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ABSTRACT

Purpose: The intention of this research is to test the applicability of oblique cutting tools for improving 
surface textures produced in turning operations on parts made of popular steels (carbon, low- and 
high-alloy) with different chemical compositions and microstructures as well as P-F ductile iron. The 
aim of the research is to quantify the surface roughness and lays produced under practical working 
conditions.

Design/methodology/approach: The objectives were achieved by the characterization of machined 
surfaces using 2D and 3D  scanning techniques and typical LOM examinations. The surface profile and 
surface topographies were characterized and compared for optimal machining conditions.

Findings: This investigation confirms that oblique machining allows producing surfaces with lower 
surface roughness and, in some cases, with attractive service properties. The main conclusion is 
that oblique cutting operations can reduce machining times and partly eliminate grinding operations, 
especially in the machining of hardened materials.

Research limitations/implications: The basic limitations concern the measurement of residual 
stresses and microstructural alterations. Another important problem is to optimize the surface integrity 
including surface roughness and sublayer properties.

Practical implications: One practical outcome is selecting the machining conditions which 
guarantee the demanded surface finish together with bearing properties. In particular, surfaces with 
characteristic plateau can be produced instead of special abrasive finishing operations.

Originality/value: Original value of the paper is the presentation of new cutting tools and their effects 
in turning operations. Experiments were performed  under the conditions combining low surface 
roughness with attractive service properties. This knowledge can support the design of technological 
processes of steel and NDI parts.
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1. Introduction 
 
It is obviously known that most practical metal cutting 

operations, such as turning, drilling, milling, broaching and 
hobbing are oblique machining processes. Consequently, optimal 
utilization of the mechanics of oblique machining seems to be of 
considerable interest to manufacturing industry. The majority of 
practical cutting tools have oblique non-straight cutting edges [1,2] 
and values of the inclination angle range from several (for example 
turning tools) to tens degrees (for example milling cutters). The 
case of a straight-edged tool with one long cutting edge (Fig. 1a) 
represents free oblique cutting process. Under such machining 
conditions several positive influences can be observed including: 
reduction of the undeformed chip thickness (UCT), formation of 
the subsurface layer with large negative rake angles, lower cutting 
force and producing the machined surface with lower surface 
roughness at higher feed rates [3]. On the other hand, higher radial 
forces produced by tools with large inclination angles can results in 
the generation of chatter which degrades surface finish. The 
emphasis of this paper is on the facilitation of the design of turning 
tools involved especially in the precision machining of cylindrical 
surfaces and consequent improvement in the productivity of this 
process. It should be noticed that a straight cutting edge is the 
simplest geometry for material removal and is less costly in 
comparison to complex, sometimes very sophisticated, geometries 
of the commercial cutting tool inserts. Optionally, it is possible to 
use straight edges of cutting tool inserts between worn corners 
which prolongs their applicability and reduces tool costs. 

Surface roughness (SR)/surface topography (ST) as one of the 
decisive factors influencing surface finish depends, when using 
tools with geometrically defined cutting edges, on many factors 
such as geometry of the cutting wedge, cutting parameters, as well 
as grade, microstructure and mechanical properties of the 
machined work material [4]. 

It is obviously known that based on the kinematic model of the 
conventional cutting process, the shape of an individual cutting 
edge trace, which constitutes the surface profile or surface 
topography, is a function of the feed rate f and the tool corner 
radius r  [4]. On the other hand, in the case of a straight-edged 
oblique tool for which this radius is equal to infinity, it is possible 
to introduce an equivalent tool with the corner radius equal to the 
curvature of hyperbola req (axial cross-section of the hyperboloid) 
shown in Fig. 1b. 

Because of many process-induced disturbances, the shapes of 
irregularities within the surface profile can be distorted 
substantially and surfaces generated by machining operations have 
typically very complex shapes and textures [5].  

It is evident that for such cases 3D surface roughness 
characterization provides more information than simple 2D 
approach. In practice, both 2D and 3D-SR characterization of the 
surface profile/topography are recommended by Grzesik et al. 
[6,7]. Regarding these two approaches, there is a large number of 
papers which characterize the surface roughness of  turned surfaces 
using only Ra parameter or set of height roughness parameters but 
rarely more comprehensive, multi-parameter 2D/3D description of 
the surface roughness is applied. 

In this paper, a very detailed analysis of both surface profiles 
and topographies was performed for machined surfaces of steel 
(both soft and hardened) and NCI parts generated by carbide and 
mixed ceramic tools with highly inclined cutting tool edges.  

