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Featured Application: Specifically, this application deals with cubic boron nitride (CBN) cutting
tool selection for the machining of steel 100Cr6 thin-walled bearing rings, but the methodology
and findings can be extended to other sorts of turning.

Abstract: In this paper, a practical issue of the application of cubic boron nitride (CBN) cutting tools
for the machining of steel 100Cr6 thin-walled bearing rings is addressed. Three geometries of the
commercially available CBN cutting inserts were tested at different machining parameters. The
effect of geometry was assessed in terms of surface integrity, considering 2D profile parameters, 3D
topography of the surface, and residual stresses in the surface layer. The results were sometimes
contradictory, since the same cutting inserts provided the largest and the lowest values of the
topography parameters, dependent on different cutting conditions. In general, CBN cutting inserts
with XCEL geometry ensured the smallest profile parameters Ra and Rz, and the spatial parameters
of Smr1 exhibited the largest values among all tested tools, suggesting reduced wear resistance.
Residual stresses analysis did not reveal any inacceptable or potentially dangerous surface layer state
after machining.

Keywords: surface integrity; steel 100Cr6; CBN; cutting tool; cutting speed; cutting feed; cutting
depth; bearing rings

1. Introduction

In smart manufacturing processes, the machine learning approach is widely used for
the prediction of the effect of processing parameters on the final product [1]. In this context,
it is inevitable to collect the maximal possible data on each machining process. Our case
study is aimed at a practical application of the cutting tools of certain geometry, which is
potentially feasible for intelligent tool selection with a predictable effect on the machined
surface quality.

Composites based on cubic boron nitride (CBN) are commonly used for the fabrication
of cutting tools destined for the fine finishing of functional surfaces due to their outstanding
mechanical properties competing with diamonds [2]. CBN tools exhibit better chemical
and thermal stability than diamond tools, and they are used to machine iron with high
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hardness and heat-resistant alloys to fabricate various components such as shafts, bearings,
gears, engine blocks, etc., with high dimensional accuracy and surface parameters using
high cutting speed [3]. The wear resistance and durability of other cutting tool materials
can reach only 50%, and after certain modifications it can be improved, but still reach no
more than 75% of CBN tools wear resistance [4]. There are extensive studies published on
the morphology of the CBN structure and its effect on cutting tool wear resistance [5–7].
Other studies analyzed the effect of various additions and binders in CBN composites [8].
Since some materials, such as compacted graphite iron, cause extensive wear of CBN tools,
Zhu et al. published the results of their investigations on CBN tool wear with different
metalworking fluids [9]. In an assessment of the tool life, surface integrity was found useful
both in terms of the machined surface [10] and the surface of the cutting insert [11]. It is
widely known that the performance of a machined component, including features such as
fatigue strength, wear resistance, and tribological behavior, is closely correlated with the
surface integrity obtained by machining. In general, the integrity of a machined surface
is described as the relation of its mechanical, chemical, metallurgical, and topographical
state to its functional characteristics [12]. A study on the cutting tool load effect on the
machined surface aimed to statistically evaluate the real dynamic loads in correlation with
surface roughness after milling [13]. Varga and his team analyzed the effect of a chosen
milling strategy on the surface quality after the pocket milling process [14]. Willert et al.
demonstrated that the ultrasonic assisted cutting process, compared with conventional
machining, had the potential to improve the quality of a surface machined with CBN
tools [15].

Specifically, Thiele and Melkote [16] investigated the influence of tool cutting edge
geometry on the surface roughness in the finish hard turning of AISI 52100 steel. They
found that the two-factor interaction between the workpiece hardness and cutting edge
geometry had a substantial effect on the obtained surface roughness. It was also reported
that after machining with large edge hone tools, deeper, more compressive residual stresses
appeared in comparison with the ones after hone tools with small edges or chamfered
tools [17]. Moreover, when harder materials underwent machining with chamfered tools,
an increase in both the axial and the circumferential residual stresses has been reported for
increased cutting speeds [18]. Adamik et al. examined the process of different geometry
cutting edge wear and its effect on machined surface quality [19]. They pointed out that the
flank wear had a large impact on the final component’s quality in terms of surface integrity
and roughness. Guddat and co-authors [20] suggested that some machining parameters,
such as cutting speed, among others, had small effects on the surface quality and can be
omitted in investigations. In contrast, the insert type and geometry had significant effects
on surface roughness and residual stress. Even though no FEM-based methods have been
proposed so far to predict the residual stresses after machining with wiper inserts, the
authors reported that wiper inserts produced smoother surfaces and appeared to be more
stable. Moreover, in their experiments, the application of wiper inserts provided better
surface quality than conventional inserts.

