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Ş akir Altınsoy, Nuray Beköz Üllen, Mustafa Ersoy, and Diyadin Can

Submitted: 16 October 2023 / Revised: 6 May 2024 / Accepted: 17 May 2024

In this study, the machinability behaviour of Ti6Al4V alloy was investigated using carbide coated and
uncoated inserts at varying cutting speeds, feed rates, and depths of cut. The cutting tool life was deter-
mined by analysing chip morphology, insert wear and surface roughness. The study focussed on under-
standing the physical phenomena during machining and optimising them with experimental and numerical
approaches. The novelties of the study are that the performance characteristics of cutting parameters were
evaluated using the response surface methodology and were realised in industry. The results show that
properly selecting cutting parameters can improve surface quality. The feed rate impacts surface roughness
the most, followed by the cutting speed. Helical and ribbon types of chips were obtained in Ti6Al4V alloy
turning. The longest wear time was observed for the uncoated tool. The tool life of the uncoated insert
improved by approximately 11.12, 11.76 and 18.18% compared to the coated carbide insert at 30, 40, and
50 m min21 cutting speeds, respectively.

Keywords coated and uncoated inserts, chip formation, response
surface methodology, Ti6Al4V, tool wear

1. Introduction

Ti6Al4V alloy, which is the most widely used amongst
titanium alloys, has a combination of many material properties
suitable for use in aerospace, automotive, military, medical and
offshore industries, implants, chemical processing components,
power stations and high-end sports types of equipment (Ref 1,
2). These properties are high specific strength, extraordinary
corrosion resistance, high hot hardness, excellent biocompat-
ibility, fatigue resistance, low thermal conductivity and expan-
sion (Ref 3). However, despite the outstanding physical and
mechanical advantages Ti6Al4V alloy has traditionally been a
difficult material to process due to its characteristics such as
high chemical activity, low thermal conductivity and modulus
of elasticity (Ref 4). Hot hardness with low thermal conduc-
tivity causes thermal condensation in the cutting zone, and a
low modulus of elasticity causes a short tool-chip contact
influencing the negativity of the tool life (Ref 5, 6). Combined,

high tool stresses are a result of these material characteristics.
Moreover, titanium alloys tend to coalesce on the insert by
machining at high temperatures and exhibit a strong chemical
affinity with most cutting tips, accelerating temperature-depen-
dent tool wear mechanisms. Various machining methods and
technology have been studied by most researchers for machin-
ing Ti alloys (Ref 7, 8). However, it still presents difficulties in
machining therefore there is always a need for additional
literature. It continues to attract the attention of researchers
since the problems experienced in machining are still not
resolved. This study focuses on the behaviour of Ti6Al4V alloy
during chip formation, cutting tool wear and surface integrity
determining production challenges during machining.

Conventional machining methods are still widely used in the
machining of Ti alloys. Turning is a machining process on
metals that is widely used in various industries working on
metal cutting (Ref 5, 9). The selection of suitable machining
parameters for the turning process and the use of the correct
insert are very important to achieve high performance and
improve tool life. Despite all this, the use of titanium alloys is
limited by their poor machinability. It is necessary to improve
the cutting tool performance and surface quality in order to
reduce the production costs and machining time as well as of
the forces developed in the machining of titanium alloys (Ref
10). The most commonly used inserts in titanium machining are
coated and uncoated, especially cemented carbide tools (Ref
11). In machining with coated tools, it performs worse than
uncoated tools, as the rupture of the coating layer causes the
unstable structure of the formed build-up edges (BUE).
Nevertheless, several researchers have reported an enhance-
ment in the cutting insert performance of a single layer or a
multilayer PVD coating at high cutting speeds compared to
uncoated inserts (Ref 12-14). Since the performance of the
cutting tool is strongly influenced by the conditions of the
machining process, the inserts used in machining should be
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selected according to the tribological interactions occurring at
the tool-chip interface. The purpose of this study is to
understand how machining performance can be improved by
selecting the appropriate insert and cutting parameters in the
turning operation.

The surface integrity of the machined surface is considered
the quality index used to describe the surface quality of the
finished product (Ref 15). The best parameter to evaluate the
surface quality of the turned product is the surface roughness
which is very important for a final product (Ref 15, 16).
Ti6Al4V alloy with low thermal conductivity causes cutting-
edge deformation and consequently poor surface quality as the
cutting temperature increases at the cutting edge. Surface
roughness affects many important properties such as heat
conduction, friction, light reflection and production cost etc.
(Ref 17, 18). Response surface methodology (RSM) is defined
as the correlation of mathematical and statistical methods used
to improve, enhance or optimise the machining process or
machined surface (Ref 19). In this study, RSM was used as a
statistical tool to predict the surface roughness and model the
machining process according to changing cutting parameters
and cutting inserts. The fact that this issue was not addressed in
the studies on the machining of Ti6Al4V alloy adds a unique
value to the study.

