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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.
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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



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

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.
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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).
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Figure 6 — Ssk and Sku parameters as a function
of the area size for ground surface
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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



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

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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HxaBax 3aran, Mapron bernke, Mintkomsi, YropmuHa

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.
Jlnsi ananisy pisnux posmipie obracmi 6yna 6i0ckanosana namuguya o6IAcCs, a NOMIM 3 Hei' GUTYYEeHO
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 0OpobKu (xcopcme MOUiHHA, wliQyeanHs ma nonipyeauus). /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. MinimanrvHa Odosocuna cmopin cmanosums 0,5 i 0,7 mm ons
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 BIOPIZHAIOMbCA 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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