In this context, practical application of the specific CBN cutting inserts in certain
purpose-oriented conditions still requires additional investigation. This study is focused
on the issue of CBN cutting insert geometry and its influence on the surface integrity of the
machined surface, since there is no comprehensive study covering the problem and giving
some practical recommendations. For instance, Zębala et al. analyzed the influence of
cutting parameters on cutting forces and tool wear during the turning of Ni–Co alloy with
CBN tools, also considering the topography and roughness parameters of the machined
surface [21]. Latosińska et al. proposed a procedure for the optimization of finishing
cutting parameters with minimized specific cutting force, also considering the quality
of the machined surface [22]. Ociepa et al. studied the effects of coated and uncoated
polycrystalline cubic boron nitride (PCBN) tools with TiN and TiAlN on the geometric
parameters of the machined surface of hardened and tempered EN X153CrMoV12 steel [23].
Nikai et al. conducted a comprehensive study on the performance of different CBN inserts
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with the same geometry but different coating technologies during the hard turning of AISI
4320 case-carburized steel [24].

In light of the available publications, it was decided to undertake the study involving
different geometries of CBN cutting tools and surface integrity parameters of the machined
thin-walled bearing rings, as follows. The issue is very important from the application
perspective, since the selection of cutting tools includes edge geometry type, insert size,
and insert grade [25] so that proper surface quality can be obtained.

2. Materials and Methods

The entire production process included a large number of variables that could affect
the final product. In this study, attention was paid to the selected parameters, such as
cutting tool geometry, cutting speed vc, feed, and cutting depth ap, which have a great
influence on the evaluation of thin-walled bearing rings.

The experiments covered three groups of samples machined with respective cutting
tools of different geometry denoted WIPEP, STANDARD, and XCEL. The cutting tool
cubic boron nitride (CBN) inserts produced by Sandvik (Stockholm, Sweden) were used
as follows:

• WIPER: insert CNGA120408T01030AWH class 7015 with WIPER geometry;
• STANDARD: insert CNGA120408S01030A with corner radius 0.8 mm;
• XCEL: insert CNGX1204L025-18AXA class 7015 with XCEL geometry.

The XCEL geometry has a straight edge with a small cutting-edge angle. This geometry
helps to form thin chips, and the temperature at the cut point is reduced, slowing down
of the development of wear in the form of a groove. Figures 1 and 2 present the inserts
WIPER and XCEL, as well as the holder used in the experiments. It is clearly seen why
no radius is given for the XCEL geometry. Figure 2b explains the geometrical difference
between STANDARD and WIPER. The latter has multi-radii tool nose shaping designed for
finish machining, where an additional flat section gives a smoother surface to the machined
surface at a feed rate that is higher than usual [26].
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Figure 1. Experimental setup: (a) the holder with cutting insert; (b) insert CNGX1204L025-18AXA
class 7015 with XCEL geometry.

The samples of bearing rings were made out of steel 100Cr6 (14 109.4) after thermal
treatment as follows: normalizing annealing at 860 ◦C; soft annealing at 70 ◦C; cementation
at 840 to 870 ◦C; quenching at 780 to 880 ◦C (oil to water); and tempering at 160 ◦C for 1 h.
The declared properties were: strength Rm min. 785 MPa, Re min. 590 MPa, and hardness
min. 239 HB. The cutting operation was performed with a 3-axes machine tool Famar
SUB160 (Famar, Avigliana, Italy). Since the producers recommended different machining
parameters for each type of the cutting edge, it was decided to not repeat experiments in
the same conditions for all tools, but to choose the most suitable settings for the respective
geometries. Table 1 shows the experimental cutting parameters classified according to the
group of samples.



Appl. Sci. 2023, 13, 3543 4 of 14Appl. Sci. 2023, 13, x FOR PEER REVIEW  4  of  15 
 

   
(a)  (b) 

Figure 2.  Insert CNGA120408T01030AWH class 7015 with WIPER geometry:  (a) photo  from mi‐

croscope; (b) explanation of WIPER geometry. 