Although there are many studies in the literature on the
optimization of Ti6Al4V machining operations and parameters
using various methods; its insufficiency is still mentioned and
the problems in its machinability are still not resolved.
Machining outputs should be generated based on the different
definitions of chip formation and tool wear mechanisms and the
problems faced by industries during titanium machining. In this
study, machining outputs are analysed and correlated to
improve the machinability of Ti6Al4V alloy. In addition,
laboratory-based understanding has been associated with
industrial-based outcomes. Machining outputs are described
by analysing the morphology of the chips, the surface
roughness of the machined part, the wear of the cutting inserts,
and practical problems faced by industries during Ti6Al4V
machining. In addition, the surface roughness values were
associated with an experimental and a numerical study. This
study is interesting from both the analytical and engineering
perspectives in the machining process of Ti6Al4V alloy. The
most acceptable cutting conditions were proposed as a result of
experimental research on tool life, chip morphology, surface
roughness and machined surface.

2. Experimental and Numerical Procedures

2.1 Workpiece Material

The workpiece used was a Ti6Al4V alloy (ASTM B348)
cylindrical solid bar with a diameter of 30 mm supplied from
Varzene Metal Industry and Trade Inc. The chemical compo-

sition and mechanical properties of Ti6Al4V are represented in
Table 1 and Table 2, respectively, in the quality certificate given
by the company. It has also been reported that ultrasonic
internal crack test and surface crack test were applied to the
material.

2.2 Experimental Setup and Machining Conditions

The turning was carried out on a CNC lathe machine with
X- and Z- axes at a machining volume of 550 mm and a
working speed of 3000 rpm (produced by YouJi Machine
Industrial Company). The appearance of the experimental setup
for the turning of parts is given in Fig. 1. All turning operations
were performed under dry conditions and the workpiece was
fixed to the spindle by lathe chuck. Tool images and technical
specifications of uncoated CBN insert and coated carbide insert
utilised for orthogonal turning tests are listed in Table 3. During
turning operations, three cutting parameters such as cutting
speed (V) m min�1, feed rate (f) mm.rev�1, and cutting depth
(d) mm, consider three levels for each parameter. Cutting
speeds were determined as 30, 40, and 50 m min�1, feed rates
were 0.15, 0.25, and 0.35 mm.rev�1, and cutting depths were
0.2, 0.4, and 0.6 mm. For each cutting insert, the machining
parameters obtained are classified into 27 data sets. The cutting
conditions under which turning operations are performed are
based on the industry recommendations. This study was
conducted in industry. The parameters given above were
decided with the information obtained from the industry.

2.3 Characterisations of the Machined Parts

The machinability is characterized by discussing in turning
operation of Ti6Al4V alloy from the viewpoints of the surface
roughness, turned surface quality, chip formation, tool wear and
tool life change after turning as functions of cutting parameters
and cutting inserts. Definitions and indications for surface
roughness parameters (for industrial products)are specified.
They are arithmetical mean roughness (Ra), maximum height
(Ry), ten-point mean roughness (Rz). In scientific studies;
surface roughness is often given as the arithmetic mean value
for a randomly sampled area (Ref 20). The Ra was measured by
an SJ-201P model Mitutoyo surface profilometer with a
resolution of 0.01 and 5 lm tip radius (Mitutoyo Corporation,
Sakado, Japan). Measurements were taken using the average of
the five equidistant measurements along the feed direction of
the machined surface. Surface roughness values of the samples
processed with cutting speeds of 30, 40 and 50 m min�1, feed
rates of 0.15, 0.25 and 0.35 mm.rev-1, and cutting depths of
0.2, 0.4 and 0.6 mm were measured. Three-dimensional surface
profile measurement was carried out with Surface Roughness
Tester SJ-210/310/410 programme by means of software. Chips
were collected after each cut during the turning process and
visually inspected to determine their general characteristics.
Collected chips were examined by a Nikon SMZ800 model
stereo microscope to study their morphology (shapes, structures

Table 1 The chemical composition of Ti6Al4V alloy (wt.%).

Al, % V, % Fe,% C, % N, % H, % O, % Ti, %

6.09 3.91 0.13 0.02 0.01 0.001 0.09 Balanced
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and geometry) and to provide a better understanding of chip
formation. The characterisation of the surface finish and the
wear regions of the cutting tool inserts were carried out using a
JEOL� JCM-6000 Benchtop model scanning electron micro-
scope (SEM). Tool life criteria were determined by tool wear.
Maximum flank wear of 200 lm was set to be the criterion
used for the end of the tool life, recommended by the standard
ISO 3685 (Ref 21). After these stages, the cutting process was
not continued and was terminated. In order to verify the test
results, all turning tests were performed under the same
conditions, replicating twice for each insert.