2. Experiment performance 
 
2.1. Workpiece material, cutting tools and 
machining conditions 
 

Machining trials were performed on the specimens made of 
three different steel grades: namely: C45 carbon steel in 
normalized state, 41Cr4 (AISI 5140) hardened steel with 
Rockwell’s hardness of 60±1 HRC, X6CrNiTi18-10 stainless 
steel and EN-GJS-500-7 spheroidal iron with pearlitic-ferritic  
(P-F) microstructure. Chemical compositions of the selected 
materials and their mechanical properties are specified in Tables 1 
and 2 respectively. The carbon and stainless steels and nodular 
ductile iron were machined with multilayer 
TiC/Ti(C,N)/Al2O3/TiN coated carbide tools. On the other hand, 
mixed ceramic cutting inserts containing 71% Al2O3, 28% TiC 
and 1% additives, commercial symbol - CC650 according to 
Sandvik Coromant, were used to machine hardened 41Cr4 steel.  

The scheme of a oblique turning with straight-edged tool and 
the rule for differentiating between negative and positive 
inclination angles are illustrated in Figure 1. As has been marked 
in Figure 1a, the temporary surface produced by the inclined 
cutting edge is the hyperboloid, not the circle as in the case of 
conventional tool with the rounded corner. All cutting conditions 
employed for the turning operations performed and characteristics 
of the tools used are specified in Table 3. 
 
a) 

s

SCE

 
b) 

 
 
Fig. 1. Oblique turning using straight-edged tool: a) general view, 
b) scheme showing the sign of inclination angle. SCE-straight 
cutting edge, Fn - normal force, D - diameter of the workpiece,  
d - diameter of the machined surface, ap- depth of cut 
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Table 1. 
Mechanical properties of workpiece materials 

Steel grade Ultimate tensile strength 
Rm [MPa] 

Yield strength 
Re [MPa] 

Elongation 
A5 [%] 

Hardness 
HB 

C45 670 420 16 241 
41Cr4 980 780 10 217 

X6CrNiTi 18-10 510 216 38 174-223 
EN-GJS-500-7 500 320 7 170-230 

 
Table 2. 
Chemical compositions of workpiece materials 

 
Steel grade 

 
Metallographic 

structure 

Chemical composition [%] 

C Mn Si Cr Ni S Mg P Mo W Others Cu 

C45 P+F 0.42 
0.50 

0.50 
0.80 

0.17 
0.37 

max 
0.30

max 
0.30 0.04 - - - - - - 

41Cr4 M 0.36 
0.45 

0.50 
0.90 

0.17 
0.37 

0.80 
1.20

max 
0.1 

max 
0.035 - max 

0.035
max 
0.1 

max 
0.2 

Ti 0.05 
V 0.05 0.25 

X6CrNiTi 18-10 A max 
0.12 

max 
2.0 0.8 17.0 

19.0
8.0 
10.0 0.03 - 0.045 - - Ti5x%C+0.8 - 

EN-GJS-500-7 P+F 3.78 0.32 2.5 0.03 - 0.065 0.05 0.038 - - Sn 0.004 0.01 
Legend: P-pearlite, F-ferrite, A-austenite, M-martensite 
 
Table 3. 
Specifications of machining conditions 

Worpiece material Machining operation Cutting parameters 

C45 
carbon steel Turning with P20 uncoated carbide tool, s=55° vc= 280 m/min, ap= 0.27 mm, f=0.17 mm/rev 

41Cr4 
low-alloy steel 

Hard turning with mixed ceramic tool. Cutting 
insert-CNGA 120408 T01020. Tool geometry: 

r =0.8 mm, b =0.1mm, n'=-200 
vc= 150 m/min, ap= 0.15 mm, f=0.21 mm/rev 

X6CrNiTi18-10 
austenitic stainless Turning with P20 uncoated carbide tool, s=55° vc= 140 m/min, ap= 0.27 mm, f= 0.17 mm/rev 

EN-GJS 500-7 
spheroidal (nodular) 

iron 
Turning with P20 uncoated carbide tool, s=55° vc= 280 m/min, ap= 0.27 mm, f= 0.17 mm/rev 

 
2.2. Measurements of surface roughness 

 
Surface profiles/ topographies were recorded and 2D and 3D 

roughness parameters were estimated by means of a TOPO-01P 
profilometer with a diamond stylus radius of 2 m. The scanned 
areas of 2.4 mm × 2.4 mm were selected. The sampling 
displacements were chosen to be x = 0.5 m and y = 12.4 m 
respectively. 3D roughness parameters were determined on 4 
elementary areas of 0.8 mm × 0.8 mm, and the obtained data were 
averaged. 2D roughness parameters were estimated on the surface 
profile containing 3 elements of 0.8 mm length each, and the 
arithmetic average results were calculated taking about 200 
surface profiles generated into account. The analyses performed 
in this paper deal with the average values of both 2D and 3D 
roughness parameters selected.  