The samples of bearing rings were made out of steel 100Cr6 (14 109.4) after thermal 

treatment as follows: normalizing annealing at 860 °C; soft annealing at 70 °C; cementa‐

tion at 840 to 870 °C; quenching at 780 to 880 °C (oil to water); and tempering at 160 °C for 

1  h. The declared  properties were:  strength Rm min.  785 MPa, Re min.  590 MPa,  and 

hardness min. 239 HB. The cutting operation was performed with a 3‐axes machine tool 

Famar  SUB160  (Famar, Avigliana,  Italy).  Since  the  producers  recommended  different 

machining parameters for each type of the cutting edge, it was decided to not repeat ex‐

periments in the same conditions for all tools, but to choose the most suitable settings for 

the respective geometries. Table 1 shows the experimental cutting parameters classified 

according to the group of samples. 

Table 1. Machining parameters used in the experiments for the respective samples. 

Sample Notion  Cutting Tool 
Cutting Speed 

vc (m/min) 
Feed f (mm) 

Cutting Depth 

ap (mm) 

O1 

WIPER 

180  0.28  0.3 

O2  180  0.35  0.3 

P1  195  0.28  0.1 

P2  195  0.35  0.1 

Q1 

STANDARD 

180  0.15  0.2 

Q2  180  0.20  0.2 

R1  195  0.15  0.4 

R2  195  0.20  0.4 

S1 
XCEL 

195  0.25  0.25 

S2  195  0.35  0.25 

The surface integrity of the machined bearings was assessed through the measure‐

ment of 2D roughness, 3D topography, and residual stresses of the outer layer. A large 

variety of surface measuring devices are available, from mechanical stylus profilometers 

and non‐contact optical ones, to the scanning probe microscopes to be selected from in 

order to acquire either a cross‐sectional profile or the areal topography information of the 

examined surfaces [27]. Some of the most recent reports cover investigations on optical 

measurement [28], especially diffractive relief structures [29] and interference microsco‐

py [30] with confocal and spiral scanning [31], including comparative studies of different 

techniques [32]. Some researchers also discuss the comparability of different surface pa‐

rameters obtained from profile and areal measurements [33,34]. 

In the present study, profile and topography parameters were measured using a 3D 

optical microscope Alicona InfiniteFocus G5 (Alicona, Graz, Austria). Its maximal meas‐

ured area was 40,000 mm2 at 2.5× zoom and 990 mm2 at 100× zoom. For profile parameters, 

minimal mean arithmetic deviation of the profile at maximal zoom can be measured Ra = 
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scope; (b) explanation of WIPER geometry.

Table 1. Machining parameters used in the experiments for the respective samples.

Sample Notion Cutting Tool Cutting Speed
vc (m/min) Feed f (mm) Cutting Depth

ap (mm)

O1

WIPER

180 0.28 0.3
O2 180 0.35 0.3
P1 195 0.28 0.1
P2 195 0.35 0.1

Q1

STANDARD

180 0.15 0.2
Q2 180 0.20 0.2
R1 195 0.15 0.4
R2 195 0.20 0.4

S1
XCEL

195 0.25 0.25
S2 195 0.35 0.25

The surface integrity of the machined bearings was assessed through the measurement
of 2D roughness, 3D topography, and residual stresses of the outer layer. A large variety of
surface measuring devices are available, from mechanical stylus profilometers and non-
contact optical ones, to the scanning probe microscopes to be selected from in order to
acquire either a cross-sectional profile or the areal topography information of the examined
surfaces [27]. Some of the most recent reports cover investigations on optical measure-
ment [28], especially diffractive relief structures [29] and interference microscopy [30] with
confocal and spiral scanning [31], including comparative studies of different techniques [32].
Some researchers also discuss the comparability of different surface parameters obtained
from profile and areal measurements [33,34].

In the present study, profile and topography parameters were measured using a
3D optical microscope Alicona InfiniteFocus G5 (Alicona, Graz, Austria). Its maximal
measured area was 40,000 mm2 at 2.5× zoom and 990 mm2 at 100× zoom. For profile
parameters, minimal mean arithmetic deviation of the profile at maximal zoom can be
measured Ra = 0.03 µm, while for the topography measurement, the respective minimal
measured value mean arithmetic height of the limited scale of the surface was Sa = 0.015 µm.

All profile parameters were measured under the conditions specified in ISO standards.
When evaluating the surface with a roughness of RSm between 0.13 mm and 0.40 mm,
the filter λc = 0.8 mm was used and the evaluation length was set to l = 4 mm according
to the ČSN EN ISO 4288:1999 standard. The measurement was performed in a direction
perpendicular to the measured part of the bearing ring, as shown in Figure 3a. On the
entire circumference of the bearing ring, three areas with the dimensions of 4 mm × 4 mm
were measured in the range of 120◦. On each scanned area, 5 paths were measured, as
shown in Figure 3b, where the straight lines were evenly distributed over the surface of
scanned area.
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of the screen during profile measurement, where red lines correspond with analyzed profiles on the
scanned area.

