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A B S T R A C T   

Texturing on tools is thought to improve cutting performance by increasing tool life and reducing process forces 
by reducing friction between the tool and the chip, and in between the tool and the machined surface. This paper 
tests this hypothesis for finish turning of a hardened bearing steel using twelve differently textured PcBN tools. Of 
the twelve textured tools, five have textures on their rake face, three have them on the flank face below the nose, 
three more have textures on the flank face below the secondary cutting edge, and one has textures on the chamfer 
of the cutting edge. Textures of varying orientation, size, and spacing were fabricated using a laser and a focused 
ion beam. Cutting experiments were conducted dry at a fixed speed and feed and with chamfered low-CBN 
content tools. Experiments reveal that cutting performance characterized by tool life, process forces, and 
workpiece surface quality is relatively independent of the texture shape, size, orientation, spacing, and location. 
Significant crater wear was observed for cutting with all tools. Textures in the vicinity of the crater hastened 
wear, whereas textures away from the crater did not significantly influence cutting performance. Measured chip 
morphologies and their saw-tooth like characteristics were observed to be independent of texture type, as was the 
amount of chip adhesion on the tool’s surface. Our analysis suggests that finish turning of the hardened bearing 
steel of interest using textured PcBN tools might not be the panacea to improving cutting performance. Though 
our results contribute to a nuanced understanding of how textures influence cutting performance, since our 
observations run contrary to expectations, further investigations are warranted to understand the role of 
changing cutting conditions, tool geometry, grade of the PcBN tool, and method of making the texture.   

Introduction 

Finish turning of components with hardness values greater than 45 
HRC is as advantageous as it is difficult. Advantages include avoiding 
the need to grind parts, lower equipment costs, shorter setup times, and 
fewer process steps. These advantages have favoured the use of hard part 
machining in the bearing industries. However, due to bearings being 
made of steels with high hardness, mechanical and thermal loads are 
high, and machining these hard parts remains difficult. Though the use 
of polycrystalline cubic boron nitride (PcBN) tools with their high hot 
hardness and wear resistance has made possible machining of hard 
materials, since PcBN tools are expensive and since their wear mecha-
nisms are complex and not completely understood yet, reliability of 
machining hard parts with PcBN tools remains questionable. There has 
hence been a lot of research over the past few decades to help realize the 
potential of hard part machining with PcBN tools [1–12]. This paper is 
also concerned with using PcBN tools to finish turn a hardened bearing 
steel that has hardness of 56 HRC. Our explicit aims are to understand 

mechanisms that limit cutting performance and to investigate solutions 
that may potentially improve cutting behaviour. 

Past research on hard part machining with PcBN tools has focused its 
attention on understanding: complex wear mechanisms [1], chip for-
mation mechanisms [2], role of binders and CBN contents [3,4], role of 
micro-geometry of tools [5], role of cutting parameters [6], role of 
variability in material properties [7], role of heat [8,9], and on devel-
oping cutting force models [9]. Comprehensive overviews of the many 
strides made in understanding the challenges in hard part machining 
with PcBN tools has been summarized nicely in the review papers by 
Dogra et al. [10], by Bartarya and Choudhury [11], and by Hunag et al. 
[12]. In general, even though previous studies help guide the design of 
geometries on PcBN tools, and in the selection of low CBN content tools, 
and in the selection of machining parameters that result in preferential 
saw-tooth shaped chips and improved cutting performance, recom-
mendations to mitigate abrasive, adhesion, and other wear mechanisms 
to improve the tool life of these expensive PcBN tools remain elusive. 

One significant method to mitigate tool wear that has gained traction 
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over the last couple of decades involves a surface modification technique 
by fabricating textures on the rake or flank surface of the tool. Textures 
have been made on tools used in turning, milling, and drilling. Textures 
can have different geometrical shapes and sizes. Shapes can be dimples, 
grooves, and/or of other (ir)regular patterns. Sizes can range from 
nanometres to micrometres. The main mechanism that improves tool life 
for machining with textured tools is thought to be due to reduced con-
tact between the tool and the chip resulting in reduced friction between 
the tool and the chip, which in turn helps reduce cutting forces and 
improve surface characteristics. 

Any improvement in cutting performance with textured tools is 
governed by the size, the shape, and the orientation and location of the 
texture with respect to the cutting edge(s). For cutting of Aluminium 
with textured carbide tools, textures on the rake face perpendicular to 
the chip flow direction were found to be better than parallel textures 
[13]. And even though perpendicular textures were reported to be better 
in [13,14], others, while investigating cutting of Aluminium and steel 
with textured carbide tools found that textures on the rake face parallel 
to the cutting edge performed better [15–18], whereas, yet others found 
that dimpled textures performed even better [19]. Moreover, the im-
provements reported in [13] and in [19] with textures breaking the 
cutting edges run contrary to those reported in [14,16–18,20–22], in 
which textures were recommended to be placed away from the cutting 
edge, else there is a real possibility of weakening the edge and degrading 
tool life. Furthermore, though Koshy and Tovey [20] found that the 
optimal location of the textures from the cutting edge(s) was three times 
the feed, others observed improvements for textures placed at distances 
equal to or slightly greater than the feed [14–17,21,21,22]. For textures 
on the flank faces, Fatima and Mativenga [23], and Liu et al. [24] found 
that textures that are parallel to the primary cutting edge perform better 
than perpendicular and/or inclined textures, whereas, in [25,26], tex-
tures perpendicular to the primary cutting edge were observed to 
improve performance. 

Potential improvements with textured tools are further influenced by 
the size of the texture, and by the choice of machining parameters. For 
example, the depth of, and pitch between textures was found inconse-
quential in [13,17,21]. Furthermore, in some cases, improvements were 
reported only for cutting at very high speeds [13], and in some other 
cases, forces for cutting with certain textured tools were found to in-
crease beyond those obtained for cutting with tools without textures 
[13,14,17,18]. Furthermore, in other situations, the edge of the texture 
acts like a secondary cutting edge, and this derivative cutting action can 
further accelerate tool wear [27,28]. Moreover, methods of making 
textures are also known to influence cutting performance [22,29]. 

Above discussions make it clear that improvements in machining 
with textured tools is far from guaranteed, and indeed how texturing can 
sometimes degrade cutting performance instead of improving it. And 
despite the literature being replete with reports expounding the success 
of texturing in reducing forces and improving tool life in the range of ~2 
– 30% [29–37], potential improvement, if any, depends on the size, the 
shape, the orientation, and location of the texture with respect to the 
cutting edge, and that all improvements are further constrained by the 
geometry and material of the tool, and of the workpiece being machined, 
and further by the choice of machining parameters, and whether cutting 
dry or wet. 