 
 

Fig. 2. 3D profilometer, model TOPO 01P 

2.2.  Measurements of surface roughness

 

3. Experimental results and discussion  
 
3.1. Height parameters 
 

All ISO surface roughness parameters measured, which are 
clustered into 4 groups (height, spacing, hybrid and 
material/amplitude distribution) as proposed by Griffiths [5] and 
recently upgraded by Grzesik [4], were compared and analyzed.  

Comparison between values of the height and amplitude 
roughness parameters recorded during experiments is presented in 
Figures 2 and 3. As can be seen from Figure 3 the values of Ra 
parameter range from 0.27 m for the hardened 41Cr4 steel to 
0.80 m for the relatively softer C45 steel with mixed P-F 
microstructure. Due to substantial strain-hardening effect caused 
by the cutting edge with large negative rake angle, the Ra value of 
0.37 m obtained for a X6CrNiTi18-10 austenitic stainless is 
quite satisfactory from the technological point of view.  
 

 
Fig. 3. Comparison of Ra values for  workpiece materials used 

 
Moreover, the higher Ra value of 0.61 m can also be 

originated from the P-F microstructure and high yield stress. It 
should be noticed that oblique turning of hardened steel seems to 
be of practical interest for appropriate manufacturing sectors, i.e. 
automotive and bearing sectors. 
 

 
Fig. 4. Fractions of maximum peaks and depths in the profile 
height for different workpiece materials machined 

Figure 4 presents the values of the Rz parameter, which is 
defined as SL peak to valley height, and its two components- Rp 
(maximum peak height on the surface)  and Rv (maximum valley 
depth on the surface). It is evident from the bar diagrams that the 
fractions of peaks and valleys in the total height depend distinctly 
on the workpiece material being machined and correspond to the 
previous comments related to the changes of Ra parameter. For 
instance surfaces produced on C45 steel parts with feed rate of 
0.17 mm/rev have lower peaks (Rp = 1.67 m) but deeper valleys 
(Rv=  3.03 m), similarly as NCI for which peak heights 
decreases and valley becomes visibly deeper (Rp = 1.50 m and 
Rv = 3.77 m respectively). On the other hand, specifically for 
finish turning of hardened 41Cr4 steel and X6CrNiTi18-10 
austenitic stainless, the heights of peaks and valleys are 
practically the same (Rp + Rv = 0.93 + 0.89 m versus 
Rp + Rv = 0.91 + 0.88 m). The above mentioned differences in 
the distribution of peaks and valleys within the surface profile can 
be explained in terms of moderate plastic deformation of hard 
peaks and lesser  interference into the core material. 
 
3.2. Amplitude distribution parameters 

 
Figure 5 shows the plot kurtosis Rku versus skewness Rsk 

obtained for oblique turning (OT) operations with different 
workpiece materials. It is obviously known that the  values of Rsk 
parameter can be positive, zero or negative. In this process, the 
final results depend on the workpiece material grade used. As can 
be seen in Figure 5, surfaces with negative values of skew are 
produced after OT operations performed on the parts made of 
spheroidal iron (Rsk = -1.58) and in the lower scale for a C45 
carbon steels (Rsk = -1.10). It should be noticed that surfaces with 
better bearing properties are in particular produced on materials 
with pearlitic-ferritic microstructures and higher values of the 
yield stress. Practically, surfaces with zero skewness were 
generated on the parts made of 41Cr4 low-alloy hardened  
(Rsk = -0.07) X6CrNiTi18-10 stainless (Rsk = 0.05) steels. 
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Fig. 5. Map of normalized kurtosis (Rku) versus skewness (Rsk) 
for oblique turning operations of different workpiece materials 
 

The next observation is that higher negative values of Rsk 
correspond to values of kurtosis Rku distinctly higher than 3 
(Rsk = -1.58 versus Rku = 7.27 for spheroidal P-F iron). 
The lowest value of Rku = 2.1 was determined for surfaces 
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for oblique turning operations of different workpiece materials 
 

The next observation is that higher negative values of Rsk 
correspond to values of kurtosis Rku distinctly higher than 3 
(Rsk = -1.58 versus Rku = 7.27 for spheroidal P-F iron). 
The lowest value of Rku = 2.1 was determined for surfaces 
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produced on the stainless steel parts which probably results from 
the presence of smaller tracts between the higher ridges, as shown 
in Fig. 6c. Moreover, surfaces generated on NDI parts consist of 
numerous, interrupted, blunt irregularities and, in consequence, 
they have worse bearing properties. 