2.4 Mathematical Modeling Procedure

In this study, the response surface methodology (RSM) was
used to determine the surface roughness according to changing
cutting parameters and cutting inserts. Experimental and
analytical investigations of the surface roughness phenomenon
in the turning of Ti6Al4V alloys were reported. The machining
process was modelled according to the Ra value and used as a
statistical instrument. This study focuses on optimising the Ra
value obtained by changing the cutting parameters and cutting
tools. This contribution is based on experimental and numerical
analysis. The numerical part has been realised with the work of
(Ref 22). The mathematical models related to RSM include
surface roughness. The process parameters for Ra are cutting
speed (V), feed rate (f), depth of cut (d), and machining time (t).
The desired response Y is assumed as (Ref 23):

Y ¼ bo þ b1V þ b2f þ b3d þ b4t þ b11v
2 þ b22f

2 þ b33d
2

þ b44t
2 þ b12Vf þ b13Vd þ b14Vt þ b23fd þ b24ft þ b34dt

ðEq 1aÞ

The dependence of desired response Y on t can be assumed
questionable. Therefore, the term t can be ignored in the above
equation and Y can be written without the parameter t as:

Y ¼ bo þ b1V þ b2f þ b3d þ b11V
2 þ b22f

2 þ b33d
2 þ b12Vf

þ b13Vd þ b23fd

ðEq 1bÞ

This approach will be analysed and discussed within this
study also. Eq 1b can be split into (i) linear regression and (ii)
quadratic regression parts. Then, theoretically, the quadratic
regression can be divided into two cases; (ii.a) consideration of
multiplication of parameters and (ii.b) consideration of powers
of parameters. Linear regression case is formulated by (Eq 2a),
quadratic regression case with the multiplication of parameters
is formulated by (Eq 2b), and quadratic regression case with
powers of parameters is formulated by (Eq 2c).

Yi ¼ bo þ b1V þ b2f þ b3d þ b4t ðEq 2aÞ

Yii:a ¼ bo þ b1V þ b2f þ b3d þ b4t þ b12Vf þ b13Vd þ b14Vt
þ b23fd þ b24ft þ b34d

ðEq 2bÞ

Yii:b ¼ bo þ b1V þ b2f þ b3d þ b4t þ b11V
2 þ b22f

2 þ b33d
2

þ b44t
2

ðEq 2cÞ

Eq 2a, b, and c can be restricted once again by ignorance of
the parameter t. So, three new formula can be written as;

Yi ¼ bo þ b1V þ b2f þ b3d ðEq 2a0Þ

Yii:a ¼ bo þ b1V þ b2f þ b3d þ b12Vf þ b13Vd þ b23fd

ðEq 2b0Þ

Yii:b ¼ bo þ b1V þ b2f þ b3d þ b11V
2 þ b22f

2 þ b33d
2

ðEq 2c0Þ

The regression coefficients b0, b1… b34 appearing in Eq (1a)
and Eq (2a) are considered (Ref 23) as in Eq (3). The
parameters in Eq 3 (V, f, d, t) are in m min�1, mm.rev�1, mm,
min units, respectively and Ra in lm.

Ra ¼ 2:374347� 0:003339V þ 16:07332f � 5:205469d

� 0:02125t þ 0:000000231481V 2 þ 14:40972222f 2

þ 3:430555556d2 þ 0:00128472t2 � 0:01212963Vf
þ 0:00277778Vd þ 0:00000694444Vt � 14:4140625fd
þ 0:15625ft þ 0:023958333dt

ðEq 3Þ

Eq 1a and b the blue curves represent theoretical values
depending on t whilst the red curves represent theoretical
values independent of t. By the comparison performed above in
Fig. 2, it is clear that the effect of t is very small and so can be
ignored experimentally. This result implies that our approxi-
mation can be assumed as a good application. Thus, the effect

Table 2 The mechanical properties of Ti6Al4V alloy.

Tensile strength, MPa Yield strength, MPa Hardness, HV Modulus of elasticity, GPa

992 935 310 110

Tool holder

Workpiece

Cutting

Insert

Fig. 1 Experimental setup for turning operations
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of the parameter t is not considered in the experiments whose
results are given in the Table 4.

3. Results and Discussions

3.1 Surface Roughness

Ti6Al4V alloy is commonly utilised for aeronautical and
biomedical parts requiring the greatest credibility, and hence the
surface roughness value, which determines the surface quality
must be maintained. The final surface has an important place in
the service life of the components, the surface integrity of the
titanium alloys must be ensured to ensure the reliability of the
precision components. Therefore, in order to obtain better
surface quality and improve tool life; when machining titanium
components, it is necessary to optimise process parameters such
as cutting speed, feed rate and depth of cut (Ref 16, 24). To
realise the machinability of titanium alloy with a good surface
quality without compromising the strength is an unresolved
challenge for researchers. Many studies have been carried out
to reduce the Ra value by optimising the cutting tool material
and cutting parameters (Ref 16, 25, 26). In this study, the effect
of cutting parameters such as cutting speed, feed rate and depth
of cut at different values on the surface roughness in the turning
process is handled and evaluated according to the coated and
uncoated inserts. In Fig. 3(a), (b) and (c) graphical images of
the effects of cutting speed-feed rate, cutting speed-cutting
depth and feed rate-cutting depth on the surface roughness of
the machined surface with coated carbide insert are given,
respectively. The roles of these parameters in the surface
roughness were investigated by considering the static obtained
via a 3D surface graph. In Fig. 4(a), (b) and (c), graphical
images of the effects of cutting speed-feed rate, cutting speed-
cutting depth, and feed rate-cutting depth on the surface
roughness of the machined surface with uncoated insert are
given, respectively. In order to more clearly evaluate the effects
of cutting speed, feed rate, and depth of cut on the surface
roughness of coated and uncoated inserts, all data are given in
Fig. 5 with a graphical representation.