Among the profile parameters, Ra (mean arithmetic deviation of the profile), Rz
(the largest height of the profile), and Rmr(c) (material proportion of the profile) were
considered. Ra is the most frequently used roughness parameter, but it is not sensitive
to the height fluctuations of the evaluated surface profile. Therefore, the Rz parameter
was also monitored, especially as it was required by the bearing technical documentation.
Additionally, Rmr1 was required by the documents to be checked. Rmr1 is the material
proportion of the profile (supporting proportion), defined as the material ratio of the
protrusions (vertices) to the core of the material surface. The material proportion of the
profile is typical for individual finishing methods, and its value is especially important for
the assessment of loaded functional surfaces, such as friction, lubrication, and wear.

Traditionally, the evaluation of surface quality using profile (2D) parameters is com-
mon in engineering practice, but nowadays, 3D surface analysis is available and can to
provide crucial information on surface integrity. To perform the area measurement of the
surface texture, three measured areas 4 mm × 4 mm were scanned and distanced by 120◦,
as shown in Figure 4. From the measured areas with dimensions of 2 mm × 2 mm, the
height parameters of the surface texture were selected according to the standard ČSN EN
ISO 25 178–2. Following the standard ČSN EN ISO 25 178–3, a Gaussian filter of 0.8 mm
was used for the calculation of spatial parameters.

Appl. Sci. 2023, 13, x FOR PEER REVIEW  6  of  15 
 

 

 
(a)  (b) 

Figure  4. Measurement  of  the  surface  topography parameters:  (a)  scanned  area on  the  bearing 

surface; (b) example of the screen during measurement, where red  lines divide the scanned area 

into four analyzed sections. 

In  the  analysis,  the  following  parameters were  considered:  Sa  (mean  arithmetic 

height of the limited scale of the surface), Sz (maximum height of the limited scale of the 

surface), and Smr1  (material proportion of  the surface), which somehow corresponded 

with the 2D parameters listed above. 

The parameter Sa is the most frequently used one; it represents spatial characteristics 

that correspond to the roughness profile parameter Ra. However, it is far more accurate 

and  able  to  capture  the maximum  peak  height  and maximum  depth  from  the  entire 

scanned surface. The bearing surface parameters represented by Sa are also important for 

functional properties, such as  resistance during start‐up and run‐down of  the bearing, 

low coefficient of friction, and friction contact with the bearing pin. 

Another analyzed surface parameter was Sz, basically representing the sum of the 

highest peaks and  the deepest depressions  found on  the measured surface. The Sz pa‐

rameter is suitable for assessing the service life of the component, the sealing ability of 

the surfaces, etc.  In  the case of bearing, unevenness on  the surface  is particularly dan‐

gerous, as it may result in cracks, with further development of stress concentrators and 

the occurrence of fatigue damage. Therefore, it is important to monitor the surface integ‐

rity through statically stable surface topography parameter Sz. 

The last analyzed surface parameter was the Smr1, which represented the material frac‐

tion of the surface (carrying fraction). It is sensitive to the material surface protrusion, which 

may pose problems during the interfacial contact of the surfaces, causing microdamage. 

The residual stress measurements were performed using a Proto iXRD device (Proto 

Manufacturing Ltd., Oldcastle, ON, Canada) on  the outer circumference of  the bearing 

rings in the axial half of the surface and at six angular positions. Due to the principle of 

diffraction,  it was necessary to ensure that the surface of the analyzed samples did not 

contain any dirt or grease, avoiding mechanical treatment in order to minimize any in‐

fluence that may negatively affect the measurement result. It is recommended to apply 

chemical  cleaning. After proper positioning of  the  sample,  the measurement was per‐

formed through Proto XrdWin operating software. After starting the measurement, the 

diffracted beam was recorded on the detectors, then digitized via an A/D converter and 

evaluated by  the XrdWin program. Measurement positions  are  shown  in Figure  5  to‐

gether with  the device Proto  iXRD,  and  the  example of  the  screen with  the  results  is 

presented in Figure 6. 

Figure 4. Measurement of the surface topography parameters: (a) scanned area on the bearing
surface; (b) example of the screen during measurement, where red lines divide the scanned area into
four analyzed sections.
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In the analysis, the following parameters were considered: Sa (mean arithmetic height
of the limited scale of the surface), Sz (maximum height of the limited scale of the surface),
and Smr1 (material proportion of the surface), which somehow corresponded with the 2D
parameters listed above.