Although a lot of research has been reported on texturing, most of it 
has been on texturing carbide tools for cutting of softer materials than 
the hardened bearing steel of interest in this paper that is to be cut with 
PcBN tools. In the context of using textured tools for hard part turning, 
there has been very limited reported work [34,38–41]. Xing et al. [38] 
and Orra and Choudhury [39] investigated the influence of textures 
filled with solid lubricants and with different geometries and orienta-
tions. Though they reported improvements in tool life for cutting with 
textured tools, they [38,39], as well as Kumar and Patel [34] used 
textured ceramic tools, and not PcBN tools that forms the focus of this 
paper. Furthermore, since hard turning of bearing steels is 

recommended to be performed in the dry condition, i.e., without lu-
bricants [11], and since the tribological mechanisms that may improve 
cutting performance for textures with lubricants is very different than 
for the case of dry cutting with textured tools [36,42], the findings re-
ported on hard turning using textured ceramic tools [34,38,39], though 
significant, are not directly relevant to the hard and dry turning of 
bearing steels with textured PcBN tools that this paper is concerned 
with. Though there is also some reported work on texturing of PcBN 
tools [25,26], that work concerned the machining of Inconel 718, which 
is relatively softer than the bearing steel of interest in this paper. 

The only other work that is of direct relevance to the subject of this 
paper, i.e., hard and dry turning of bearing steels with textured PcBN 
tools was reported in [40,41]. Kim et al. [40] carried out systematic 
numerical finite element-based investigations to understand the role of 
orientation of the texture with respect to the cutting edge, the size of the 
texture, its distance from the cutting edge, and spacing between tex-
tures. They reported that textures farther from the edge, and with 
greater spacing between them, and with shallower depths result in a 
favourable reduction in cutting forces and friction. These studies were 
presumably used to guide their experimental work reported in [41]. 
Experiments with linear grooved textures on the rake face, made using 
electrical discharge machining were reported to nominally reduce forces 
and friction for low feed and speed cutting in comparison to cutting with 
tools without textures for the same cutting conditions. Seeing that cut-
ting with textured PcBN tools may prove beneficial for hard part turning, 
it is the aim of this paper to present expanded and more comprehensive 
experimental analysis than others before us for finish dry turning of a 
hardened bearing steel using textured PcBN tools. 

Since hard part turning of bearing steels is more of a finishing 
operation in which the depth of cut and feed are low, and for which there 
may also be as much flank contact as there is contact of the chip with the 
tool on the rake face, how/if textures on the flank face and/or on the 
rake face may prove beneficial remains unexplored, and will be 
addressed in this paper. Furthermore, how/if the texture’s shape, size, 
orientation, spacing between textures as well as spacing of textures from 
the cutting edge(s) influence the finish turning performance of hardened 
bearing steels also remains unexplored, and will also be addressed in this 
paper. This paper will present experimental characterization of a total of 
twelve different texture types. These include five different texture pat-
terns on the rake face, three each below the primary and secondary 
cutting edge, and one on the chamfer of the insert at exactly the theo-
retical tool-chip contact interface. 

For textures on the rake face, influence of five different texture 
patterns and orientations will be discussed. Since the role of texture type 
and its orientation with respect to the cutting edge is yet unclear, with 
there being reports of perpendicular [13,14], parallel [15–18], and 
dimples [19] – all improving performance to varying degrees, and since 
no such investigation for hard turning with textured PcBN inserts exist, 
this paper will investigate the influence of five patterns on the rake face 
that include textures that are perpendicular, parallel, and aligned with 
the resultant cutting force direction and spaced away from the cutting 
edge. Furthermore, even though textures have been recommended to be 
placed away from the cutting edge [20], since there are reports of tex-
tures breaking the cutting edge performing well [13,19], another 
pattern on the rake face investigated in this paper includes that with 
grooves along the resultant cutting force direction but that instead break 
into the cutting edge. Furthermore, since there exist reports of the size 
of, pitch between, and spacing of the textures away from the cutting 
edge also affecting cutting performance to varying degrees [14,16–18, 
20–22], we also present experimental analysis with textures on the rake 
face with different groove widths and spacing between two grooves, and 
with different levels of spacing the textures away from the cutting edge. 

Additionally, influence of three types of textures each on the flank 
face below the secondary cutting edge and on the flank face below the 
nose will also be discussed. Since the role of texture orientation on the 
flank surfaces is also not clear, with there being reports of parallel [23, 
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24] and perpendicular [25,26] texture types both faring well, and since 
no such analysis for hard turning using textured PcBN tools exists, this 
paper will also investigate the role of textures on the flank faces that 
include dimples, and grooves that are perpendicular and parallel to the 
rake face. 

This experimental plan detailed in the next section of the paper is 
more comprehensive than most other previously reported work on 
texturing. Furthermore, for reliability, each experiment is repeated at 
least three times. A total of 60 experiments were hence conducted. This 
number includes cutting with tools without textures. 

The remainder of the paper is organized as follows. At first, the tool 

and workpiece specifications are discussed. We then discuss fabrication 
and geometrical characterization of textures. The section that follows 
discusses the experimental setup to measure forces, surface character-
istics of the machined workpiece and to monitor tool wear. Measured 
tool wear characteristics, and chip morphologies along with measured 
force and workpiece surface characteristics are then discussed for the 
case of cutting with tools without textures, followed by comparative 
analysis of cutting with all textured tools. Discussions are followed by a 
summary and the main conclusions of the paper. 

Tool and the workpiece specifications 

This section describes the tool geometry, tool material properties, 
and workpiece material specifications. 

The PcBN tool 

Since tools with low CBN contents and negative geometries are 
preferred for hard machining applications [10–12], a tool with low CBN 
content, i.e., one that had ~45% CBN, and a titanium-based binder was 
used in these investigations. CNGA 120408S-01020-L1-B CBN010 in-
serts [43] were selected, and their geometry is as shown in Fig. 1. As is 
evident from Fig. 1, the insert has a chamfer of 0.1 mm × − 20 ◦. The 
edge radii are 15 μm ± 5 μm. This insert was mounted on a 
DCLNR2525M12-M type holder [43], which had a rake angle of − 6 ◦, 
and an inclination angle of − 6 ◦. Hence, the effective rake angle was − 26 
◦. 

Fig. 1. Geometric details of the PcBN tool.  

Fig. 2. Schematic showing methods to fabricate textures. (a) The laser texturing setup, (b) the setup for focused ion beam milling.  
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The workpiece 

The bearing steel used in these investigations had a composition of 
0.96% C, 1.55% Cr, 0.33% Mn, 0.16% Si, by weight, with the remainder 
being Fe. A tubular workpiece with an outer diameter of ~115 mm, and 
a wall thickness of ~25 mm was used since it was easier to through 
harden and temper. Measured hardness of the workpiece along the 
thickness direction was observed to be 56 HRC ± 3 HRC. The variability 
in hardness is within the ± 5% hardness tolerance as per the ISO 3685 
standard [44]. 

Fabrication and geometrical assessment of different texture 
patterns 

This section first discusses the procedure to fabricate textures, which 
is followed by discussions on the measured geometry of the fabricated 
textures. 

