
surface) is also a frequently investigated research topic. The conditions that create a
favorable topography of machined surfaces are often analyzed. Compared to
machining methods discussed above, processes working with a rotated tool are
characterized by the fact that the texture is more complicated, with the profile height
of the topography changing in different parts of the surface. This can also be
observed on the theoretical topography, which is determined only by the kinematic
conditions, the tool edge geometry and the feed in the reference plane [15]. The
nature of the texture is further complicated by the fact that the tool edges can scratch
the already cut surface when turning back during their rotating movement. As a result
of all this, there are large differences between profiles measured in several parallel

117



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 98

planes in the feed direction and measured in different directions (Figure 1) [16]. This
variability is supported by research results so far.
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Figure 1 — Change in surface roughness with measurement direction
in face milling [15]

During the examination of a developed face milled topography model, its
great variability was pointed out, with profiles taken in different directions and
locations [17]. An investigation of the depth of cut effect on roughness measured 5
surface elements on the finished face milled topography, one in the symmetry
plane and the others in places mirrored to it [18]. The roughness of the surface
parts were compared for the up-milled and down-milled part and the symmetry
plane determined by the tool and workpiece movement conditions. Other
researchers also considered the kinematic conditions, i.e. the different
topographical parts formed by the path of the tool edge on the milled surface, for
the analysis of which measurements were made at 5x5 locations [19]. It was found
that the maximum roughness values can be measured in the plane of symmetry,
and the values decrease in other parallel planes further away from it. The heights of
the roughness profile curves in each plane changed accordingly. Furthermore,
while on the theoretical topography the amplitude parameter values are the same
on both sides of the symmetry plane at the same distance from it, on the real
surface, larger values were observed on the side where the tool edge enters the
workpiece. Theoretical and real roughness of surfaces face milled with increasing
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feed was investigated in three parallel measurement planes (in the symmetry plane
and on both sides at equal distances from it) [20]. It was found that, the model
showed good agreement with the real results; furthermore, the researchers pointed
out the differences in roughness values in different parts of the topography, which
are significant at larger feeds.

In summary, we conclude that the degree and characteristics of change in
roughness on face milled surface have not been comprehensively analyzed,
although they can significantly influence the functional properties of fitted surfaces.
Therefore, the aim of the research described in the article is to contribute to the
exploration of face milled topography characteristics; in this case specifying the
degree and nature of the roughness deviations measured in different directions than
the feed vector. For this, we assume that the milled surface of a part moves in
relation to a connecting surface during operation, in the given direction(s)
according to its function, where the characteristics of the surface texture in this
direction are decisive. The presented study is a continuation of our previous
analysis [21], where profiles measured in parallel and perpendicular directions to
the feed were performed at different locations on the surface.

2. Experimental conditions

For the investigation we carried out an experiment. Conditions are
summarized in Table 1.

Table 1 — Experimental conditions

Machining
Machine tool Perfectlet MCV-MB8 vertical milling center
Workpiece material normalized C45 unalloyed steel
Machined surface geometry 58 mm width, 50 mm length
Cutting tool ATORN 10612120 (Dt = 80 mm, x=43°)
Cutting insert one ATORN OCKX 0606-AD-TR, HC4640
(70=25°; 06=7°; r:=0.5 mm)
Cooling-lubrication No
Cutting strategy Symmetrical tool-workpiece setting,
only front-cutting traces on the surface
Cutting data V=300 m/min, f,=0.4 mm/rev/tooth, ap=0.4 mm
Roughness measurement
Measuring equipment AltiSurf 520 3D topography measuring instrument
Measuring sensor CL2 confocal chromatic probe
Evaluation length 4 mm
Section (cut-off) length 0.8 mm
Evaluation software AltiMap Premium
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First, we milled the plane surface in its full width, where the tool axis moved
in its symmetry plane. The edge only formed front-cutting marks on the surface by
setting the tool axis perpendicular to the surface during machining, and the
workpiece was feed moved from the edge of the tool to the center.

This was followed by the roughness measurement. During this, two planar
sections with a common center, rotated by 30° and 60° from the feed direction,
were defined on the surface (a and B), on which 7 profiles each were measured
equidistantly (Figure 2). The middle points of the profiles recorded in the
measurement planes are shown with dots and their coordinates are given in Figure
2. Their base (the origin of the coordinate system) is point a4 = 4. The parameter
values set during the measurement and evaluation were given according to the
requirements of the 1SO 21920:2021 standard.