The parameter Sa is the most frequently used one; it represents spatial characteristics
that correspond to the roughness profile parameter Ra. However, it is far more accurate and
able to capture the maximum peak height and maximum depth from the entire scanned
surface. The bearing surface parameters represented by Sa are also important for functional
properties, such as resistance during start-up and run-down of the bearing, low coefficient
of friction, and friction contact with the bearing pin.

Another analyzed surface parameter was Sz, basically representing the sum of the
highest peaks and the deepest depressions found on the measured surface. The Sz param-
eter is suitable for assessing the service life of the component, the sealing ability of the
surfaces, etc. In the case of bearing, unevenness on the surface is particularly dangerous, as
it may result in cracks, with further development of stress concentrators and the occurrence
of fatigue damage. Therefore, it is important to monitor the surface integrity through
statically stable surface topography parameter Sz.

The last analyzed surface parameter was the Smr1, which represented the material frac-
tion of the surface (carrying fraction). It is sensitive to the material surface protrusion, which
may pose problems during the interfacial contact of the surfaces, causing microdamage.

The residual stress measurements were performed using a Proto iXRD device (Proto
Manufacturing Ltd., Oldcastle, ON, Canada) on the outer circumference of the bearing
rings in the axial half of the surface and at six angular positions. Due to the principle
of diffraction, it was necessary to ensure that the surface of the analyzed samples did
not contain any dirt or grease, avoiding mechanical treatment in order to minimize any
influence that may negatively affect the measurement result. It is recommended to apply
chemical cleaning. After proper positioning of the sample, the measurement was performed
through Proto XrdWin operating software. After starting the measurement, the diffracted
beam was recorded on the detectors, then digitized via an A/D converter and evaluated
by the XrdWin program. Measurement positions are shown in Figure 5 together with the
device Proto iXRD, and the example of the screen with the results is presented in Figure 6.
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Figure 5. Measurement of the residual stress: (a) positions of the measuring points; (b) diffractometer
Proto iXRD: 1—measuring arm, 2—X-ray lamp, 3—two detectors capturing the diffraction cone,
4—examined sample, 5—adjustable and rotating table.

The settings of the X-ray diffractometer during the measurement were based on
the material characteristics of the ring and the heat treatment of the material, where the
predominant martensitic structure was assumed.



Appl. Sci. 2023, 13, 3543 7 of 14

Appl. Sci. 2023, 13, x FOR PEER REVIEW  7  of  15 
 

 

 
(a)  (b) 

Figure 5. Measurement of the residual stress: (a) positions of the measuring points; (b) diffractom‐

eter Proto  iXRD:  1—measuring  arm,  2—X‐ray  lamp,  3—two detectors  capturing  the diffraction 

cone, 4—examined sample, 5—adjustable and rotating table. 

 

Figure 6. Example of a screen with the results of residual stress measurement. 

The settings of the X‐ray diffractometer during the measurement were based on the 

material  characteristics  of  the  ring  and  the  heat  treatment  of  the material, where  the 

predominant martensitic structure was assumed. 

3. Results and Discussion 

The surface integrity of the bearing rings was analyzed in terms of geometrical fea‐

tures of the surface and residual stresses in the upper layer. Surface geometry measure‐

ments were divided  into 2D  (profile) and 3D  (topography) analysis, while normal  re‐

sidual stresses were distinguished from shear stresses. 

3.1. Profile and Topography Measurement Results 

Figure 7 presents a comparison of the profile parameters Ra obtained for different 

samples. Since the measurement was repeated for each sample, the average results are 

shown. In the diagram, 3D parameter Sa is presented, too. In general, there was no sig‐

nificant difference between 2D and 3D results, because  the Sa parameter does not dis‐

tinguish between peaks and valleys. In most of the bearing rings, the dispersion of the 

results was quite similar. A significant difference was seen in bearing ring O1, where 3D 

parameter Sa exhibited the largest dispersion of ca. 0.2 μm. This difference was due to the 

Figure 6. Example of a screen with the results of residual stress measurement.

3. Results and Discussion

The surface integrity of the bearing rings was analyzed in terms of geometrical features
of the surface and residual stresses in the upper layer. Surface geometry measurements
were divided into 2D (profile) and 3D (topography) analysis, while normal residual stresses
were distinguished from shear stresses.