Fabricating the textures 

Unlike others before us that fabricated textures on PcBN tools using 
the electric discharge machining method [41] or by using femtosecond 
lasers [26], we prefer to use an easy to use fibre laser for all but one 
texture type which has much smaller features than what is easily 
possible to make using the fibre laser. For the texture pattern with small 
features we use the focused ion beam milling method. 

For laser texturing, we use a SPI-SP-200C fibre laser system operating 
at a 1070 nm wavelength with a maximum power of 200 W. The laser 
beam profile was Gaussian. A galvo-scanner system with f-theta lens 
having a focal length of 160 mm was used to focus the laser beam on the 
substrate. Inserts were placed on a three-axis numerically controlled 
stage as shown in the schematic of the setup in Fig. 2(a). Though the 

continuous wave laser beam can be modulated to generate a pulsed 
beam of durations between 0.1 μs to 90 ms with a repetition rate range of 
1 Hz to 100 kHz, we settled on using a pulse width of 5 μs with repetition 
rates of 15 kHz and scanning speeds of 6 m/min. These parameters were 
observed to result in preferential material removal by melt expulsion 
[45] and reduced re-solidified edges [45]. Furthermore, because of the 
thermal nature of material removal, the desired groove depth was found 
to depend on the laser power and the number of pulses per spot (or on 
the number of passes in some cases), and the groove width was found to 
depend on the laser power and the pulse width. The depth and width 
were hence confounded. Hence, laser parameter selection was also done 
to meet the desired geometrical specifications of the texture. To place 
textures away from the cutting edge(s), a specially designed aluminium 
mask was placed on the tool. All textures made on the rake and flank 
surfaces of the tool were made using this laser-based process. The 
feature size, i.e., the width and depth of textures made with the laser 
ranged from 35 to 60 μm, and 10–25 μm, respectively. 

For making dimples on the chamfer with smaller features, we used 
the focused ion beam milling method. This was necessary since the 
chamfer is small (~100 μm) and controlling the dimple size to be within 
~15 μm and to place the textures within ~15 μm from the edges was 
beyond the scope of the SPI laser due to factors such as diffraction 
limited focused spot size, thermal interaction and re-solidified burr. The 
setup to make dimples on the chamfer using a FEI-make Nova Nano Lab 
600 focused ion beam milling equipment is shown schematically in 
Fig. 2(b). As was done for the case of laser texturing, the parameters for 
focused ion beam milling were also arrived at such as to ensure that the 
desired geometrical features of the texture were met. The parallel 
milling mode [46] of operation was preferred with a voltage of 30 kV, a 
current 7 nA, and a dwell time 1 μs. 

All tools were ultrasonically cleaned in ethanol before and after 
texturing. Furthermore, all textured tools were analysed in an electron 

Fig. 3. Geometrical features of three representative textured tools. (a) Textures on the rake face made along the direction of the resultant cutting force, (b) dimples 
on the flank surface below the secondary cutting edge, and (c) dimples on the chamfer. 
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probe micro analyser and the results were contrasted with tools without 
textures to ensure that texturing does not change the composition of the 
Boron, Nitrogen, and the Titanium binder. 

Geometrical assessment of textured tools 

Textured patterns were observed under an optical microscope and 
the geometric features were extracted using measurements done on a 
NanoMap-D-make optical profilometer. Three representative textures, 
one with grooves on the rake face made along the direction of the 
resultant cutting force, another with dimples on the flank surface below 
the secondary cutting edge, and another with dimples on the chamfer, 
along with their measured geometrical features are shown in Fig. 3. 
Preliminary experiments for cutting with a tool without textures were 
used to estimate the in-plane resultant cutting force, and grooves were 
then made along the direction of the resultant cutting force. 

As is evident from Fig. 3, geometric features, i.e., the size, spacing 
between textures, and spacing of textures from the cutting edge(s) are 
consistent. Also evident for the textures made with the laser (Fig. 3(a–b)) 
is that though there exists a re-solidified burr due to the melt expulsion 
phenomena, the height of the burr is not observed to be greater than ~3 

μm. Since this is negligible in comparison to the feature size, it is not 
expected to play any significant role. Tapering of the grooves and the 
dimples is characteristic of laser and focused ion beam milling fabrica-
tion methods and is difficult to avoid [29]. Similar geometric charac-
terization was carried out for all textured inserts, and the results are 
summarized in Table 1. 

Table 1 shows images of all the twelve textured inserts and lists their 
geometrical features. Of the twelve texture types shown in Table 1, five 
textures, i.e., texture types 1–5 concern texture patterns made on the 
rake face. Texture types 6–8 concern patterns made on the flank face 
below the nose radius, and texture types 9–11 concern patterns made on 
the flank face below the secondary cutting edge. Texture type 12 con-
cerns dimples made on the chamfer of the insert at exactly the theo-
retical tool-chip contact interface. 

The five patterns on the rake face include grooves that are parallel 
(type 1), perpendicular (type 2), and aligned with the resultant cutting 
force direction and spaced away from the cutting edge (type 3), and 
another texture pattern with grooves along the resultant cutting force 
direction but that instead break into the cutting edge (type 4). Rake face 
patterns also include dimples placed away from the cutting edge (type 
5). Texture type 1(a–d) and type 2(a–d) include textures on the rake face 

Table 1 
Geometric features and specifications of the twelve different texture patterns being investigated.  

Texture on Texture type Mean spacing 
between textures 
[μm] 

Mean width/ 
diameter of texture 
[μm] 

Mean depth of 
texture [μm] 

Mean distance from the 
primary/secondary cutting 
edge [μm] 

Representative 
image 

Rake face 

Grooves ‖ to the primary 
cutting edge  1 

a 70 35 10 200 b 
100 35 10 200 

c 70 50 20 100 
d 100 50 20 100 

Grooves ⊥ to the primary 
cutting edge  2 

a 70 35 10 200 b 
100 35 10 200 

c 70 50 20 100 
d 100 50 20 100 

Grooves along the resultant 
cutting force direction 3 150 50 25 350 

Grooves along the resultant 
cutting force direction, but 
breaking the edge 4 70 35 10 – 

Dimples along the resultant 
cutting force direction 5 150 60 15 250 

Flank face below 
nose radius 

Grooves ‖ to the rake face  6 150 50 25 210 

Grooves ⊥ to the rake face  7 150 50 25 230 

Dimples 
8 170 55 15 210 

Secondary flank 
face 

Grooves ‖ to the rake face  9 150 50 25 200 

Grooves ⊥ to the rake face  10 150 50 25 230 

Dimples 
11 150 60 15 265 

Chamfer 
Dimples 12 30 15 5 15 
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with different levels of spacings between textures and different levels of 
spacing textures away from the cutting edge(s). Texture types 1 and 2 
also include textures with different groove widths and depths. Since the 
method of making textures with the SPI laser confounds the width and 
depth, any increase in the width of the texture is accompanied by a 
corresponding increase in the depth of the texture. To investigate if 
textures on the flank surfaces below the nose and the secondary edge 
play any role in reducing the contact and friction between the tool and 
the machined workpiece surface, types 6–8 and types 9–11 include 
dimples, and grooves that are perpendicular and parallel to the rake 
face, respectively. Features, spacing, placement, and orientation of 
textures listed in Table 1 were decided based on recommendations in 
[13–26,29]. 

