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ANALYSIS OF THE SBI AND SVI FUNCTIONAL INDICES
IN HARD MACHINING

Abstract. The functional requirements of precision machined parts can be expressed among others by
topography parameters. In the automotive industry there is an increased need for the application of
high-accuracy quantifying parameters. In this study wear resistance and the fluid retention ability-
related 3D surface texture parameters are analyzed based on hard turning and grinding experiments.
The less frequently applied functional parameters (Shi and Svi) are compared to the high-accuracy
volume parameters (Vmp and Vwv) to obtain information about the reliability of the former ones. It was
found that the correlation between the two types of parameters are quite weak.
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1. INTRODUCTION

In several machining industrial application, the characterization of surface
texture plays an important role in obtaining information about the functional
properties and the functional operation performance of the components [1]. To
increase production efficiency and therefore reduce costs, reliable control
processes have to be applied. This can be reached by a high degree of precision and
by ensuring the repeatability of the measurements [2]. In precision machining the
need for this is increased due to the increased number of hardened components. In
machining hardened surfaces grinding has been the dominant procedure for
decades [3, 4]. Now, it can be substituted by e.g. hard turning, which is a more
productive procedure and among certain circumstances the texture of the surfaces
have the same quality as that of ground ones. Machining of hardened materials
requires superhard tool materials [5] in order to reach the expected surface quality
[6]. Hard turning results in a periodic surface topography, however, random
topography is required, grinding has to be applied [7].

In this study some function-related 3D surface texture parameters of hard
turned and ground surfaces are analyzed and compared for the two procedures. 3D
texture characterization is necessary because of the increased need for exact
analysis of the surfaces [8, 9] and they describe the state of the surface better that
the 2D parameters [10]. The analyzed parameters are the volume parameters, peak
material volume (Vmp) and valley void volume (Vvv) and the functional indices,
surface bearing index (Sbi) and valley fluid retention index (Svi). They provide
information about the surface peaks and through this the wear resistance and the
surface valleys, and through this about the fluid-retention ability.
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These tribology-related characteristics have a high importance in operation of
contacting surfaces.

The functional indices were compared to the volume parameters when the
latter were considered as basis due to their reliability.

The volume parameters Vmp and Vvv are exact 3D volume parameters and
they measure the peak material volume and the valley void volume precisely. A
lower Vmp value is more favorable from tribological point of view [11] and
indicates higher wear resistance. Concerning the valley parameter, a higher Vwv
indicates higher fluid-retention ability [12]. In the volume analysis the peak zone is
defined as the upper 10% and the valley zone as the lower 20% of the topography.

The so-called functional indices are less frequently applied. They also
characterize the wear resistance and fluid retention abilities of the surfaces [13].
The lower the surface bearing index, the higher its wear resistance, while the
higher the valley fluid retention index, the better the fluid retention ability [14, 15].
It can be stated that the analyzed volume and functional parameters provide
information about the same tribological properties. In the analysis the Sbi
characterizes the upper 5% and the Svi characterizes the lower 20% of the
topography.

2. METHODOLOGY
2.1 Experimental setup

In the experiments external cylindrical surfaces were machined by hard
turning and infeed grinding. The machined material was 16MnCr5 case hardened
steel used widely in the automotive industry. The hardness of the surfaces varied
between 62 and 63 HRC. The carburizing was carried out at 900 °C for 8 h. The
temperature of case hardening was 820 °C and its duration was 30 min. For the
cooling oil was used. The chemical composition and the mechanical and physical
properties are summarized in Tables 1 and 2.

The applied machine tools were a precision CNC lathe type Optiturn S600
and a universal cylindrical grinding machine type KE 250-04. In the hard turning
experiment, the cutting speed and the feed rate were varied on four levels, the
depth-of-cut was fixed. In the grinding experiment the infeed velocity and the
workpiece revolution-per-minute (rpm) were varied on three levels, the allowance
and the wheel rpm were fixed. In Table 3 the applied technological data and tool
cutting specifications are summarized. Concerning the varied cutting parameters,
full factorial designs of experiment were applied; all the varying parameter
combinations were analyzed. This resulted in 16 setups (4*4) and 9 setups (3*3) in
the cases of hard turning and grinding, respectively.
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Table 1 — Physical and mechanical properties of 16MnCr5 [16]