3.1. Profile and Topography Measurement Results

Figure 7 presents a comparison of the profile parameters Ra obtained for different
samples. Since the measurement was repeated for each sample, the average results are
shown. In the diagram, 3D parameter Sa is presented, too. In general, there was no
significant difference between 2D and 3D results, because the Sa parameter does not
distinguish between peaks and valleys. In most of the bearing rings, the dispersion of the
results was quite similar. A significant difference was seen in bearing ring O1, where 3D
parameter Sa exhibited the largest dispersion of ca. 0.2 µm. This difference was due to the
measurement of a larger area where some unevenness was noted, unnoticed by the profile
measurement. These local deviations could have appeared either through mishandling of
the sample or a manufacturing error.
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the examined samples.

From the graph in Figure 7, it can be noted that the largest value Ra appeared in the
rings Q2 (Ra = 1.429 µm) and R1 (Ra = 1.333 µm). Both samples were machined with
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the cutting tool denoted STANDARD. In contrast, the smallest measured Ra values were
obtained for rings S1 (Ra = 0.494 µm) and S2 (Ra = 0.496 µm). These samples were machined
with the XCEL tool. In these cases, STANDARD cutting inserts produced surfaces with
three times higher roughness Ra than those machined by XCEL inserts.

The results of roughness measurement Rz and respective topography Sz are shown in
Figure 8. The overall trend of Rz is similar to the one exhibited by Ra; namely, the highest
values were obtained for Q2 and R1 samples, while the lowest were obtained for S1 and S2
(Rz = 2.375 and 2.308 µm, respectively). Hence, the XCEL geometry of CBN cutting inserts
contributed to the best roughness of the machined surface. However, even these lowest
values did not fit the tolerance specified in the technical documentation, Rz = 1.6 µm. This
result can be evaluated as indicating a poor state of surface integrity, which isunfavorable
for the functionality of the component and its durability.
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Figure 8. Average results of profile height Rz and respective topography height Sz measurement of
the samples.

From the graph in Figure 8, it is seen that the largest values for the surface parameter
Sz were obtained for bearing rings Q2 (Sz = 9.217 µm) and R1 (Sz = 7.657 µm) machined
with the STANDARD tool. Considering the especially large dispersion of the results ±2 µm
for the Q2 sample, greater wear of this component can be expected. On the other hand, the
smallest surface parameters Sz were measured for bearing rings S2 (Sz = 5.499 µm) and S1
(Sz = 5.499 µm) machined with the XCEL tool, but also for O1 (Sz = 5.731µm) machined with
the WIPER tool and R2 (Sz = 5.885) for the STANDARD tool. Considering the requirements
related to the thin-walled bearing rings, it can be assumed that the surface integrity of
these four samples significantly reduced the risk of a crack forming, and thus increased the
service life of the bearing. Notably, two out of four of the samples that exhibited a low Sz
parameter were fabricated using the cutting inserts of XCEL geometry.

It should be noted, however, that the Sz results for both samples S1 and S2 showed very
high dispersion. Specifically, the S1 ring exhibited a dispersion of ±4 µm, which indicated
low repeatability of the appearance of the highest peaks and the deepest depressions
throughout the surface of the ring.

A representation of the material proportion of the profile Rmr1 and surface Smr1 is
presented in the diagram in Figure 9.

Some different trends can be seen than those for the previous parameters Ra and Rz.
The smallest profile peak material fractions were observed in S2 rings (21.365%) machined
with the XCEL tool, and P1 rings (22.497%) machined with the WIPER tool. These rings
may be expected to have a longer service life compared with the others due to the least
number of peaks causing slower wear. Additionally, this feature has a beneficial effect on
the functionality of the part. However, the disadvantage is that it can have less tightness
due to a larger ratio of the surface core and greater contact stress. Interestingly, both the
WIPER and XCEL tools produced the largest Rmr1 values. The largest material share had
ring Q2 (Rmr1 = 32.269%) made with the STANDARD tool, but also the S1 sample (Rmr1 =
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31.303%) fabricated with the XCEL tool and the O2 sample (Rmr1 = 31.214%) machined with
the WIPER tool. These rings can be expected to have the greatest tightness but the worst
lubricating ability. In all cases of measured rings, there was a greater variance concerning
the Ra and Rz parameters, which may be a result of cutting tool traces on the surface. The
acceptable rate according to the drawings was Rmr1 ≥ 10% and this requirement was
fulfilled by all the examined cutting tools.
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The largest values of spatial parameter Smr1 found in Figure 9 were for thin-walled
bearing rings Q2 (31.543%) and O2 (27.149%) machined with the WIPER tool, and for the
R2 sample (27.156%) machined with the STANDARD tool. This parameter indicated that
WIPER geometry of the CBN tool might have contributed to the slower wear of the surface,
longer service life, and better functionality of the bearing ring. In this case, the smallest
measured parameters Smr1 were obtained for the samples S2 (15.684%) and S1 (18.985%),
both machined with the XCEL tool. This may result in a shortened life of the bearing rings
due to the rapid wear of the sliding surface.