There was no significant change in the average surface
roughness values by increasing the cutting speed from 30 to
40 m min�1 after turning with coated and uncoated inserts.
When the cutting speed was increased to 50 m min�1, a
32.16% decrease in average surface roughness values was
determined in turning with an uncoated insert, and a decrease of
24.26% in turning with coated insert. Some researchers
attribute this situation to the adhesion of the workpiece to the
cutting edge and the deterioration of the machined surface,
which is known as chip formation in machining with low
cutting speed (Ref 7, 27). In addition, the surface properties
may improve due to deformation caused by increasing cutting
speed and increasing temperature and, as a result, easier chip
flows (Ref 28, 29). Verma and Pradhan (Ref 30), machined the
titanium alloy with an uncoated carbide insert, and found that
cutting speed had the greatest influence on machining perfor-
mance and the importance of adhesion in tool wear. It was
found that with the increase in cutting speed; the contact on the
chip-tool contact surface increases and as a result, the rate of
heat generated at the cutting zone increases (Ref 31). In
addition, it contributed to the increase in cutting temperature
released during the machining of titanium alloy with low
thermal conductivity. It has also been found that an increase in
feed rate at a higher cutting speed causes an increase in the
amount of friction between the tool-workpiece contact surfaces
which further increased the cutting temperature to the formation
of BUE (Ref 32). All these factors increase surface roughness
by affecting surface integrity (Ref 33). With the increase in feed
rate after turning with coated and uncoated inserts, a significant
increase occurred in the average surface roughness values.
When the feed speed in machining with coated insert increases
from 0.15 to 0.25 mm/rev, the Ra value increases by 102.80%;
When the feed rate increased from 0.15 to 0.35 mm/rev, the Ra
value increased by 198.42%. When the feed rate in machining
with an uncoated insert increases from 0.15 to 0.25 mm/rev, the
Ra value increases by 105.99%; When the feed rate increased
from 0.15 to 0.35 mm/rev, the Ra value increased by 232.23%.
In many studies on the machinability is emphasised that the
surface roughness value is mostly affected by the feed rate. In
the same studies, they stated that the increased feed rate
increased the temperature and pressure values at the cutting

Table 3 Images and specifications of the cutting inserts.

Cutting insert image

Manufacturer code CBN200 150608-MK5
Type CCGW 11T304 DNMG WKK10S
Tool material CBN Carbide
Inner circle, mm 6.35 12.7
Thickness, mm 2.4 6.35
Corner radius, mm 0.4 0.8
Tool holder SDJCR 2525 M12 SDJCR 2525 M12
Coating Uncoated TiCN + Al2O3 + TiCN PVD Coated
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Fig. 2 The illustrative representation of the comparison of the effect of parameter t via plotting
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edge and deteriorated the chip form and the surface quality
afterwards (Ref 34, 35). An investigation by Pervaiz et al. (Ref
34), has reported that the surface roughness at low feeds is
much less and increases slightly upon using a higher speed for
the same feed. It was determined that the average surface
roughness value increased slightly with increasing depth of cut
in turning with an uncoated insert, whilst it did not show a
significant change in turning with coated insert. The increase in
the surface roughness values can also be explained by the
increased feed rate and depth of cut leaving the effect of
smearing, wear and notch on the tool (Ref 36). Oosthuizen et al.
(Ref 37), investigated the effects of cutting parameters on
surface roughness and reported that the surface roughness
decreased with increasing cutting speed and the surface
roughness increased with increasing feed rate. As a result, it
is seen that the feed rate of both inserts is the most effective
parameter on the surface roughness value. When other
machining parameters are kept constant, the feed rate is the
main factor influencing the turning process, surface roughness
increased with increasing feed rate, decreased with cutting
speed, and did not change much with a depth of cut. With the
change of one of the cutting parameters, the average surface
roughness also changes. Lower Ra values were obtained in
turning with the uncoated insert compared to the coated insert
(Ref 38). Ginting and Nouari (Ref 39), investigated the surface
defects, surface roughness, microhardness and microstructure
of the titanium alloy after machining. As a result, it was found
that an uncoated carbide tool for machining provides better
surface roughness than a CVD-coated insert. Considering the
results of this study, a combination of low feed rate, medium
depth of cut and medium cutting speed gives the most ideal
results for decreasing surface roughness and improving
machining efficiency.

