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TRIBOLOGY AND TOPOGRAPHY
OF HARD MACHINED SURFACES

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

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

There are numerous machining procedures (use of dingle-point-tool or
abrasive tool) for machining hard materials when high accuracy is required. The
different procedures can result different surface topographies on the part. The
working requirements of the parts can be different, thus the topography
characteristics after machining should be analyzed [12, 13].
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The lifetime of parts is significantly influenced by the irregularities of
working surfaces (micro and macro geometrical errors). Contacting surfaces
experience wear, but a suitable machining procedure and/or lubrication can
decrease the extent of the wear. The wear of a surface with good oil-retention
capability is slower. By analyzing the roughness parameters, conclusions about the
tribological characteristics of the surfaces can be drawn [14, 15]. The experiments
aimed to analyze the 2D and 3D roughness parameters by which the tribological
properties can be characterized.

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

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

Using a tribological topography map the tribological characteristics of
surfaces can be analyzed. The map includes the skewness and kurtosis values of
the machined surfaces and they are placed in a coordinate system. From the
tribological point of view a surface is ideal if the point of a surface characterized
by these two parameters is located by lower kurtosis (close to 0) and also lower
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(negative) skewness values. In Fig. 1 an example for a tribological topography map
is shown with points that belong to surfaces machined by the major procedures.

Topographies of gear bore surfaces machined by hard turning, grinding and
combined (turning and grinding in one clamping) experiments were compared
based on roughness parameters which characterize the wear and the oil-retention
capability. The differences of the 2D and 3D parameter values were also analyzed.
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Figure 1 — Tribological topography map [20]
2. EXPERIMETNAL SETUP
In the experiments bores of gears were machined by hard turning when three

different feeds were applied (T1, T2, T3), by infeed grinding (G1) and using a

combination of hard turning and grinding (G2). The technological data of hard
turning were:

o Feed (f): 0.1 mm/rev (T1), 0.2 mm/rev (T2), 0.3 mm/rev (T3)
e Depth of cut (ap): 0.2 mm
e Workpiece rpm (n): 615 1/min

In the hard turning pass of the G2 combined operation the feed was set to 0.2
mm/rev when the other parameters were left unchanged.
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Parameters of the infeed grinding:

o Feed (f): 0.01 mm/rev
Wheel width (d): 34 mm
Allowance (Z): 0.2 mm
Workpiece rpm (nw): 325 1/min
Tool rpm (ny): 20000 1/min

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

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

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

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

0.25
0.20
0.15

T1 T2 T3 Gl G2

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

B Rk ®Rpk " Rvk

Figure 3 — Core roughness depth (RK), reduced peak height (Rpk)
and reduced valley depth (Rvk)
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Sk | 1.3894 | 1.4031 | 32711 | 1.6234 | 1.9393
Spk| 0.2736 | 08694 | 2.0832 | 0.6383 | 09717
Svk| 0.2278 | 08157 | 0.4934 | 0.8846 | 0.6536
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Figure 4 — Core height (Sk), reduced peak height (Spk)
and reduced valley depth (Svk)

The peak and valley material portions are summarized in Figs. 4 and 5. MR1
and MR2 are the 2D, Srl and Sr2 are the 3D parameters that are required to
calculate the areas and volumes of the peak and valley zones. It is shown in the
figures that there is only a minimal difference between the analyzed versions:
version T3 shows a slight outlying in the Srl and Sr2 values. The differences
between the 2D values are negligible (e.g. there is only 1.2% difference between
the maximum and minimum MR1 values).
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MR1| 9.0332 | 8.3372 | 8.8164 | 8.1586 | 7.8682
MR2| 87.2010 | 86.2872 | 86.4789 | 85.5753 | 85.5016

EMR1 ®mMR2

Figure 5 — Peak material portion (MR1) and valley
material portion (MR2) 2D roughness parameter values
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Figure 6 — Peak material portion (MR1) and valley

material portion (MR2) 3D roughness parameter values
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Figure 7 — Area of peak (A1) and valley zone (A2)
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Sal| 12790 | 34217 | 170661 | 31245 | 65225
Sa2| 6836 | 46001 | 7848 | 49363 | 21160

B Sal mSa2
Figure 8 — Volume of peak (Sal) and valley zone (Sa2)

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

Procedure

version Rsk Rku

T1 0.162 2.108

T2 0.006 3.773

T3 0.770 2.887

Gl -0.047 3.582

G2 -0.014 3.344
-
-1 -0.5
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Figure 9 — Tribological topography map for the 2D parameters (skewness, kurtosis)
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Figure 10 — Tribological topography map for the 3D parameters (skewness, kurtosis)