N Profile|  Section a Section f
\\"‘5‘59 point | [mm] Y | X [mm] Y
AN 1 | 225 13 | -13 -225
8 2 | 15 -867|-867 -15
2 L 3 | -75 -433|-433 15
X 4]0 0o 0 0
\ aymmety 5 | 75 433|433 75
6 | 15 867 | 867 15
e 7 | 225 13 | 13 225

Figure 2 — Measurement points and planes on the milled surface

3. Results and Discussion

The arithmetic mean roughness Ra and maximum profile height R, values
measured at the examined points are summarized in Table 2, which are the
arithmetic averages of the results of three measurements. Furthermore, the
roughness and waviness profile curves measured at points 1, 3, 5 and 7 of the two
sections are shown in Figure 3.

Based on the results presented in Table 2 and Figure 3, we analyze the
roughness measured in different parts of the topography and its inhomogeneity
along the measurement directions. For this we assume that the milled surface
moves in certain directions relative to its counterpart during operation. In this case,
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a greater part or the whole of the surface determines the friction characteristic.
Because of this, we measured and analyzed the roughness at several points of the
topography in the measurement directions, then we specify the arithmetic mean
(Rx)in Table 2 and the degree of deviation (4Rx) in Table 3 for each direction and
parameter according to the formulas below, where x = a, z means the parameter,
and i is the number of the measurement point. The latter is expressed by the extent
and its percentage compared to the average.

— Xz Ry
R, = 7
ARx = Rx,i - fo [U-m]
_ RJC,l - 7x 0
AR, = o [%]

The changes in values of the two examined roughness parameters are almost
identical (Figure 4), which means that the measured profiles and the repetition of
milling marks is also regular; the ratio of average peak-to-valley height of the
profiles and the size of areas below and above the center line are almost the same.

Table 2 — Roughness values in measurement planes

Profilepoint: | 1 | 2 | 3 | 4 |5 |6 | 7]|R
: Ra[um] |1.32|1.37(140(140|1.38|1.33|1.27|1.35
=]
g
@» | Rz[um] |6.31|6.67|6.85|6.99|6.97 |6.79 | 6.86]6.78
@:- Ra[pum] |1.21|1.27|1.30|1.26 |0.98 | 0.54 | 0.79]1.05
=]
g
& | Rz[um] [6.03]6.32|7.02|6.86 | 6.7 | 4.28 | 6.38 | 6.24

Based on the data in Table 3, the degree of roughness deviations in plane a is
AR, = 0.14 pm (10.2%) and AR, = 0.68 um (10%), while in plane p it is AR, = 0.76
um (72.2%) and AR; = 2.74 um (43.9%). In previous studies, the change in values of
the same roughness parameters was minimal (4%) in the symmetry plane (in the feed
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direction) [22] and was enormous (up to 154%) in the perpendicular direction [23]. It
follows that when the angle of the measurement plane (and direction) from the feed
vector is increased to 90°, the extent of the differences increases. The degree of
deviation shows that the inhomogeneity is still small in the measurement direction at
an angle of 30° to the feed, where similar R, and R; values can be measured along the
studied length. However, at the larger angle of 60° it has become significant.
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Figure 3 — Roughness and waviness profile curves at several measurement points

Table 3 — Deviations in roughness values in measurement planes

Profile point: 1 2 3 4 5 6 7 AR

ARa [um] | -0.037 | 0.019|0.050 | 0.051 | 0.031|-0.027 | -0.088]0.138 | 10.2%

Section a

AR; [pm] | -0.464 | -0.110 | 0.074 | 0.214 | 0.195| 0.012 | 0.079]0.678 | 10.0%

ARa [um] | 0.157 | 0.224|0.247 | 0.209 | -0.067 | -0.510 | -0.261 | 0.757 | 72.2%

Section

AR [um] | -0.203 | 0.079|0.781|0.621| 0.534 | -1.958 | 0.146]2.739 | 43.9%

In plane o, maximum values are found at point 4 (in the vicinity of the
symmetry plane), and from this location they decrease in two directions with
distance. This feature is in agreement with our previous statement that the
roughness values are basically determined by the distance and position of the
measurement location from the symmetry plane [23], and also with the observation
described by Varga and Kundrak [19]; by moving away from the symmetry plane
in two directions, the values of amplitude parameters decrease, if profiles are
measured in the feed direction.