 
3.3. Surface textures 

 
Characteristic surface topographies and profiles produced by 

the OT operations are illustrated in Figures 6 and 7 respectively. 
Surface topographies presented in Fig. 6 confirm characteristic 
distributions of peaks and valleys depending on the mechanical 
properties of the machined materials discussed in Section 3.2. In 
particular, Figures 6b and 6c depict that surfaces produced by 
oblique cutting inserts containing smaller local irregularities 
resulting from the side flow effect observed in hard machining 

and machining of strain-hardening sensitive materials like high 
nickel-content X6CrNiTi18-10 stainless steel [8]. 

It can be seen from Figure 7 showing four exemplar surface 
profiles produced for the workpiece materials machined with 
coated carbide and ceramic oblique cutting tools that, in general, 
surfaces with regular distribution of tool nose traces are recorded. 
Moreover, surfaces with determined structures are produced as 
documented previously by Grzesik and Wanat [6] for hard turning 
with conventional tools. It is interesting to note that two 
characteristic surface profiles are generated. The first type with 
visible plateau areas was generated on both C45 steel and EN-GJS 
500-7 spheroidal iron parts and the second type with periodical 
high peaks (lower for hard parts) was revealed for both 
X6CrNiTi18-10 stainless steel and 41Cr4 low-alloy steel parts. 
More detailed profile features can be recognized in Figure 10 
showing zooms of several irregularities.  
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d) EN-GJS 500-7 spheroidal iron 
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Fig. 7. Examples of surface profiles for three steels (a-c) and 
spheroidal iron (d) obtained after oblique machining 

a) C45 steel 

b) 41Cr4 steel 

c) X6CrNiTi18-10 stainless steel 

d) EN-GJS 500-7 spheroidal iron 

 
Fig. 8. Surface images showing characteristic lays at 
magnification 50  

 
Figure 8 illustrates images of machined surfaces recorded by 

means of a LOM at magnification 50 . For steel parts (Figure 8 a-
c) surfaces are very smooth without surface defects. Lays are very 
regular, typical for determined structures. Surfaces generated on 
P-F NCI parts have also regular lays but graphite is smeared 
enhancing their sliding properties. 
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produced on the stainless steel parts which probably results from 
the presence of smaller tracts between the higher ridges, as shown 
in Fig. 6c. Moreover, surfaces generated on NDI parts consist of 
numerous, interrupted, blunt irregularities and, in consequence, 
they have worse bearing properties. 
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spheroidal iron (d) obtained after oblique machining 
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d) EN-GJS 500-7 spheroidal iron 

 
Fig. 8. Surface images showing characteristic lays at 
magnification 50  

 
Figure 8 illustrates images of machined surfaces recorded by 

means of a LOM at magnification 50 . For steel parts (Figure 8 a-
c) surfaces are very smooth without surface defects. Lays are very 
regular, typical for determined structures. Surfaces generated on 
P-F NCI parts have also regular lays but graphite is smeared 
enhancing their sliding properties. 
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3.4. Spacing and hybrid parameters 
 
It is evident from surface profiles shown in Figures 6 and 7 

that oblique machining changes the spaces between irregularities, 
as well as their slopes. This group of roughness parameters 
estimated on the sample length (SL) includes the average peak 
spacing (RSm), the RMS wavelength (R q) and the RMS slope 
(R q). 

In general, as mentioned previously, oblique turning generates 
profiles with regularly distributed peaks but the spacing between 
them represented by the RSm parameter is unequal to the feed 
rate employed. As illustrated in Figure 9, its values range from 
60 m to about 90 m for operations with the feed of 
0.17 mm/rev (170 m/rev) and the minimum RSm value of 43 m 
was documented for hard oblique turning when higher feed of 
0.21 (210 m/rev) mm/rev was applied. 

The modification of the distribution of tool nose traces on the 
turned surfaces, causing the spacing RSm to decrease in 
comparison to the feed value, was previously revealed by Grzesik 
et al. [7] for hard turned surfaces machined with wiper tools. 

Comparatively, the modifications of profile shapes expressed 
by the RMS slopes are illustrated in Figure 10. Typical values of 
the RMS slopes are about R q 50 apart from surfaces produced 
by hard oblique turning for which more blunt traces with lower

 slopes of R q = 2.70 are generated. In the case of NCI, 
characteristic plateau areas can be seen in Figure 10d. In sharp 
contrast, local high peaks appear within the surface profile 
generated for a X6CrNiTi18-10 stainless steel. This is decisive 
factor causing the bearing properties for this steel to decrease 
distinctly. 

