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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.
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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.
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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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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 pum, 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
3@’A3KY Midc OKpyelicmio ma Npoananizoganumiu napamempamu  wiopcmxocmi. Ha  ochoi
eKcnepumMenmy 3 Mexauiunoi o0OpobKu (JcopcmKe MOYIHHA) mMA GUMIDIOBAHL OKpY2aoCcmi ma
wopcmrocmi (Sa, Sz, Sk Sky) 6Y10 NPOAHANIZ08aHO BNIUE NAPAMEMPIE PI3AHHS HA UMIDSHI napamempu
ma NopieHANO 36’A30K MidC OAHUMU WOpPCMKOCMi 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/06, nudicui, nise ompumani npu 0,2 Mm/06, wo niOMEEPOICYe 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 KpauHix 6ukudie 006pobreHoi nogepXHi. IcHylomb CunbHi 368 A3KU
(sucoxuii Koegiyicnm xopenayii) Mixc aHaniz308aHUMU 3HAYEHHAMU WOPCMKOCMI Ma OKPY2noCmi: 1 =
0,78-0,85. Obmedicenns Oocniodcenns noaseac 6 momy, wo o00poOKy npoeoounu nuwe 3a 8
KoMOIHayismu napamempis. Binow mouni pe3ynomamu moxicrHa ompumamu, 3acmocosgyiouu oinvute (3
abo 4) pignie Oanux pescumie pizansi.

Karouosi cioBa: oxpyericms; 3D penvegh nosepxni; scopcmre mouinns; npeyusiiuna oopoora
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