3.2 Mathematical Modelling of the Surface Roughness
Results

Tool wear mechanism prediction, manufacturing productiv-
ity, and advanced processing technology is the main research

direction of machined surface quality. Machining difficult-to-
cut alloys is a demanding process to achieve the desired quality
of finishing the product is defined by the surface roughness
value. To validate the analytical model in this section, the
surface roughness predicted by the accepted analytical model
was compared with the experimental results. For this purpose,
the surface roughness values determined and measured by the
engagement between the insert and the workpiece were
compared. The mean values of the surface roughness values
were used for comparative analysis. Various theoretical calcu-
lations and experimental values are listed in Table 4 for a
comparative examination of our theoretical calculations and
experimental data. Table 4 indicates the theoretical calculations
and experimental data of Ra values. The explanations and
differences between the equations are depicted in mathematical
modelling procedure. Some columns of the table are depending
on the parameters V, f and d only, whilst the rests depend on the
parameter t also. The t dependent columns are Eq 1a, 2a, 2b,
and 2c whose values are calculated theoretically, and those t-
independent values are shown in italic style. On the other hand,
Eq 1b, 2a�, b�, c�, and the rightmost two columns which
represent experimental results are independent of the parameter
t and the t-independent values are all shown in Table 4.

The fact that the t parameter was not taken into account did
not lead to a significant change, it can be understood more
clearly when looking at Fig. 2. The theoretical results from Eq
1 are compared in Fig. 6 with the experimental data listed
in Table 4. Eq 1b is compared with experimental data
from Table 4 in Fig. 7.

As a generalisation, Fig. 8 illustrates the comparison
between theoretical results, especially obtained by Eq 1a, 2a,
2b, and 2c and experimental data together, and Eq 1b compared
with experimental data, respectively.

According to the graphical analysis given in Fig. 6, 7, and 8
some discussion can be done here. It can be seen that the effect
of t had a very minor role in the theoretical results, the same
result is obtained when compared with the experimental data.
Moreover, the general formula (Eq 1a) Eq 2c illustrates the
power regression fits better than the other regressions. Figure 8

Fig. 2 continued
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shows us that the experimental data and theoretical values
change related to each other by a good approximation.

Whilst there are many empirical studies on modelling on
optimization of cutting parameters in machining processes,
there are a few analytical studies on this issue (Ref 19, 25, 40).
This article presents the results of an analytical study that has
not yet been reported. In order to maintain the surface integrity
of the Ti6Al4V alloy, it is important to determine the effects of
various machining conditions on the machinability indicators.
Factors such as determining the tool wear mechanism;
improved surface quality and production efficiency are the
main research areas of machining technology. This model
provides better optimization of the cutting parameters, thus
achieving the optimum Ra value. The deviation between the
experimental and numerical results is an acceptable to limit.
Numerical findings often support experimental results and can
lead to some other information that is difficult to empirically
capture. Similar trends of surface roughness were observed for
experimental and numerical results. The main point of view in
the article is that cutting speed and feed rate are the most
important parameters controlling the formation of surface
roughness. As a result; the effects of cutting speed, feed rate
and cutting depth on the surface roughness could be analysed
according to this prediction model. Then a suitable combination
of cutting parameters could be suggested to improve machining
efficiency by reducing surface roughness in turning Ti6Al4V
alloy. The comparison of results indicates that the formulas
used can well predict surface roughness.

3.3 Machined Surfaces

In the machining process of Ti6Al4V alloy, the surface
integrity of the machined workpiece is one of the most critical
quality parameters. Any change in cutting temperature will
have a direct effect on the subsequent surface treatment
properties of the cutting forces (Ref 41). Visual characterisation
of machined surfaces is necessary to more clearly understand
the effects of cutting parameters on surface quality. Figure 9
and 10 illustrate the SEM images of the turned surface with
different cutting speeds; other machining parameters were kept
constant. The SEM images of the machined surface with a
carbide-coated insert and uncoated insert for 30, 40, and 50 m
min�1 cutting speeds at 0.4 mm depth of cut and
0.25 mm.rev�1 feed are given in Fig. 9 and 10, respectively.

According to the results, the machined surfaces were
determined to be smoother with the increase in cutting speed
as a result of less smearing during turning. At turning with
coated insert, the insert dragged over the machined surface will
cause damage due to the formation of BUE (Ref 32, 42). The
occurrence of this situation is determined by the plastic flow of
the material during the machining process. The plastic flow of
the material formed on the machined surfaces paves the way for
higher surface roughness values (Ref 50). As seen in the
previous section, the surface roughness value decreased with
the increase in cutting speed in both inserts. Some researchers
also confirmed a similar relationship between cutting param-
eters and surface roughness and stated that BUE formation

Table 4 Theoretical calculations and experimental data of Ra values.