Experimental setup and characterization procedures 

All machining experiments were done on the setup as shown in 
Fig. 4. A rigid ACE-make SimpleTurn5075 machine with a spindle power 
of 7.5 kW was used. The workpiece was clamped in a hydraulically 
controlled three-jaw chuck. The overhang from the chuck was consis-
tently kept at ~100 mm. All experiments were conducted at a cutting 
speed of 170 m/min and with a feed of 0.2 mm/rev. The depth of cut was 
kept consistent at 0.2 mm. These cutting parameters were selected based 
on the tool manufacturers’ recommendation. Prior to initiating mea-
surements, the outer skin of the workpiece layer was machined away at a 
very low speed and feed using a regular tungsten carbide tool. 

To assess machining performance with different textured tools, we 
measured forces during cutting, and monitored tool wear and measured 
surface characteristics at predetermined intervals of cut. We also 
monitored and characterized chip and tool wear morphologies using a 
JEOL-make JSM – 6010LA scanning electron microscope (SEM). 

Since the depth of cut is of the order of feed, and both are less than 
the nose radius, and since the primary wear mechanism observed was a 
crater on the rake face near the secondary cutting edge, and not flank 
wear (more on this is discussed in Section 5), the usual stopping criterion 
for such analysis, i.e., the time/length of cut at which the primary flank 
wear reaches a value of ~300 μm – as suggested by the ISO 3685 
standard [44] is not directly applicable herein, and the stopping criteria 
for all experiments is instead taken to be the length of cut until when the 
inserts chips. Furthermore, since we are cutting tubes, and not bars, to 
eliminate any potential vibrations due to cutting tubes when the wall 

thickness reduces considerably, tubes were cut till the wall thickness of 
the tubes reduced to the half its original value. 

Forces were measured using an instrumented and dynamically cali-
brated Kistler-make dynamometer (9257BA) – shown in Fig. 4. All three 
components of forces, i.e., the tangential Ft , radial Fr, and feed Ff forces 
were measured at intervals of every 210 mm of cut length. Cutting force 
data was acquired using the MALDAQ module within the CutPRO® 
software [47]. 

Surface characteristics of the machined workpiece were measured 
using a MITUTOYO-make Surftest SJ-210 portable surface roughness 
tester. For every measurement of the workpiece surface characteristics, 
three different locations on the surface, each 120◦ apart were measured 
and averaged for one data point. The machined workpiece surface was 
cleaned with acetone before measuring its characteristics. We measured 
and recorded Ra, Rq, Rz, and RSm. Like in the case of force measure-
ments, workpiece surface measurements were also made at intervals of 
every 210 mm of cut length. 

Wear analysis was performed under a NIKON-make Eclipse LV100 
optical microscope. The insert was removed from the tool holder, 
handled carefully, and placed under the optical microscope for analysis, 
and then returned to the machine for cutting. Unlike force and surface 
measurements which were made at intervals of every 210 mm length of 
cut, since wear measurements require the experiment to be stopped and 
for the insert to be removed, these measurements were more involved, 
and hence these measurements were made at intervals of every 420 mm 
of cut length. 

Cutting performance of tools without textures 

The cutting performance of tools without textures is characterized by 
the wear observed on the tool, the progression of measured forces, and 
the evolution of measured surface characteristics. Representative chip 
and tool morphologies obtained from the SEM characterization are also 
discussed. These results serve as benchmarks against which the cutting 
performance of the twelve textured tools is assessed. 

Progression of tool wear 

The progression of wear is summarized in Fig. 5, which shows images 
of a representative insert without textures measured at different lengths 
of cut (LOC). The insert for which results are shown below, chipped at a 
length of cut of 1680 mm. As is evident from Fig. 5, the primary flank 
wear is insignificant, reaching at most ~40 μm when the insert chips. 
The dominant mode of wear is a crater wear on the nose near the sec-
ondary cutting edge. The crater was observed to form within a cut length 
of 70 mm, and the size of the crater was observed to grow with 
increasing time/lengths of cut. This is not entirely unusual. Similar wear 
behaviour for cutting with PcBN tools has been reported by others too 
[6,41]. 

SEM and EDX characterization 

SEM characterization was carried out on the rake face of untextured 
inserts before and after cutting. These results are summarized in Fig. 6 
which includes images of the rake face of the tool that has markers 
where the elements were identified using EDX analysis. Fig. 6 also lists 
the averaged weight percentage of the main elements identified at the 
different marker locations. The main elements of interest shown in the 
insets in Fig. 6 include Boron (B), Nitrogen (N), Titanium (Ti), and Iron 
(Fe), if/when present. Other major elements that were identified and are 
classified under the ‘Others’ category include Carbon (C) and Oxygen 
(O), and minimal quantities of Strontium (Sr) and Tungsten (W). 

As is evident from Fig. 6, for the virgin insert, there is no Fe detected, 
and the CBN content at 45.1% confirms that this is indeed a low-CBN 
content tool. As is also evident, EDX analysis after cutting for a length 
of 70 mm confirms that there is major adhesion of the chip on the tool – 

Fig. 4. Experimental setup showing the workpiece mounted in a three-jaw 
chuck on a CNC turning machine along with tool mounted on a force 
dynamometer. 
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evident from the high percentage of Fe detected. Fe is detected within 
the crater and on the rake face even ~1 mm away from the cutting edge. 
SEM images after cut lengths of 420 mm and 840 mm show the gradual 
progression of the crater wear, and EDX analysis at these cut lengths 
indicate increased adhesion of Fe from within the chip taking place on 
the rake face. Wear being dominated by adhesion is like what was re-
ported in [41]. Since elements reported in Fig. 6 are averaged over 
several locations shown by the markers on the SEM images, the low 
Boron and Nitrogen content detected for worn inserts could be due to the 
chip adhesion on the surface that clouds the detection of these elements. 
Furthermore, since this analysis confirms that there is a lot of adhesion 
of the chip on the rake face, ability of the planned textures on the rake 
face to reduce contact between the chip and the tool to reduce adhesion 
is warranted. 

Measured chip morphologies 

To understand the evolution of chip morphology with increasing 

lengths of cut for cutting with tools without textures, SEM character-
ization of chips was performed for chips collected after certain pre- 
determined cut lengths were reached. Representative results for chips 
measured only along the thickness direction are summarized in Fig. 7 for 
cut lengths of 70 mm and 840 mm, respectively. The bottom of these 
chips was in contact with the rake face of the tool. The saw-tooth 
characteristics of the chip are governed by the nature of thermo- 
plastic instabilities in the primary shear zone [2] and due to cyclic 
crack initiation and propagation [48]. As is evident from Fig. 7, as the 
cut length increases, the pitch of the saw-tooth like profile, as well as the 
height of the saw-tooth reduces. Since an increase in the size of the 
crater with increasing lengths of cut is associated with a change in the 
cutting-edge characteristics due to wear, and since chip curl and 
morphology are also governed by cutting-edge characteristics evolving 
due to tool wear [2,48–51], the observed changes in the chip’s 
morphology, we conjecture, can be attributed to the change in the 
cutting-edge characteristics due to wear. How/if cutting with textured 
inserts potentially influences chip morphology is discussed later. 