Values of points 1-4 show the same character in both planes. However, in
plane B significant changes can be observed in other parts (Figure 4). Minimum
values measured at point 6 are lower by 49% for R, and by 31% for R; than the
arithmetic averages given in this section. This is due to the characteristics of the
milled topography created by the looped cycloid tool edge path. The milling marks
are repeated at the same distance on a profile measured in the feed direction; at any
position on the topography, however, the angle between a measurement plane
taken in a different direction from the feed and successive cutting marks (see
illustration of these in Figure 2) varies, and therefore the width of milling marks
measured in the plane also changes. In plane B, the distance between adjacent
milling marks increases from point 1 to 6, and at point 6 the measurement plane is
almost tangential to the milling edge traces (for this reason, a much smaller profile
height can be measured at the set evaluation length), then the width decreases to
point 7. The same can be observed in plane a, but in this measurement direction
and studied width, its value-changing effect is minimal. By further rotating the
measurement plane, e.g. in a direction perpendicular to the feed, we also
experienced a deviation of 154% for R, and 124% for R, compared to the average
of values measured on the surface [23]. Based on the nature of changes in values, it
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can be concluded that, while in the case of measurements parallel [24] or
perpendicular [23] to the feed, the roughness changes in the same way when
moving away from the symmetry plane in two directions, when measured in a
direction and plane different from the feed, the change in values is not symmetrical
to the middle.

1.5 8
T, T 6
= =
& 2 4
0.5
a 2 o
. p . p
1 2 3 4 5 6 17 1 2 3 4 5 6 7
Measurement point Measurement point

Figure 4 — Roughness values as a function of measurement direction and location

Roughness profile curves are basically determined by the impression of the
tool edge on the surface depending on the edge geometry and the feed value. In
order to evaluate this, to filter out waviness (e.g. tool, workpiece vibration traces)
from the primary profile, it is necessary to choose the appropriate cut-off length
value. According to ISO 21920, in case of periodic profiles its value should be
taken according to the mean width of the profile elements (milling marks).
However, applying the cut-off value for all measurements that is standard for the
topography, due to the change in the width of profile elements, the waviness curve
will be likely-periodic, its amplitude will increase, and in exchange the roughness
peak-to-valley height will decrease on successive profiles along the measurement
planes. This means an incorrect filtering method, where evaluated profile heights
are displayed that are not accurate. Therefore, it would be useful to clarify the
method for the choice of appropriate cut-off length value, taking into account such
a case (e.g. in the direction-dependent analysis of face milled topography). This
requires further investigations.

5. Conclusions

In this article we investigated the roughness and inhomogeneity of a surface
topography face milled with a symmetrical setting in planar sections with an
angle of 30° and 60° to the feed direction, assuming that the fitted surface can
move relatively in these directions, where the texture is decisive in the friction
conditions. During this, we recorded 7 equally spaced profiles in each
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measurement direction, covering as much length as possible on the surface, in
order to analyze the differences in roughness. Our findings are summarized
below.

e Minimal deviations were observed in the measurement direction at an angle
of 30° from the feed vector, and significant differences in the plane at an angle of 60°.
Along with our previous observations, it can be predicted that when the angle of the
measurement plane (and direction) from the feed direction is increased to 90°, the
degree of deviation will increase.

e The results show that the movement of the fitted surface during
operation in a direction different from the feed by 30° may not change the friction
conditions remarkably; however, the increase of the angle to 60° may cause
significant changes.

¢ In plane a, the nature of the change in values was mainly determined by
the distance of measurement position from the symmetry plane, where the values of
amplitude parameters decreased slightly with distance from it.