Tensile strength 1158 MPa Elongation 15%
Yield strength 1034 MPa Specific heat 500 J/kgK
Thermal conductivity 16 N/mK Melting temp. 1370-1400 °C

Table 2 — Chemical composition of 16MnCr5 (DIN EN 10184:2008)

C Si Mn Cr S P
0.14-0.19 <0.4 1.00-1.30 0.80-1.10 <0.035 <0.025

Table 3 — Cutting parameters cutting tools

Hard turning Grinding

depth-of-cut allowance

(ap, mm) 005 (2, mm) 01

feed rate Al . wheel rpm

(f, mmirev) 0.05; 0.1; 0.15; 0.2 (N, 1/min) 1400

cutting speed 60° 90" 120" 150 infeed velocity 0.007: 0.019: 0.03

(ve, m/min) T e (vir, mm/s) T
workpiece rpm . @

CBN insert: CNGA 120408TA4 (n, L/min) 31.5;63; 90

Tool holder: CLNR 2525M12 Ceramic bound alumina wheel: KA32M5KE

(diameter: 400 mm, width: 63 mm)

2.2 Texture measurement and the analyzed parameters

The textures of the surfaces were scanned and analyzed by a 3D roughness
tester equipment, type AltiSurf 520. An optical (chromatic confocal) sensor, type
CL2, was used. The resolutions of the sensor in the x- and y-directions were 2 um
and in the z-direction 0.012 um. The measurement range in z-direction was 0-300
pm. For the evaluation of the data 4c = 0.25 mm cut-off and Gauss filter were
applied according to the standard 1SO 4288-1996. For the analysis of the
parameters, the standards 1SO 25178 and EUR 15178N were used. The evaluation
area was 2 mm X 2 mm.

The analyzed functional parameters are defined based on the root mean
square roughness value Sq, which is defined by Eq 1.

| M-1N-1

- % PECEDIS M
k=0 I=0

where M and N are the number of points scanned in x and y directions, and z is the
height of a topography point.
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The surface bearing index is defined by Eq 2 and the valley fluid retention
index by Eq 3.

Sq
Shi=—— 2
20,05 @
1 V.(h
Svi % (Ro.oa) 3)

~Sq (M— 1)(N—1)5x8y’
where zo05 is the height from the top (highest peak point) of the surface to the line
designating the 5% bearing area; hogis the height from the bottom (lowest valley
point) of the surface to the line designating the 80% bearing area; Vy is the volume
representing the void volume [17].

These functional and volume parameters are derived from the Abbott-
Firestone curve. In Fig. 1 the z parameters and the topography zones and in Fig. 2
the definitions of the analyzed volume parameters are demonstrated.
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Figure 1 — Components of the Shi and Svi indices and the topography zones [18]
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Figure 2 — Definitions of the analyzed volume parameters
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3. RESULTS AND DISCUSSION

The peak material volume (Vmp) was compared to the surface bearing index
(Shi) for hard turning. It is demonstrated in Fig. 3 that the Vwv values show
increase with the feed rate when 60 and 150 m/min cutting speed is applied. Such
connection cannot be observed in the case of the Shi parameter. At the same time,
if only the lowest (0.05 mm/rev) and the highest (0.2 mm/rev) feed rates are
considered, both the Vmp and the Sbi parameters increase with the feed rate. The
two parameters theoretically are in connection with the same functional
characteristics, the wear resistance and this connection can be observed in the
analyzed setups, however the correlation is not obvious when all the setups are
considered.

fg' 150 f [mm/rev]: %'150

= 02 mQ.15 =

> 120 m0.1 m005 =120

3 g

2 9 S 9 f [mm/rev]:

£ 2 02 ®0.15

5 0 560 =01 w005

0 002 004 006 0.08 0 0.5 1 15 2

60 9 120 150 60 90 120 150

0.2 | 0.0475 | 0.0276 | 0.0123 0.022 0.2 0.585 | 0.9717 | 1.4642 | 0.4498
¥0.15| 0017 | 0.0144 | 0.0184 | 0.0176 ||®0.15]| 0.7387 | 1.222 | 0.5245 | 1.0401
=0.1 | 0.0086 0.006 0.0074 | 0.0083 [(®0.1 | 0.8623 | 0.4155 | 0.0977 | 0.0567
®0.05| 0.0071 | 0.007 | 0.0054 | 0.0059 ||®0.05] 0.3582 | 0.3253 | 0.3923 [ 0.3038