Fig. 5. Typical wear progression characteristics for cutting with tools without textures. Regions of wear are highlighted in all images.  
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Measured force characteristics 

Measured force components changing with time/length of cut are 
shown in Fig. 8, which also includes in an inset the force components for 
the initial 70 mm of the length of cut. Since the depth of cut is of the 
order of the feed, and since both these are less than the nose radius, the 
radial component of the force is comparable to the tangential force – as 
is evident from Fig. 8. As is also evident, all force components increase 
from the cut length of 70 mm to the cut length of 420 mm, and then 
remain almost constant until a length of cut of 1260 mm. Since the insert 

for which results are reported in Fig. 8 chipped at a length of cut of 1680 
mm, a sudden increase in the radial force component is observable. 
These observations suggest that force components do not increase 

Fig. 6. SEM and EDX characterization of the rake face of a representative 
cutting tool without textures to show chip adhesion and crater evolution at 
different lengths of cut (LOC). (a) before cutting, (b) LOC of 70 mm, and (c) 
LOC of 840 mm. 

Fig. 7. Morphology of chips in their thickness direction for cutting with a 
representative cutting tool without textures. Results are shown for different 
lengths of cut (LOC). (a) LOC of 70 mm, and (b) LOC of 840 mm. 

Fig. 8. Measured force characteristics and their evolution with increasing 
lengths of cut for cutting with untextured inserts. 
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significantly as the cutting length increases unless the insert chips. These 
observations are like what were reported in [1]. Since all experiments 
were repeated at least three times, Fig. 8 also shows the lowest and 
highest observations (refer the whiskers in Fig. 8), along with the mean, 
and as is evident, if the outliers due to sudden increase in forces due to 
chipping are neglected, force measurements were observed to be 
repeatable within ~4% for all experiments conducted for cutting with 
tools without textures. 

Measured workpiece surface characteristics 

Measured workpiece surface characteristics are shown in Fig. 9. Even 
though we measured Ra, Rq, Rz, and RSm, Fig. 9 only reports how Rz 
changes with increasing lengths of cut. Since Rz is a measure of averaged 
peaks and valleys over the sampled lengths, and since any extremities in 
the peaks and/or valleys will influence the final Rz value more than they 
might in the measure of Ra, if the shape of the cutting edge was to 
change due to wear on the flank surfaces, Rz would capture that change 
in the measured workpiece surface characteristics. However, as is 
evident from Fig. 9, Rz remains consistently around ~5.5 μm ± 1 μm for 
all lengths of cut until the inserts chip. The variations observed in Rz in 
Fig. 9 correspond to the lowest and highest observations made across 
measurements that were repeated at least three times. 

The flank wear for cutting with untextured tools remains insignifi-
cant. The flank wear reaches at most ~40 μm on the primary cutting 
edge, and at most ~120 μm on the secondary cutting edge before the 
insert chips – see Fig. 5. Since the flank wear is low, it does not degrade 
surface roughness of the machined surface reported in Fig. 9. These 
observations are consistent with those reported elsewhere in [1,52,53]. 
Furthermore, though there is an increase in the crater wear with 
increasing lengths of cut, since the crater is not in direct contact with the 
machined surface, the crater wear does not directly influence the 
workpiece surface characteristics, and hence Rz remaining consistent as 
the length of cut increases is understandable. 

Having systematically characterized the cutting performance with 
inserts without textures, and having observed material transfer from the 
chip to the tool – suggesting adhesion, and having seen that this adhe-
sion causes more crater wear than wear on the primary and/or sec-
ondary flank surfaces, and since the ISO 3685 standard does not make 
any recommendations to determine the tool life based on wear on the 
secondary flank, or based on the depth of the crater, the stopping criteria 
for comparative analysis of any potential influence of textures on the 
cutting performance is taken to be the length of cut until the insert chips. 
Furthermore, since EDX analysis suggests that there is a change in the 
elements on the rake face with increasing lengths of cut, and since chip 
morphologies are also observed to evolve with increasing lengths of cut, 
these too are taken to be metrics to investigate the influence of textures. 

Although force and surface characteristics were observed to not change 
significantly with increasing lengths of cut, cutting performance char-
acterized by these for the case of cutting with textured inserts are still 
compared with the results for the case of cutting with inserts without 
textures. 

Comparative analysis of cutting performance of all twelve 
textured tools 

This section presents comparative analysis of the cutting perfor-
mance with all twelve textured tools and benchmarks those results with 
the results for cutting with tools without textures. At first, we present the 
tool wear characteristics of all tools, followed by EDX analysis and chip 
morphologies for representative textured tools to help explain the 
observed wear behaviour. This is followed by results for the achieved 
length of cut until the inserts chip for all tools, which in turn is followed 
by comparative analysis of the measured force and workpiece surface 
characteristics for cutting with all tools. 

Comparative analysis of progression of tool wear 

Progression of tool wear for all twelve insert types is summarized in 
Fig. 10. Although tool wear was monitored on the rake face and on the 
primary and secondary flanks, since the crater wear dominates, Fig. 10 
only shows images for the crater wear for textures on the rake face, and 
for textures on the flank surfaces, images for the rake and the primary 
and/or the secondary flank surfaces are also shown. Moreover, even 
though tool wear for all tools was monitored at intervals of completing 
420 mm of lengths of cut, Fig. 10 reports results for cutting with texture 
types 1–11 for lengths of cut of 420 mm, 840 mm, and finally the con-
dition when the insert chips, whereas for the case of cutting with the 
insert with texture type 12, wear is shown at a length of cut of 140 mm, 
420 mm, and when the insert chips. Since every experiment was 
repeated three times, Fig. 10 shows representative images from experi-
ments with one tool for every type of texture. For texture types 1 and 2, i. 
e., for grooves on the rake face, Fig. 10 reports results of type 1(c) and 
type 2(c) only, and the influence of varying feature size and spacing is 
discussed subsequently. 

As is evident from the comparisons in Fig. 10, differences in crater 
wear patterns for cutting with all textured tools is minimal, and this 
observation is consistent with reports in [41]. Furthermore, it is also 
stark that chipping of the insert always occurs due to the growth of the 
crater that weakens the secondary cutting edge. Moreover, as is evident 
from results for cutting with tools with textures on the rake face (see 
results for texture type 1, 3 and 5), if/when the crater grows large 
enough to reach the texture, the crater eats into the textures, and may 
even contribute to hastening the catastrophic failure of the insert 
through chipping. It is also further evident from results for cutting with 
type 2 textures, that if the texture is far enough from the cutting edge, it 
plays no significant role in potentially reducing the tool-chip contact. 
For cutting with textures with grooves on the rake face made in the 
direction of the resultant cutting force, but that break the cutting edge, i. 
e., for cutting with type 4 inserts, the textures breaking the cutting edge 
further weaken the edge and result in premature catastrophic chipping. 