No

Theoretical calculations of Ra values Exp.

Cutting Parameters Calculations according to equations

Ra Uncoated Ra CoatedV f d t Eq 1a Eq 1b Eq 2a Eq 2a’ Eq 2b Eq 2b’ Eq 2c Eq 2c’

1 30 0.15 0.2 2 1.985 1.997 1.927 1.969 1.806 1.822 2.106 2.143 0.541 0.641
2 30 0.25 0.2 4 2.752 2.734 2.688 2.773 2.450 2.452 2.991 3.055 1.210 1.517
3 30 0.35 0.2 6 3.633 3.543 3.449 3.577 3.125 3.081 3.958 4.039 2.010 2.617
4 30 0.15 0.4 2 1.249 1.251 0.886 0.928 0.658 0.665 1.477 1.514 0.720 0.625
5 30 0.25 0.4 4 1.882 1.844 1.647 1.732 1.168 1.150 2.361 2.426 1.498 1.517
6 30 0.35 0.4 6 2.628 2.509 2.408 2.536 1.708 1.635 3.328 3.409 2.674 2.755
7 30 0.15 0.6 2 0.787 0.779 � 0.154 � 0.112 � 0.489 � 0.491 1.122 1.159 0.555 0.673
8 30 0.25 0.6 4 1.285 1.228 0.606 0.691 � 0.114 � 0.150 2.006 2.071 1.300 1.482
9 30 0.35 0.6 6 1.897 1.750 1.367 1.495 0.291 0.190 2.973 3.054 2.699 2.755
10 40 0.15 0.2 2 1.652 1.662 1.593 1.636 1.469 1.484 1.777 1.814 0.782 0.921
11 40 0.25 0.2 4 2.360 2.339 2.354 2.439 2.053 2.052 2.661 2.726 1.336 1.453
12 40 0.35 0.2 6 3.182 3.088 3.115 3.243 2.669 2.621 3.628 3.710 2.254 2.719
13 40 0.15 0.4 2 0.972 0.972 0.552 0.594 0.376 0.382 1.147 1.185 1.018 0.911
14 40 0.25 0.4 4 1.545 1.504 1.313 1.398 0.826 0.806 2.032 2.096 1.715 1.479
15 40 0.35 0.4 6 2.232 2.109 2.074 2.202 1.308 1.231 2.999 3.080 2.638 2.772
16 40 0.15 0.6 2 0.565 0.556 � 0.488 � 0.446 � 0.715 � 0.719 0.792 0.830 0.688 0.797
17 40 0.25 0.6 4 1.004 0.945 0.272 0.357 � 0.400 � 0.439 1.677 1.741 2.003 1.437
18 40 0.35 0.6 6 1.557 1.405 1.033 1.161 � 0.053 � 0.158 2.644 2.725 2.105 2.776
19 50 0.15 0.2 2 1.324 1.333 1.259 1.302 1.131 1.145 1.452 1.489 0.333 0.508
20 50 0.25 0.2 4 1.973 1.9489 2.020 2.105 1.656 1.653 2.337 2.401 1.002 1.398
21 50 0.35 0.2 6 2.735 2.637 2.782 2.909 2.213 2.161 3.304 3.385 0.958 1.680
22 50 0.15 0.4 2 0.699 0.698 0.218 0.261 0.094 0.098 0.823 0.860 0.690 0.610
23 50 0.25 0.4 4 1.213 1.170 0.979 1.064 0.485 0.462 1.707 1.772 1.318 1.419
24 50 0.35 0.4 6 1.841 1.714 1.740 1.868 0.907 0.826 2.674 2.755 1.572 1.747
25 50 0.15 0.6 2 0.348 0.338 � 0.822 � 0.780 � 0.942 � 0.947 0.468 0.505 0.778 0.721
26 50 0.25 0.6 4 0.728 0.665 � 0.061 0.023 � 0.685 � 0.727 1.352 1.417 0.999 1.496
27 50 0.35 0.6 6 1.221 1.065 0.699 0.827 � 0.398 � 0.508 2.319 2.401 1.309 1.465
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reduces machining errors on the machined surface at increasing
cutting speeds (Ref 15, 43). Kumar Gupta et al. (Ref 44),
studied the turning of titanium alloys, and they explained that
the chips are removed more easily and the surface quality is
better as a result of increasing deformation with increasing
cutting speed. Kumar Gupta et al. (Ref 44), stated that the chips
formed at low cutting speeds adhere to the cutting tool and
cause the formation of undesirable clumps, thus spoiling the
machined surface. The feed marks are clearly visible in each
image, and the distance between two successive feed marks

does not show a significant change in cutting speed. The feed
pattern of the machined surface with the uncoated insert is less
pronounced and this can also be seen at Ra values. Sartori et al.
(Ref 31), also detected irregularities and wrinkles in the feed
marks when turning titanium alloys. Lu et al. (Ref 45),
identified some pits on the machined surface of Ti6Al4V alloy
and found that the more stable machining with uncoated insert
compared to coated insert attributed to the better surface finish.
The quality of the machined surfaces with the uncoated insert is
relatively smoother than the machined surfaces with the coated