Peak material volume, Vmp [ml/mm3] Surface bearing index, Sbi [-]

@ (b)

Figure 3 — (a) Peak material volume (Vmp) and (b) Surface bearing index (Sbi)
parameter values of the hard turned surfaces

Analyzing the fluid retention ability based on the Vvv and the Svi parameters,
contradictory results were obtained (Fig 4). The higher fluid retention ability
theoretically is demonstrated by higher Vvv and higher Svi values. However, this
cannot be observed from the data of the analyzed surfaces and the correlation
between them is negative. It also can be observed that with the increase of the feed
rate the Vvv values increase on 60 and 90 m/min cutting speeds and the Svi values
decrease on 90 and 120 m/min. It can be observed from the diagrams (by
neglecting some datapoints) that the increase in the Vvv show decrease in the Svi
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when the feed rate increases. The reason for this is the relatively high Sq values.
While the valley volume increases the Svi value, the Sq decreases it. For example,
in the case of f=0.05 mm/rev and v;=60 m/min the Vv divided by the Sq=0.155 um
results in 0.1148 ml/mm? Svi value or in the case of f=0.2 mm/rev, v.=60 m/min
and Sg=1.115 pm, the Svi equals to 0.0317 ml/mm?3. These Vvv and Svi values are
placed in the first and fourth rows and first columns of the data tables in Fig 4 (The
0.001 and 0.003 differences of the calculated Svi values are resulted from the only
four decimals). This result means that the values or their tendencies in the case of
the Svi parameter do not inform uniformly or reliably about the same fluid
retention ability due to the influencing effect of the incorporated Sq parameter. The
comparison can be carried out only for surfaces whose Sq values are identical.

Both in the wear resistance and the fluid retention ability no clear effects can
be observed based on the cutting speed values.

g 150 f [mm/rev]: E 150 f [mm/rev]:
E £ 02 m0.15
=120 02 =015) =450
] =01 w005 -8" =01 =005
) )
(=] (=)
£ <
£ 60 £ 60
(@] (@]

0 002 004 006 008 0 005 01 015 02 025 03

60 90 120 150 60 90 120 150

0.2 [ 0.0354 | 0.0373 | 0.0245 [ 0.0296 0.2 | 0.0318 | 0.0419 | 0.0328 | 0.0392
®0.15| 0.026 | 0.0281 | 0.0279 | 0.0334 |(®0.15| 0.0439 | 0.0612 | 0.0558 | 0.0653
0.1 | 00193 | 0.0196 | 0.0175 | 0.017 |(®0.1 | 0.0068 | 0.0964 | 0.0723 | 0.0649
®(.05| 0.0178 [ 0.018 | 0.0188 | 0.0199 |[®0.05| 0.1151 | 0.0996 | 0.1249 | 0.1258

Valley voidvolume, Vv [mI/mm?3] Valley fluid retention index, Svi [-]

@ (b)

Figure 4 — (a) Valley void volume (Vwv) and (b) Valley fluid retention index (Svi)
parameter values of the hard turned surfaces

In the grinding experiments the infeed velocity and the workpiece rpm were
varied. The Vmp and Shi values of the machined surfaces are demonstrated in Fig.
5. Clear tendencies cannot be observed when all the feed rates are considered.
However, if neglecting the 0.019 mm/s infeed velocity, it can be stated that by the
infeed velocity the Vmp value increases and the Sbi value decreases. The reason for
this contradiction is similar to that between the Vvv and Svi parameters of hard
turning. The Sq increases the Shi and the hg s peak zone height decreases it.
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Concerning the fluid retention ability, no clear tendencies can be observed.
The Vvv shows no unequivocal increase with both the infeed velocity and the rpm.
Concerning the Svi parameter, it increases with the infeed velocity in the cases of
31.5 and 63 1/min rpm levels (Fig. 6). The reason for these contradictory results is
the same as in the case of hard turning: the influencing effect of the scale of the Sq
parameter.

To obtain quantitative information about the connections between the volume
parameters and the functional indices, coefficients of determination were
calculated. This parameter provides information about the strengths of the
correlation of two variables if linear connection is supposed.