For cutting with tools with texture types 6–11, i.e., for textures on the 
flank below the nose radius and on the flank surface below the sec-
ondary cutting edge, the dominant wear mechanism remains that of the 
crater wear. Moreover, as is observed for craters eating into the textures 
on the rake face, on the flank surfaces too, if/when the crater reaches the 
textures, local weakening of the insert is observed, which in turn may 
accelerate chipping of the tool. Furthermore, if/when the textures are 
far enough away from the crater frontier, the textures potentially play no 
role in reducing the tool-workpiece contact. 

For cutting with the case of textures made on the chamfer on the 
‘exact’ tool-workpiece contact location, i.e., for cutting with type 12 
textured tools, the crater forms early, and beings to ‘wash’ away the 

Fig. 9. Progression of measured workpiece surface characteristics for cutting 
with inserts without textures. 
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Fig. 10. Typical wear progression characteristics for cutting with all twelve textured tools. Regions of wear are highlighted in all images.  
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textures. Hence, any potential benefit of reduced contact between the 
tool and the chip because of these textures is lost early in the process. 
Once the dimples on the chamfer are washed away, which happen 
before reaching a length of cut of 420 mm, the insert behaves like an 
untextured tool for the remainder of its life until the crater grows 
significantly and causes chipping of the tool. 

Having presented the wear characteristics for all twelve textured 
tools, and having observed that the crater wear characteristics are the 
same for textured tools as they are for cutting with tools without tex-
tures, wear mechanisms are confirmed with EDX analysis of three 
representative textured tools as discussed next. 

Comparative analysis of EDX characterization results 

As was done for the case of cutting with tools without textures, since 
cutting with tools with textures is also limited by craters being formed, 
to investigate if there is as much adhesion of the chip on the tool in the 
presence of textures, EDX characterization was again carried out for 
textured inserts and results of three representative textured patterns are 
summarized in Fig. 11. The three patterns for which results are shown in 
Fig. 11 are the same as those shown in Fig. 3, i.e., for textures on the rake 
face made along the direction of the resultant cutting force (type 3), 
dimples on the flank below the secondary cutting edge (type 11), and for 
dimples on the chamfer (type 12). Again, as was shown for the case of 
cutting with tools without textures, Fig. 11 also lists the averaged weight 
percentage of the main elements (B, N, Ti, and Fe) identified at the 

different marker locations – also shown on SEM images in Fig. 11. And, 
as before, i.e., as was shown for the case of cutting with tools without 
textures, and as was shown above in the discussions on the progression 
of wear characteristics, SEM and EDX analysis results are shown before 
cutting, and at representative cut lengths of 70 mm and 840 mm, 
respectively. 

As is evident from Fig. 11, the CBN content for all textured tools 
before cutting ranges from ~40 – 50% with there being negligible 
amount of Fe being detected. However, as is also evident from Fig. 11, 
for the case of the textured tool with grooves on the rake face, as the 
length of cut increases, the amount of Fe detected also increases. This 
again suggests that there is significant amount of adhesion of the chip on 
the rake face. Elemental analysis on the secondary flank surface suggests 
that there is less amount of adhesion of the workpiece material on this 
surface than on the rake face. Elemental analysis on the dimpled region 
on the chamfer suggests that there is also a significant amount of 
adhesion of the chip on the surface – evident from the high percentage of 
Fe detected. At a cut length of 840 mm, for the case of textures on the 
chamfer (type 12), there also appears a significant amount of Carbon 
(52.78% within the ‘Others’) – suggesting that the surface is also char-
red. Also evident from the SEM images in Fig. 11 is the increase in the 
size of the crater with an increase in the length of cut. These observa-
tions suggest that even with textured tools, there is as much adhesion of 
the chip on the tool as is there is for the case of cutting with tools without 
textures, and that there is no significant difference in the characteristic 
features of the crater in comparison to the case of cutting with tools 

Fig. 11. SEM and EDX characterization of the rake and flank face for cutting with inserts with three representative texture types to show chip adhesion and crater 
evolution at different lengths of cut. (a) Results for texture type 3, (b) results for texture type 11, and (c) results for texture type 12. 
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without textures. 

Comparative analysis of measured chip morphologies 

To understand how morphologies of the chips for the case of cutting 
with textured tools are potentially different than for the case of cutting 
with tools without textures, and to understand how chip morphology 
evolves with increasing lengths of cut, SEM characterization of chips 
was carried out for cutting with three representative textured tools, and 
the results are summarized in Fig. 12. The tools for which results are 
shown in Fig. 12 are the same as those for which EDX characterization 
was presented above in Fig. 11. Though chips were collected and 
measured at cut intervals of 70 mm, 420 mm, and 840 mm respectively, 
results reported in Fig. 12 are only for cut lengths of 70 mm and 840 mm, 
respectively. 

As is evident from Fig. 12, the morphology of the chips for cutting 

with textured tools retain their saw-tooth like character. It is also 
evident from Fig. 12 that as the length of cut increases, the mean pitch 
and height of the saw-teeth reduce with increased lengths of cut for 
cutting with all three types of textures. This is consistent with observed 
behaviour for cutting with tools without textures and is also consistent 
with earlier reported results [41]. Moreover, there appear no significant 
difference in the saw-teeth characteristics for cutting with different 
textured tools. These observations suggest that cutting with textured 
tools does not appear to change the nature of deformation and/or the 
chip morphology in comparison to cutting with tools without textures. 

Comparative analysis of length of cut until inserts chip 

Comparative analysis for lengths of cut until all inserts, textured, or 
not, chip is summarized in Fig. 13 and Fig. 14. For texture types 1 and 2, 
i.e., for grooves on the rake face, Fig. 13 reports results of type 1(c) and 

Fig. 12. Comparative analysis of morphology of chips at different lengths of cut for three representative textured tools. (a) Results for texture type 3, (b) results for 
texture type 11, and (c) results for texture type 12. 

Fig. 13. Comparative analysis for length of cut for cutting with all tools, textured, or not, until all inserts chip. For classification of texture types, please refer 
to Table 1. 
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type 2(c) along with results for all other ten types of textures, and the 
influence of varying rake face texture feature size and spacing is shown 
in Fig. 14. 

As is evident from Fig. 13 and Fig. 14, of the 12 different texture 
types investigated, our analysis suggests that the mean length of cut 
when the inserts chip (which is a proxy for tool life) for cutting with 
texture types 1, 2, 3, 7, 8, and 11 is up to ~30% greater than cutting with 
an insert with no textures. Our analysis also suggests that cutting with 
texture types 5, 6, 9, 10, and 12 results in an up to ~20% reduction in 
the mean length of cut, whereas for cutting with texture type 4, there is a 
~66% reduction in the mean length of cut till the inserts chip. Since 
cutting with textured tools in which the texture breaks the cutting edge 
(s) results in premature catastrophic failure, the length of cut until the 
inserts chip for those tools (texture type 4) is significantly less than the 
length of cut for cutting with all other tools, textured, or not – as is 
evident from Fig. 13. These observations are consistent with those re-
ported in [14–18,20–22], which suggest placing the texture away from 
the cutting edge. 