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

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

o Reduced valley depth, Svk (oil-retention capability), favored: high
G1,T2,G2,T3,T1

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

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

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

TPUBOJIOI'TA I TOIIOI'PA®DIS
KOPCTKO OBPOBJIEHUX ITOBEPXOHb

AHoTaniss. B asemomobinvbuiti npomucinosocmi egexmuena 006pobKa meepoux (3a2apmoeaHux)
NOGEPXOHb MAE 6eUKE 3HAYEHHS, MOMY 8 YbOMY OOCAIONCEHHI NOPIGHI0BANUCA MAK] Memoou obpooKu,
sK Jicopemke mouinHs i wiighyeanns. Lfi npoyedypu abo eepcii npoyedyp GiOpisHAIOMbCS 00UH 6I0
00H020 He MINbKU Pe3yIbMmyIouol0 Monopapicio noeepxti, aie i IHUUMU 8AXHCIUSUMU PAKMOPAMU,
MaxKumu 5K eKOHOMIYHI npobiemu, nog'sizani 3 npoyedypamu oOpoOKu abo 6nau 0X0N00NCeHHs |
macmuna. Pizui npoyedypu mooicyms npuszeecmu 00 pizHoi monocpagii nosepxui oemani. Po6oui
uMozu 00 Oemanell MOJCYMb Oymu pISHUMU, MOMY HeOOXIOHO aHanizyeamu monozpagpiumi
Xapakmepucmuku nicis oopooxu. Ananizyiouu napamempu wiopCmKOCHi, MOJICHA 3pOOUMU GUCHOBKU
npo mMpuboIOSIUHI XAPaKmepucmuku noeepxotus. Excnepumenmu Oynu cnpsimosari Ha ananiz 2D i 3D
napamempié  WOPCMKOCHI, 3a O0ONOMO20I0 AKUX MOJICHA — OXAPAKMEPU3y8amu  mpubono2iyni
eracmusocmi. Buxopucmogytouu kapmy mpubonociunoi monozpagyii, MoiCHA NPOAHANIZYEAMU
mpubonoziuni xapakmepucmuku nosepxonv. Kapma exnouae 6 cebe snauenns acumempii ma excyecy
00pobIeHUX No8epxXoHb, | BOHU NOMiUjeHi 8 cucmemy KoopouHam. 3 mpubonociuHoi MouKu 30py
nogepxius ideanvbid, AKWO MOYKA NOGEPXHI, WO XAPAKMEPUIYEMbCA YUMU 080MA NAPAMEMPAMU,
posmawiosana 3 meHuum excyecom (bausvkum 0o 0), a maxodc menuumu (He2amueHuMu) 3HA4EeHHAMU
nepexocy. Tonoepagii nosepxonv omeopie 3y6uacmux KOIC, 0OPOOGIEHUX HCOPCMKUM MOYIHHSM,
wnighysannam i KOMOIHOGAHUM (MOYINMA [ WNIQDY6AHHS 3a OOUH 3AMUCK) EKCNePUMEHMANbHO
NOPIGHIOBANUCA HA OCHOGI NAPAMEmpié WOPCMKOCHI, AKI XApaKmepusylombv 3HOC I 30amuicmy
ympumyeamu macmuio. Takodxc 6yau npoananizoeani giominnocmi 3Hauens 2D i 3D napamempis. J{ns
napamempie, w0 Xapakmepusylomvcs pisHUMU MPUOOIOSIYHUMU 6IACIUBOCTNAMU, 3HALOEH] DI3HI
nopaoku. ons napamempie Spc i Sa1 NOpAOKU 3HOCOCMIUIKOCMI I0eHMUYHI, ane 3HAYeHHA acumempii ma
excyecy He gionosioaroms yum nopsokam. Ilpuuuna yvomy - pisui mamemamuyni nioxoou. Yepes ye
napamempu wopcmxocmi, AKi 6y0ymy 6UKOPUCHIOBYBAMUCS, NOBUHHI 6YMu pemenbHo 0bpaHi, wob ixmi
pesynomamu Oyau inmepnpemyeani 3 deakumu 3acmepedceHHamu. JJoCiodicents noKkasano, wo Migxic
sHauenusmu 2D i 3D napamempis, ompumaHux npu SUMIpIOSAHHI OOHIEL I MIET HC NOBEPXHI, MONCYMb
O6ymu 3HauHi 8BIOMIHHOCTI, [ Ye Modice npugecmu 00 Cynepeyusol inmepnpemayii pe3yibmamis.
KarouoBi cioBa: oicopcmke mouinms; @pisne winighyeamnms, mpueuUMIpHd WOPCMKICHb NOGEPXHI,
mpubonoeis.
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