Fig. 4 Variation of Ra values on the turned surface with uncoated
insert as a function of different cutting parameters: (a) cutting speed-
feed rate, (b) cutting speed- cutting depth, and (c) feed rate-cutting
depth

Fig. 3 Variation of surface roughness on the turned surface with
coated insert as a function of different cutting parameters: (a) cutting
speed-feed rate, (b) cutting speed- cutting depth, and (c) feed rate-
cutting depth
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insert under the same cutting conditions, and the surface wear is
less. This is due to the cutting edge coating breaking off and
spoiling the cutting tip and thus the machined surface. Nabhani
(Ref 46), explained this situation by deteriorating the surface
quality of the turned part due to the wear of the coated tools.
When the carbide insert is worn, the particles break off and
adhere to the machined surface of the workpiece. This
phenomenon is known as carbide cracking, and surface cavities
resulting from rupture cause spikes in shear stress. This
operation can cause wear of the workpiece material as well as
voids in the machined surface (Ref 44, 47). The results obtained
are in agreement with the surface roughness results given in the
previous section. The wear marks on the turned surface could
be reduced by controlling the cutting speed.

3.4 Chip Formation

Chip formation affects the machining process by directly
determining usabilities, such as cutting forces, machining
temperature, tool life, and workpiece surface quality. Also,
the chip shape and morphology affect the thermo-mechanical
behaviour of the workpiece. For this reason, it is important to
determine the cutting conditions that will allow the formation
of easy-to-machine chips and to know the effects of chip
formation between the insert and the workpiece. It should be
considered in terms of the chip forms being within accept-
able limits and the short size, removing the sawdust from the
environment, the safety of the machine, the quality of the
machined surface not deteriorating due to the accumulated

chips, and the safety of the worker. In turning, the chip
formation mechanism is mainly affected by plastic deformation
in the primary and secondary deformation zones (Ref 48, 49).
Plastic deformation in the machining process was significantly
affected by the applied cutting parameters and used inserts. The
current study discussed a detailed analysis of chips at different
cutting parameters and cutting inserts. The chips formed using
carbide coated insert during turning Ti6Al4V at different
cutting speeds, feed rates, and depths of cut, respectively.
Figure 11 indicate the macro photographs of the chips formed
in cutting at different parameters given below respectively:
chips formed by 0.25 mm.rev�1 feed rate and 0.4 mm depth of
cut at varying cutting speeds; chips formed by 0.4 mm depth of
cut and 40 m min�1 cutting speed at varying feed rates; chips
formed by 0.25 mm.rev�1 feed rate 40 m min�1 cutting speed
at varying cutting depths.

In Fig. 11, chip forms are in the short ribbon and helical
form at 30 m min�1 cutting speed, long ribbon helical and
spiral form at 40 m min�1 cutting speed, and mixed-sized
helical chip form formations at 50 m min�1 cutting speed are
observed. Chips resulting from conventional cutting show a
typical helical chip shape for all cutting speeds (Ref 50). In
general, helical types of chips are preferred in metal machining
(Ref 51). Calamaz et al. (Ref 52), explain that the ribbon type
of chip formation is due to instability in the cutting operation.
With the increasing cutting speed, the undesirable ribbon chip
form has been changed to the helical chip form, which is within
acceptable limits, and shorter chip length. It has been reported
in some studies that segmented chips are produced at low

Fig. 5 Effect of cutting parameters on Ra values of machined surfaces with coated and uncoated inserts
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cutting speeds (Ref 53). In the studies on the machinability of
Ti6Al4V, it has been stated that the cutting speed is quite
decisive on the chip forms and the deformation rate in the
primary deformation region increases with increasing cutting
speed. Discontinuous segmented or serrated chips often occur
in machining titanium alloys due to their low thermal
conductivity (Ref 54). In the literature, strip, entangled and
ribbon-shaped chip forms are considered unacceptable chips
that are difficult to machine, whilst helical chip forms with
short or long shapes are considered acceptable (Ref 48). Long
helical chip forms at a feed rate of 0.15 mm.rev�1, short helical
and long tubular chip forms at a feed rate of 0.25 mm.rev�1 and
0.35 mm.rev�1 are observed in Fig. 11. In general, segmented
chips result from machining titanium alloys with different
cutting speeds and feed rates. This phenomenon is considered a
complicating factor in machining titanium alloys. The seg-
mented chips lead to an increase in feed rate. The segmented