From the comparisons of mean lengths in Fig. 13, it may be tempting 
to concluded that cutting with texture types 1, 2, 3, 7, and 8 is indeed 
beneficial to improve tool life, whereas cutting with texture types 4–6, 8, 
9, 10, and 12 is detrimental. However, if variations for the lengths of cut 
when the different textured inserts chip is accounted for, it is evident 

that the lowest and/or the highest observation for the different textured 
inserts is no different than the mean length of cut for cutting with the 
insert without textures. 

The large variations in the lengths of cut until the inserts chip 
observed in Fig. 13 and in Fig. 14 can be explained as follows. If the tube 
can be imagined to be partitioned into three sections such that the outer 
section represents the case when cutting begins when the diameter of the 
tube is ~113 mm, and continues until the tube diameter reaches ~107 
mm, and cutting in the mid-section begins when the diameter of the tube 
is ~106 – 107 mm, and continues until the tube diameter reaches ~97 
mm, and cutting in the inner section begins when the diameter of the 
tube is ~96 – 97 mm, and continues until the tube diameter reaches ~86 
mm, then it can be inferred that when experiments are performed for 
cutting in the inner section, the length of cut until when the insert chips 
was observed to be consistently higher than the length of cut for cutting 
in the mid and the outer sections respectively. 

These observations are summarized in Fig. 15, and suggest that the 
mean length of cut until the insert chips for cutting in the outer section is 
~1216 mm, for cutting in the middle section, it is ~1530 mm, and for 
cutting in the inner section it is ~1915 mm. This suggests that if, where 
the experiment was conducted, i.e., at which section, is not controlled 
for, it may lead one to wrongly conclude that cutting with some inserts 
with some textured patterns may lead to an increased length of cut 

Fig. 14. Comparative analysis of the length of cut until inserts chip for textures on the rake face (types 1(a-d), and 2(a-d)) with different feature sizes and spacing 
characteristics. For classification of texture types, please refer to Table 1. 

Fig. 15. Comparative analysis of the length of cut until inserts chip for experiments conducted at different diametrical sections. For classification of texture types, 
please refer to Table 1. 
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before chipping. The dependence of the achievable length of cut until 
the insert chips on the diametrical section being cut explains the large 
variations observed in Fig. 13 and in Fig. 14. 

Even though experiments for every texture pattern were repeated at 
least three times each, not all experiments for each texture type were 
conducted at all diametrical sections. Hence, data for some texture types 
for some diametrical sections is not available and is hence missing in 
Fig. 15. Fig. 15 also does not report results for cutting with textures that 
break the edge. Results in Fig. 15 for the case of cutting with tools with 
texture types 1 and 2 at different diametrical sections are averaged over 
their sub-types, i.e., the lengths of cut until the inserts chipped for cut-
ting with tools with textures on the rake face with different feature sizes 
and spacing characteristics were averaged for cutting with them over 
different diametrical sections. And only the mean achievable length of 
cut for every diametrical section is shown in Fig. 15. All twelve exper-
iments (four sub-types being repeated three times each) for cutting with 
type 2 textured tools were conducted for cutting only at the outer and 
the mid sections of the tube, and hence data for cutting at the inner 
diametrical sections is also not available. 

Furthermore, if lengths of cut until inserts chip are to be compared 
for cutting at similar diametrical sections, it may again be tempting to 
conclude that cutting at the inner diametrical section with texture type 7 
results in an ~8% improvement in tool life, and cutting with texture type 
11 results in a ~4.5% improvement in tool life. However, if cutting with 
the same textured insert types 7 and 11 were to be compared for cutting 
at the middle section, it is evident that there would be a ~4.5% reduc-
tion in the life of the tool. Since most results in Fig. 15 correspond to only 
a single data point, and since cutting at different sections results in 
different results, observations are not conclusive. 

The phenomena of cutting at the inner sections resulting in a greater 
length of cut until the inserts chip, we postulate, is related to cutting 
process induced softening. Softening is known to occur due to heat 
retention in the workpiece which makes the workpiece softer and 
potentially easier to cut [54,55]. Since it is difficult to measure tem-
perature during cutting, we instead measured the surface hardness to 
monitor how it changes with different diametrical sections. We treat the 
measured surface hardness characteristics as a proxy for any tempera-
ture related influences. In situ hardness was measured using a portable 
TIME-make hardness testing device. Results for hardness measured at 
different diameters is shown in Fig. 16 – which presents results only for 
the representative case of cutting with tools without textures. 

As is evident from Fig. 16, the hardness changes from ~54 HRC for 
cutting at the mid-section to ~49 HRC for cutting at the inner section. 
Since measurements were repeated and averaged at every section, the 
variation in measured mean values shown in Fig. 16 correspond to 
lowest and highest observations. Seeing that the hardness of the tube is 
lesser at the inner section than at the mid-section and/or the outer 
section, and since softer materials are easier to cut, if cutting at different 
sections of the tube is controlled for, then it is unsurprising that cutting 

with some textured inserts that cut the tube at the inner section chipped 
later than for cutting with tools, textured, or not, at the mid and outer 
diametrical sections. 

Comparative analysis of measured force characteristics 

At first, to establish how/if force characteristics for cutting with 
textured tools evolve differently over the length of cut as compared to 
cutting with tools without textures, for a representative case of cutting 
with an insert with dimples on the flank surface below the nose (type 8), 
measured force characteristics are shown in Fig. 17. The variation in 
forces correspond to the lowest and highest observations made across 
measurements being repeated at least three times. And as is evident, 
even though the measured force characteristics appear to increase 
slightly with increasing lengths of cut, the rate of increase is insignifi-
cant. This is consistent with the observations for the force characteristics 
for cutting with tools without textures – see Fig. 8. 

Though Fig. 17 shows the measured averaged forces for cutting with 
a single textured insert, similar behaviour was observed for cutting with 
all other textured inserts, and hence force components were averaged 
over their length of cut to enable a comparative analysis of the force 
behaviour for cutting with all twelve textured tools. These comparisons 
are shown in Fig. 18 and are limited to only comparing the main 
tangential force component. Furthermore, for the linear groove type 
textures on the rake face, results in Fig. 18 are shown only for texture 
type 1(c) and for texture type 2(c), along with forces for all other texture 
types, except for the case of cutting with textures that break the edge. As 
is evident from Fig. 18, comparisons of forces with and without textures 
shows that there is no significant change in force components for cutting 
with textured inserts. Furthermore, there is no discernible change in the 
force component between different textured tools. 