As would be expected, there is no single profile or surface parameter that unequiv-
ocally ensures a long service time of the bearing ring, and there is no single cutting tool
that may be considered ‘the best’ one. Therefore, apart from geometrical surface features,
residual stresses in the upper layer should be taken into consideration.

3.2. Residual Stresses

In general, compressive stresses are considered beneficial to the fatigue life of the
machined part, its creep life, and resistance to cracking under stress corrosion, while tensile
residual stresses are rather harmful [35]. Residual stresses σ on rings were compressive in
all analyzed positions, i.e., all their values were negative. From the practical perspective
of an inner surface of bearing, this nature of the stresses can be considered favorable in
terms of the component functionality and surface integrity. Figure 10a shows the diagram
of normal residual stresses for samples O1 and O2 machined with the WIPER tool. On
the surface of O2, it is seen that the differences between the values obtained in the areas
around the cylinder were less dispersed compared with O1. In the case of O2 samples,
the difference between the lowest and the highest value was found to be only around
50 MPa, which is about 10%, while O1 samples exhibited dispersion of the results of ca.
125 MPa, which is close to 20%. In turn, comparison between P1 and P2 samples (Figure 10b)
showed that residual stresses varied from 450 MPa up to 540 MPa in P1, while P2 exhibited
dispersion varied from 500 MPa up to 690 MPa. The samples P1 and P2 were machined
with the same WIPER tool, but at higher cutting speed.
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Other machining methods generated much higher residual stresses in the upper layer
of material, as presented in Figure 11. The lowest absolute value of stress σ obtained for the
Q1 sample was 630 MPa, which was close to the highest values for the respective O1 and O2
samples. The rest of the tested samples exhibited higher absolute values of residual stress.
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Figure 11. Results of normal residual stress σ measurement.

Based on the graph in Figure 11, it can be concluded that all examined replaceable
cutting inserts have generated a certain strengthening of the surface layer, which was
manifested by the formation of compressive normal residual stresses. Thus, it is possible to
assume a sufficient service life of the machined part. It should be noted that the highest
compressive normal residual stresses were identified in the surface layers machined with
XCEL cutting inserts denoted as S1 and S2. Variations between individual measurements
in different angular positions were found to be close to 100 MPa, which was approximately
12–15%.

Notably, it was suggested in the literature [20] that the wiper geometry of the tool
enlarged the contact area between the cutting edge and the workpiece, which resulted in
higher compressive residual stress. In our study, it appeared that the WIPER cutting inserts
denoted O and P generated all the smallest absolute values of stress σ below 600 MPa.

In addition to normal residual stresses, shear stresses τ were also identified in the
surface layer of the bearing rings. Their values are presented in the diagram shown in
Figure 12. The presence of shear stress represents the displacement of individual microstruc-
tural layers of the material, resulting from imperfect cutting or excessive stretching of the
material during the machining process.
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In general, shear stresses τ were both negative and positive, but their absolute values
did not exceed 40 MPa. Due to their low values compared with the material yield strength
Re = 590 MPa, the shear stresses can be considered negligible from the perspective of
functionality and wear resistance. This observation leads to the conclusion that none of the
tested cutting inserts generated outstanding shear stresses inside the surface layer of the
machined bearing ring.

Residual stresses appear due to the friction forces between the cutting tool insert and
the workpiece surface, with thermal and mechanical loads resulting in the distribution
of stress along the material. Inhomogeneous plastic deformation induced by mechanical
and thermal loads is associated with the chip formation process. Moreover, the squeezing
interaction between the freshly machined material and tool nose region contributes to
the formation of the residual stresses. Among variable parameters affecting the residual
stresses, the tool quality appears to be the most influential one [35]. Apart from the
main geometry, which was to be chosen in this study for determining further application,
other geometrical features should be investigated in the future, such as the rounding
corresponding to the transition between the rake face and the flank face. It can be different
for different insert geometries, and, despite the high repeatability of cutting inserts, it
may differ from one piece to other. Due to ploughing effects, it may have an effect on the
development of residual stresses.

