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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.
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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
49



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

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
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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]
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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

52



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

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.

54



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

0.08 mBest @Recom. OWorst |Best min

Worst | max

ENMEIRES
EINEIRE
ENMEIRE
EIEINE

Best min
Worst
0.00 1.00 2.00 3.00 4.00 5.00 6.00 ap Ve f

Height parameters, Sz, Sa [um]

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.

816 Best

oT -581
-235 Worst | min | min | min
566 Best

A -305

mBest @Recom. OWorst 130 Worst | min | max | max
o

-1000 -800 -600 -400 -200
Residual stress, g, oy [MPa]

o
»
<

56



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

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 3aA2apMO8aHoi cmani. Y ybomy 00CHiONCeHHI OesKi enemMenmu YilicHocmi nosepxHi,
maki AK WOPCMKICMb  NOGEPXHI  A60  3aMUWIKOGI  HANPYJICEHHS,  AHANIZVIOMbCS  HA  OCHOGI
eKCNepUMeHmalbHO20 NAAHY CUCHeMamUu4Hoi 06po6Ku 08 onmumizayii 3acmoco8ysanux napamempie
pizanna. [nsa yux napamempié pospobnieHi peKomeHOayii Ha OCHO8I OAHUX BUMIPIOBAHb | 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 MiHimizysamu abo maxcumizyeamu. Lle 0ocnioxcenns 6ynu 3o0cepeodxceHi
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), maxcumanvHoi eucomu amu (Sy) i
nepexocy (Ss), peKoMeHOYEmbcs 6CMAHOSUMU 2ubuny pisauHs (ap), weuokicme pisauus (Vo) i
wieuokicms nooayi (f) 00 ix minimaneHux 3uauenv. [ 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. Haulguwi 0cbo8i 3anumuikosi HANPydjlCeHHA CMUCKY MOJICYmMb 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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