Vir [mm/s]:
9 9 0.03
= vg [mmis]{ E ®0.019
S = 0.007
= 0.03 =, mQ.
S 63 c 8
g. =0.019 £
S ®0.007 =
315 315
0 0.02 0.04 006 008 0.1 0 0.05010.150.20.250.30.3504
315 63 90 315 63 90
0.03 0.0629 0.0514 0.0723 0.03 0.0711 0.1094 0.1377
H0.019 0.053 0.0582 0.0662 50.019| 0.1327 0.0738 0.1147
=(0.007| 0.0519 0.0504 0.0434 m(0.007| 0.1376 0.384 0.1678
Peak material volume, Vmp [ml/mms3] Surface bearingindex, Sbi [-]
(a) (b)

Figure 5 — (a) Peak material volume (Vmp) and (b) Surface bearing index (Sbi)
parameter values of the ground surfaces

The coefficient of determination is calculated from the linear correlation
coefficient; the former is the square of the latter. The connection is considered as
extremely strong if 0.81 < R? < [; strong, if 0.49 < R? < 0.81; medium, if 0.16 < R?
< 0.49; weak, if 0.04 < R? < 0.16 and extremely weak, if R? < 0.04.

In the cases of the hard turned surfaces there is a positive weak correlation
between the Vmp and the Shi parameters and a negative medium correlation
between the Vvv and the Svi parameters. In the cases of the ground surfaces there is
a weak correlation between the Vmp and the Sbi parameters and an extremely weak
correlation between the Vvv and the Svi parameters.
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Figure 6 — (a) Valley void volume (Vwv) and (b) Valley fluid retention index (Svi)
parameter values of the ground surfaces
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Figure 7 — Connection between the (a) Vmp and Shi parameters and the (b) Vvv and Svi
parameters of the hard turned surfaces
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Figure 8 — Connection between the (a) Vmp and Shi parameters and the (b) Vvv and Svi
parameters of the ground surfaces

The connections between the data points and the values of the coefficients of
determination are demonstrated in Figs. 7 and 8 for hard turning and grinding,
respectively.

CONCLUSIONS

The findings of this study were obtained based on hard machining experiments and
3D texture analysis and valid for the material grade 16MnCr5 (HRC 62-63) and
for the next cutting parameters: hard turning — a, = 0.05 mm; v = 60 — 150 m/min;
f=0.05 - 02. mm/rev; infeed grinding — Z = 0.1 mm; ny = 1400 1/min; vsr = 0.007
—0.03 mm/s; n = 31.5 — 90 1/min. The followings can be stated for the reliability
of the surface bearing index (Shi) and the valley fluid retention index (Svi) when
the volume parameters peak material volume (Vmp) and valley void volume (Vwv)
are considered as bases:

e In hard turning the correlation between the Vmp and Sbi parameters is
positive and weak (R? = 0.073). Considerably connection can be observed
only when the feed rate values are relatively far from each other.

e In hard turning the correlation between the Vvv and Svi parameters is
negative and medium (R? = 0.2759). The reason for the negative
correlation is the relatively strong influencing effect of the Sq parmeter
incorporated in the formula of Svi.

e In grinding the correlation between the Vmp and Shi and between the Vwv
and Svi parameters are weak (R? = 0.1356) and extremely weak (R? =
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0.0015), respectively. The reason for there is the relatively high
influencing effect of the Sq parameter.
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BikTop MonbHap, MimkounsI, Yropuiuaa