4. Concluding Remarks

The cutting tool inserts made out of cubic boron nitride (CBN) with different ge-
ometries were examined in terms of the resulting surface integrity of the machined sur-
face of a thin-walled bearing ring. Three insert types were used in the experiments:
CNGA120408T01030AWH class 7015 with WIPER geometry, STANDARD insert CNGA120
408S01030A with corner radius RE = 0.8 mm, and insert CNGX1204L025-18AXA class 7015
with XCEL geometry. In terms of surface integrity, some obtained results can indicate the
feasibility of the selected cutting tools for this particular task, as follows.

The smallest profile roughness parameters Ra and Rz values were obtained for the
samples machined with XCEL cutting tools. However, none of the examined inserts and
applied machining parameters ensured the fulfillment of the prescribed tolerance condition
of Rz = 1.6 µm. From the results of the Rmr1, a different trend can be seen. The rings P1
and S2 (WIPER and XCEL) had the smallest material share of the peak, while the rings Q2
and S1 (again, WIPER and XCEL, but with different cutting conditions) had the largest
material share. All tested inserts ensured an acceptable limit rate according to the document,
Rmr1 ≥ 10%.

On the other hand, among 3D parameters, the largest Sa values were obtained for
bearing rings machined with STANDARD tools, while the smallest Sa were obtained
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with XCEL tools. Similarly, STANDARD tool inserts provided the largest values for the
parameter Sz, and the smallest values of Sz were again obtained with STANDARD tools,
but at different cutting conditions. Moreover, the smallest Sz values were those obtained
with XCEL inserts. Notably, WIPER inserts provided the largest dispersion of the spatial
topography parameters. In turn, the largest values of Smr1 appeared for thin-walled
bearing rings machined with WIPER and STANDARD cutting tools, which suggested
lower service life and rapid wear of the rings machined with XCEL tools.

Another component of the surface integrity, residual stress in the upper layer, indicated
that all examined inserts provided a certain surface hardening of the rings. Hence, it is
possible to assume a sufficient service life of the part. The highest compressive normal
residual stresses were identified in the surfaces layers of the rings machined with XCEL
cutting tools. The stress value variations in the individual rings were around 10%, while
their absolute values ranged from 500 to 850 MPa. Additionally, shear stresses were also
identified since they corresponded with the displacement of individual microstructural
layers inside the material, indicating an imperfect cutting process or excessive stretching
of the material. In general, their absolute values did not exceed 40 MPa. Due to the low
values compared with the yield strength Re = 590 MPa, their effect on the functionality and
durability of the bearing rings can be considered negligible.

Thus, it can be stated that STANDARD cutting inserts were able to ensure both the
largest and the lowest Sa and Sz values, dependent on cutting conditions. The largest,
rather favorable value of Smr1 was a result of work with STANDARD cutting tools, too.

The rings machined with WIPER tools had one of the smallest material shares of the
peak Rmr1 = 23%, while at different cutting conditions the material share could reach
Rmr1 = 31%. Large values of Smr1 = 27% were achieved after machining with WIPER.

XCEL cutting inserts ensured the smallest profile parameters Ra and Rz, but Rmr1
appeared to be the smallest for the larger feed value f = 0.35 mm, while the reduced feed of
0.25 mm provided one of the highest values of Rmr1 = 31%. Similarly, spatial parameters
Sa were the smallest for XCEL tools, but the values of Smr1 appeared to be the smallest.

At this stage of the investigation it can be stated that most of the parameters are
favorable after XCEL machining. From the practical perspective, it should be further
investigated if the small values of Smr1 reduce the service time of bearing rings made
with XCEL inserts compared with other samples. Moreover, it is necessary to find out and
eliminate the factors that caused too-high Rz after cutting with all types of inserts.
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Nomenclature

Roughness/Surface Topography Parameters
l evaluation length, mm;
Ra mean arithmetic deviation of the profile, µm;
Rmr(c) material proportion of the profile, µm;
Rmr1 material proportion of the profile (supporting proportion), defined as the material

ratio of the protrusions (vertices) to the core of the material surface, %;
Rz the largest height of the profile, µm;
Sa mean arithmetic height of the limited scale of the surface, µm;
Smr1 material proportion of the surface, %;
Sz the maximum height of the limited scale of the surface, µm;
λc cut-off filter, mm.
Machining Process Parameters
ap cutting depth, mm;
f feed, mm;
vc cutting speed, m/min.
Material Properties
Re yield strength, MPa;
Rm tensile strength, MPa;
σ normal residual stress;
τ shear stress.
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