Though Fig. 18 only reports results of force characteristics for cutting 
with linear grooves on the rake face with tool type 1(c) and type 2(c), 
force analysis for type 1(a–d), and for type 2(a–d), shown in Fig. 19, also 
suggests that forces do not change over their length of cut, and nor are 
the force magnitudes very different than results shown in Fig. 18. The 
variation in forces observed in Fig. 18 and in Fig. 19 for each texture 
type are due to forces being low during the first pass, and due to forces 
being high during the pass in which the inserts chip. These variations 
can also be understood from the results shown in Fig. 17. These obser-
vations are different than those reported in [40], in which the size of the 

Fig. 16. Measured surface hardness characteristics changing with a change in 
the dimeter of the tube(s). 

Fig. 17. Progression of measured force characteristics with an increase in the 
length of cut for cutting with a textured tool with dimples on flank surface 
below the nose radius. 
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texture and its placement from the cutting edge was reported to influ-
ence cutting forces. However, that analysis and those conclusions were 
based on numerical finite element simulations [40], and no experi-
mental proof was offered. Furthermore, though Fig. 18 and Fig. 19 only 
reports results for the main tangential force, similar behaviour was 
observed for the feed and radial components. 

Since analysis for the achievable lengths of cut before inserts chip 
suggested a strong dependence on the diametrical section being cut, if 

thermal softening is indeed taking place, as is indeed confirmed by the 
hardness reducing with a reduction in the diameter of the tube, this 
should also manifest in a reduction in the cutting forces for cutting in the 
inner section. However, the comparative analysis of the representative 
tangential force component shown in Fig. 20 for cutting with tools with 
and without textures shows that forces do not exhibit a reducing trend 
for cutting at the inner section. The results in Fig. 20 for the textured tool 

Fig. 18. Comparative tangential force characteristics for cutting with all textured inserts. For classification of texture types, please refer to Table 1.  

Fig. 19. Comparative tangential force analysis for textures on the rake face with different feature sizes and spacing characteristics. For classification of texture types, 
please refer to Table 1. 

Fig. 20. Measured tangential force component for cutting at different dia-
metrical sections. Results are shown for cutting with tools without textures, and 
for a representative case of cutting with tools with a texture type 1(c). 

Fig. 21. Progression of measured surface characteristics with an increase in the 
length of cut for cutting with a textured tool with dimples on flank surface 
below the nose radius. 
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are for the case of cutting with a tool with textures on the rake face, i.e. 
texture type 1(c). The whiskers in Fig. 20 correspond to the variations in 
the measurements, i.e., to the lowest and highest observations. Since 
observations in Fig. 20 show that the forces do not vary much with 
cutting at different sections, and even though there is some thermal 
softening taking place that results in a higher length of cut until the 
insert chips for cutting at the inner sections than cutting at the middle 
and outer sections, that thermal softening does not manifest itself into a 
reduction of process forces for cutting at the inner sections. This oddity 
cannot be completely explained yet. 

Comparative analysis of measured workpiece surface characteristics 

Influence of textures on the machined workpiece surface character-
istics changing with the length of cut are presented herein. As a repre-
sentative example of how Rz changes with time (length of cut) for 
cutting with a textured tool, the case of a textured tool with dimples on 
the flank surface below the nose is considered (type 8). Results are 
shown in Fig. 21, and as is evident Rz remains consistently around ~5.5 
μm ± 1 μm, which is of the same order as that for cutting with tools 
without textures. Since Rz is governed by the flank wear, and since the 
flank wear remains low and uniform, reaching at most ~40 μm on the 
primary cutting edge, and at most ~120 μm on the secondary cutting 
edge before the insert chips – see Fig. 10, these low levels of flank wear 
do not adversely influence the surface finish as the length of cut in-
creases – and this remains consistent with observations for cutting with 
tools without textures, and with observations reported elsewhere in [1, 

52,53]. 
Though the results in Fig. 21 are limited to characterizing how sur-

face characteristics change with the length of the cut for one represen-
tative textured tool, similar observations were made for cutting with all 
textured tools. The surface characteristics were hence averaged over the 
length of cut for all tools, and the resulting characteristics are compared 
with each other in Fig. 22. Results of workpiece surface characteristics in 
Fig. 22 are shown only for texture type 1(c), and texture type 2(c), along 
with surface characteristics for all other texture types, except for the 
case of cutting with textures that break the edge. And, measured surface 
characteristics for all other type 1(a–d) and type 2(a–d) are shown in 
Fig. 23. As is evident from Fig. 22 and Fig. 23, the mean value for Rz for 
all experiments, i.e., textured, or not, ranges from between 5 μm–6 μm, 
with some outliers. The outliers (variations) in the measured Rz for re-
sults shown in Fig. 21 – 23 correspond to the lowest and highest ob-
servations in the measurement(s). These observations (from Fig. 22 and 
Fig. 23) suggests that the mean surface roughness does not vary much 
with different texture types. 

Conclusions 

Finish turning of a hardened bearing steel using twelve differently 
textured low-CBN content tools was characterized at fixed cutting con-
ditions. The aim was to establish how texture size, shape, orientation, 
spacing, and location influence the cutting performance – something 
that remained unaddressed until now. Cutting performance was char-
acterized by wear, tool life, chip morphologies, and measured process 

Fig. 22. Comparative analysis for measured surface roughness for all textured inserts. For classification of texture types, please refer to Table 1.  

Fig. 23. Comparative measured surface characteristics for textures on the rake face with different feature sizes and spacing characteristics. For classification of 
texture types, please refer to Table 1. 
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forces and workpiece surface characteristics. 
Cutting performance was found to be relatively independent of the 

texture shape, texture orientation, of texture size, of texture spacing, and 
of texture location. Significant crater wear was observed for cutting with 
all tools, textured, or not. Textures in the vicinity of the crater hastened 
wear, whereas textures away from the crater, played no role. Measured 
chip morphologies and their saw-tooth like characteristics were 
observed to be independent of texture type, as was the amount of chip 
adhesion on the tool’s surface. Cutting induced softening of the work-
piece observed in its thickness direction made cutting at the inner sec-
tions of the tube easier and resulted in greater tool life. If cutting at 
different diametrical sections of the tube is controlled for, no significant 
differences in tool life was observed for cutting with all inserts – 
textured, or not. 

Though our analysis suggests that texturing does not significantly 
improve the finish turning performance of the hardened bearing steel of 
interest, and as such, even though our observations run contrary to our 
own expectations, and to many reports that purport and expound 
texturing to be the panacea to improve cutting performance, our anal-
ysis contributes to a nuanced understanding of hard turning using 
textured PcBN tools and helps establish the boundaries of knowledge. 

Since our investigations were limited to dry cutting of bearing steel 
with fixed cutting parameters, and with a chamfered low-CBN content 
tool, how/if a change in cutting parameters, or a change in the edge 
geometry, or a change in the CBN content of the tools, and/or a change 
in the method of making textures can potentially influence and improve 
the cutting performance in finish hard turning remains unexplored, and 
can be addressed in future studies. 
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