AHAJII3 ®YHKIIOHAJIBHUX ITOKA3HUKIB SBI I SVI
IPU )KOPCTKIA MEXAHIYHIA OBPOBIII

AHoTaWis. Y yvomy docnioscenni 0esxi yynkyionanvii napamempu mpusumMiphoi mekcmypu no6epxmi
movenux ma 6iOWNiPoaHUX NOBEPXOHL AHANIZYIOMbCA MA NOPIGHIOIOMbCA O 080X NPOYeoyp.
Tpusumipna xapaxmepucmuxa mexcmyp HeoOXiOna uepe3 30iibuienis nompedu 6 MOYHOMY AHANI3L
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NOBEPXOHb, | BOHU Kpauje ONUCYIOMb CMAH NOBEPXHI, HIdC 0808UMIDHI napamempu. AHANI308aHUMU
napamempamu € 06'cmui napamempu, nixosuu 06'em mamepiany (Vmp) ma obcse nopooicrey y
sanadunax (Vvv), a maxkoosic Qynkyionansui inoexcu, inoexc nogepxuesoi necyuoi soamnocmi (Shi) ma
iHOeKC ympumanHs piounu ¢ 3anaounax (Svi). Bonu naoaioms ingopmayiio npo niku nO6EpxXHi i, Maxkum
YUHOM, NPO 3HOCOCMIUKICMb | 3aNAOUHU NOBEPXHI, A MAKOJIC NPO 30AmHICMb ympumyeamu piouny. Li
nog'sazani 3 mpubOIOLI€I0 XApaKmepucmuky, Maioms GeluKe 3HAYeHHs Npu eKCnayamayii no6epxoHy,
wo koumaxmyomo. PyHKYIOHATbHI NOKASHUKU 3iCMABTAIUCA 3 O00'€eMHUMU naApamempamu, Koau
ocmanHi Opanucs 3a OcHOgy uepe3 ix O0ocmosipHicmb. B excnepumenmax 306HiwiHI YUIHOPUYHI
nogepxui 06pooasucs mouinnim pisyem i3 KHE ma wnighysannsm 3 nooauero. Obpobrosanum
mamepianom 6yia  yYeMeHmosaHa Cmanb, WO UWUPOKO BUKOPUCIMOBYEMbCS 6 aA8MOMOOLIbHIL
npomucnogocmi. Teepdicmv noeepxonv eapirsanacs 6i0 62 0o 63 HRC. Hagyenepooicysanms
nposoounu npu 900°C npomsicom 8 2ooun. Temnepamypa yemenmayii 820 ° C, mpusanicmo 30 xs. [{ns
0X01002iCen s BuKopucmogyeanocsa macno. Texcmypu nosepxons Oy 6I0CKAHOBAHT MA NPOAHATIZ068AHI
3a donomozoio 3D-mecmepy wopcmxocmi muny AltiSurf 520. Buxopucmogyeaecs onmuuHuil
(xpomamuunuti kKongpokanehuu) damuux muny CL2. Pezynomamu O0ocniodicenns Oyau ompumani Ha
OCHOBI eKcnepumMenmis OJisl HACMYNHUX NApamempie pisanus.: dcopcmke moyinua — ay = 0,05 mm; v =
60—150 m/xs; = 0,05-0,2 mm/06; epizne winipysanns — Z = 0,1 mm; ny, = 1400 1/xs, vir = 0,007-0,03
mm/e; no = 31,5-90 1/xe6. LLJodo Hadiiinocmi inOekcy Hecyuoi 30amuocmi nosepxwi (Shi) ma inoexcy
VMPUMYBAHHsL PiOuHU Yy 3anaduri (Svi), koau 06'emui napamempu nikosoeo oocsey mamepiany (Vmp)
ma 06¢s2y nopodcHun y 3anaouni (Vvv) posensaoaromscs sk 6a3086i, MO#CHA KOHCMANMY8amu HACMmynHe:
npu JIcopCmKoMy mouinHi, Kopenayis misc napamempamu Vmp ma Sbi nosumusna ma crabka (R? =
0,073). Iomimuuii 36'a30K MOJCHA cnocmepicamu Juuie mooi, KOAU 3HAYEHHA WEUOKOCMI nooadi
BIOHOCHO Oaneki 00He 6i0 00Ho20. TIpu dcopcmromy mouinHi Kopensyis mide napamempamu Vvv i Svi
necamuena i cepeonsi (R* = 0,2759). Ipuuunoto nezamusHoi Koperayii € 6iOHOCHO CUNbHULL 6NAUE
napamempa Sq, 3aknadeno2o y popmyny Svi. Ilpu winighyeanni kopensyis mioc napamempamu Vmp ma
Shi ma mixc napamempamu Vvv ma Svi cnabxa (R* = 0,1356) ma expaii cnabra (R* = 0,0015)
8i0n06i0Ho. [IpuyuHoio € 6iOHOCHO BUCOKUIL eheKkm 6nausy napamempa Sq.

KurouoBi ciioBa: srcopcmra mexaniuna 00pobKa; winiyysanHs, nogepxnesa mexcmypa.
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