 

 
Fig. 9. Values of RSm parameter for surfaces machined with 
oblique cutting tools 

 
 
a) C45 steel             b) 41Cr4 steel  
R q = 0.084 (4.8 )            R q = 0.047 (2.7 ) 
 

   
 
 
c) X6CrNiTi18-10 stainless steel          d) EN-GJS 500-7 spheroidal iron 
R q = 0.089 (5.1 )           R q = 0.091 (5.2 ) 
 

    
 

Fig. 10. Illustration of the characteristic slopes of irregularities produced by oblique turning operations 
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3.5. Bearing area parameters 
 

Figure 11 compares bearing curves (BACs) obtained for all 
machining operations considered in this study. Figure 10 depicts 
that correspondingly to the shapes of surface profiles the shapes 
of the appropriate BAC’s change from S-shape (degressive-
progressive) to deep degressive (case #3). In consequence, the 
best bearing properties were documented for C45 steel (case #1) 
and NCI (case #4). Concerning the material ratio at 20% depth 
(Rmr(20)), it is localized at the cut c in the range of 64-81% for 
C45 and 41Cr4 steels and P-F spheroidal iron, but at extremely 
lower c=26% for stainless steel. 
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Fig. 11. Bearing curves obtained after oblique turning  
1-C45; 2-41Cr4; 3- X6CrNiTi18-10; 4-En-GJS 500-7 

 
Fig. 12. Distributions of Rpk, Rk and Rvk parameters for different 
workpiece materials 
 

It should be noticed  that the values of the reduced peak height 
are comparable for all oblique turning operations with steels for 
which Rpk = 0.3-0.4 m, as presented in Figure 12. Something 
higher Rpk value of 0.6 m was obtained after oblique turning of 
NCI. Lesser differences concern Spk values (0.3-0.45). In 
particular, for this material, the maximum value of Rvk = 1.8 m 
corresponds well to the best bearing properties (see Figure 10d). 

 

4. Conclusions 
 

The main following conclusions and practical 
recommendations resulting from this study are: 
1) In general, OT processes produce different Rsk/Rku 

envelopes, which allow to select the desired process 
conditions in order to produce surfaces with desired bearing 
or mixed bearing/locking properties. Moreover, the 
comparable values of the reduced peak height Rpk of  
0.3-0.4 m were obtained for steel and 0.6 m for NCI parts. 

2) The obtained results highlight the capabilities of oblique 
turning (OT) process as an alternative to conventional finish 
turning and even hard turning and grinding operations 
demanded to produce high-quality parts.  

3) Oblique turning produces a variety of surfaces with different 
geometrical and service properties depending on the 
workpiece material used. As a result, such operations can 
improve surface finish and bearing properties of surfaces on 
both steel and NCI parts. 

4) The surfaces with the RMS slope about 50 are typically 
produced by OT. Lower R q parameter of about 30 was 
recorded for hard turned surfaces which coincides well with 
the smoothing effect of wiper tools [9]. 
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3.4. Spacing and hybrid parameters 
 
It is evident from surface profiles shown in Figures 6 and 7 

that oblique machining changes the spaces between irregularities, 
as well as their slopes. This group of roughness parameters 
estimated on the sample length (SL) includes the average peak 
spacing (RSm), the RMS wavelength (R q) and the RMS slope 
(R q). 

In general, as mentioned previously, oblique turning generates 
profiles with regularly distributed peaks but the spacing between 
them represented by the RSm parameter is unequal to the feed 
rate employed. As illustrated in Figure 9, its values range from 
60 m to about 90 m for operations with the feed of 
0.17 mm/rev (170 m/rev) and the minimum RSm value of 43 m 
was documented for hard oblique turning when higher feed of 
0.21 (210 m/rev) mm/rev was applied. 

The modification of the distribution of tool nose traces on the 
turned surfaces, causing the spacing RSm to decrease in 
comparison to the feed value, was previously revealed by Grzesik 
et al. [7] for hard turned surfaces machined with wiper tools. 

Comparatively, the modifications of profile shapes expressed 
by the RMS slopes are illustrated in Figure 10. Typical values of 
the RMS slopes are about R q 50 apart from surfaces produced 
by hard oblique turning for which more blunt traces with lower

 slopes of R q = 2.70 are generated. In the case of NCI, 
characteristic plateau areas can be seen in Figure 10d. In sharp 
contrast, local high peaks appear within the surface profile 
generated for a X6CrNiTi18-10 stainless steel. This is decisive 
factor causing the bearing properties for this steel to decrease 
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