¢ In the direction with a larger angle, the size of the angle between the
measurement plane and the direction of milling marks had a dominant effect on
the high degree of inhomogeneity. The profile height was minimal in a position
where the measuring plane was almost tangential to the cutting trace.

e In measurement directions other than the direction of feed, the width of
milling marks always changes. As a result, when the same cut-off length value
was set, the waviness curve became likely-periodic along the measurement
directions and the evaluated profile curves were characterized by heights different
from the real ones. In order to choose the appropriate evaluation conditions,
further tests are required to refine the method.
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Awnran Hanp, Slnom Kynapak, Mimkosbl, YropiinHa

JTOCJIUKEHHS PEJIL®EPY TOPLIEBOI'O ®PE3EPYBAHHS HA
3ATOTIBII C45 TP NEPEMIIIEHHI HA 30° TA 60° B HAIIPSIMKY
MOJAUI

AHoTanis. V yitt cmammi agmopu 00caiodncy8anu wopcmKicnms i HeOOHOPIOHICHb Penbedhy nOGepxHI,
8i0hpe3eposanoi 3 cumempuuHoIO YCmanosKoio 6 NIOCKUx nepepizax nio kymom 30° i 60° 0o nanpsamxy
nooaui, npunyckalouu, wjo nidieHana NOGepXHs MOJice PyXamucs GiOHOCHO 8 YUX HAnpsaMKax, oe
mekcmypa € upiuianbhoro 6 ymoeax mepms. 11io wac yvoeo asmopu 3anucanu 7 piernosiodaneHux
npopinie y KONHCHOMY HANPAMKY GUMIPIOBAHHS, OXONIIOIOYU AKOMO2a OLIbULY 008ICUHY NOGEPXHI, oD
npoauanisyeamu piznuyro 6 wopcmrocmi. MinimaneHi 8iOXuNeHHA Ccnocmepieanucs daemopamu 6
HanpsmKy eumiprosanns nio kymom 30° 6i0 eexmopa nodaui, a 3HauHi po30idcHOCMI 8 NAOWUHI Ni0
kymom 60°. Tlopso 3 nonepeouimu cnocmepexlceHHsAMU, MOICHA nepeobayumu, wo Koau Kynm niouuHu
BUMIpIO8anHs (I HanpsamKy) 6i0 Hanpsamky nooaui 30inbuyemvcs 0o 90°, cmyninb  iOXuneHHA
30inbwumocs. Pe3ynomamu nokasyloms, wo nepemiwjenns nioicnanoi nogepxmi nio uyac pobomu 6
HanpsmKy, wo eiopisuscmuvcs 6i0 nooaui Ha 30°, mMooice He 3HAUHO 3MIHUMU YMOGU MeEPNis, O0OHAK
30inbuennss kyma 0o 60° moowce UKIUKAMU 3HAYHI 3MIHU. Y NAOWUHI 0. Xapakmep 3MiHu 3HAYeHb
BUBHAYABCS 6 OCHOGHOMY GIOOANEHICMIO MICYsi GUMIPIOBAHHS GI0 NIOWUHU CUMEempii, de 3HaYeHHs
AMIAIMYOHUX NAPAMEmpPIe Oewjo 3MEHULYBATUCS 3 BIO0ANCHHAM 610 Hel. Y nanpsmky 3 6inbwum Kymom
6eIUYUHA KYMA MidC NIOWUHOIO GUMIPIOBAHHA MA HANPAMKOM Cli0y 6i0 @pesepysanns mana
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OOMIHYIOUUIl 6NIUE HA GUCOKUL CMYNiHb HeoOHopionocmi. Bucoma npoghinio Oyna minimanvholo 6
NON0JICEHHI, O0e NIOWUHA BUMIPIOSAHHA Oyaa Matidice OOMUYHOW 00 CHi0y pi3aHHA. Y uanpsamkax
BUMIPIOBAHHS, GIOMIHHUX IO HANPAMKY NOOAYl, WUPUHA CIOI8 (hpe3epyB8ants 3a62cou 3MIHIOEMbCS. Y
pesyrvmani, Koau 6Y10 6CMAHOGIEHO Me CaMe 3HAYEHHSI SPDAHUYHOL 00BICUHU, KPUBA XGUISCOCHI
cmana UMOBIPHO NepioOUYHOI0 63008C HANPAMKIE GUMIDIOBAHHS, A OYIHIOBAHI NPOQINbHI Kpusi
Xapakmepuzysamucy UCOMam, SIOMIHHUMU 6i0 peanvrux. s mozo, wob eubpamu 6i0n0GIOHI yMosuU
OYiHKU, HeOOXIOHI 000AMKO08I 00CHIOJiCeHHS OISl B00CKOHANIEHHS MEMOOY.

KuarouoBi cioBa: mopyese ¢pesepysanns; wopcmiicnmes nogepxui; po3nooin WopCmKoCcmi; 3a1edcHa
810 HANPAMKY Xapakmepucmuka monozpagii.
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