chip formation is also caused by the growth of cracks in places
(Ref 53). The chip forms became more complex and the chip
length was shorter with the increasing feed rate. This phe-
nomenon arises from the interaction between work hardening
and thermal softening in the primary shear zone with increased
heat generated during cutting (Ref 47). At a lower feed rate, the
chips cannot support curling due to their low ductility and
increased hardness (Ref 47, 53). This means that the chip form
is affected by changes in cutting speed as well as the effect on
the heat of the coolant delivered to the machining zone.
According to Calamaz et al. (Ref 52), the main machining
parameters that control the chip formation mechanism are the
cutting speed and feed rate. In Fig. 11, mixed-sized ribbon and
helical chip forms were obtained at 0.2 and 0.4 mm cutting
depths, and quite long helical chip forms at 0.6 mm cutting
depths. As the depth of cut increased from 0.2 to 0.4 mm, the
chip form and size were similar, whilst with the increasing

Fig. 6 Comparison of the parameter Eq 1a and experimental data

Fig. 7 Comparison of parameter Eq 1b and experimental data
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depth of cut, a more acceptable helical chip form and longer
chip length were achieved. Decreasing the depth of cut and
increasing the feed rate resulted in the formation of thicker
chips and an increase in the distance between the serrations. In

this situation in the literature; it is explained that as tool-chip
contact decreases, the chip can be formed with a smaller radius
of curvature (Ref 55). Uncoated inserts were also studied to
identify machining conditions that facilitate the machining of

Fig. 8 Comparison of the experimental data and theoretical values
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Fig. 9 SEM images of machined surface with coated insert at different cutting speeds: (a) 30 m min�1, (b) 40 m min�1, and (c) 50 m min�1
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chips. Figure 12 show the chips formed using an uncoated
insert during turning Ti6Al4V at different cutting speeds, feed
rates and depths of cuts, respectively. Figure 12 indicate the
macro photographs of the chips formed at different cutting
parameters given below, respectively: chips formed by
0.25 mm.rev�1 feed rate and 0.4 mm depth of cut at varying
cutting speeds; chips formed by 0.4 mm depth of cut and 40 m
min�1 cutting speed at varying feed rates; chips formed by
0.25 mm.rev�1 feed rate 40 m min�1 cutting speed at varying
cutting depths.

Friction between tool and chip contact surfaces is one of the
major factors affecting the chip morphology such as shape and
size. More friction from the use of uncoated inserts at contact
surfaces produces curled chips with a larger diameter (Ref 56).
This formation is clearly seen in Fig. 12. In Fig. 12, chips are in
the long ribbon and helical form at 30 m min�1 cutting speed,
in the helical and spiral form at 40 m min�1 cutting speed, and
in mixed size, helical chip form is observed at 50 m min�1

cutting speed. Whilst the undesirable ribbon chip form was
observed at a low cutting speed, the helical chip form, which is
an acceptable form, was changed with increasing cutting speed.
At a cutting speed of 30 m min�1, the chip length is longer, but
at a cutting speed of 50 m min�1, the chip lengths are quite
complex. It has been reported that titanium alloys produce
fragmented chips during machining in studies with uncoated
tips (Ref 57). In Fig. 12, the chip forms in strip and spiral form
at a feed rate of 0.15 mm.rev�1, long spiral and spiral tubular

shape at a feed rate of 0.25 mm.rev�1, and helical-shaped chip
forms at a feed rate of 0.35 mm.rev�1 are observed. With the
increase of the feed rate, it changed from strip form to spiral
form and with the further increase, it turned into helical chip
form which is acceptable. With the increasing feed rate, the
chip length also shortened and no change was observed in the
chip colours. Many studies stated that the chip shape is
significantly influenced by the feed rate change (Ref 58, 59). In
Fig. 12, mixed-size fully helical chip forms at 0.2 mm depth of
cut, long helical and spiral forms at 0.4 mm depth of cut, and
short ribbon and spiral chip forms at 0.6 mm cutting depth are
observed. Chip sizes are close to each other. Undesirable ribbon
chip form was observed with increasing depth of cut. With the
decrease in cutting depth, irregular and different forms of chips
were detected. The chip colour did not change with the depth of
the cut. The colour of all the chips produced has a rich silvery
colour indicating that excessive oxidation associated with heat
does not occur. In general, machining with both inserts
produced discontinuous segmented chips with accept-
able shapes, close to helical shapes, especially at low cutting
speeds, whilst an almost flat, discontinuous segmented chip
shape was obtained at higher speeds. In addition, different sizes
of chips were obtained at higher and lower cutting speeds in
both inserts. Previous studies agree that chip morphology is
largely dependent on changes in cutting parameters (Ref 8, 38,
58). The main reason for the differences in shape and size
between the chips formed in coated and uncoated machining is
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Fig. 10 SEM images of machined surface with uncoated insert at different cutting speeds: (a) 30 m min�1, (b) 40 m min�1, and (c) 50 m
min�1
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that in uncoated inserts, some of the heat is transmitted to the
tool, but in coated inserts, the coating material acts as a thermal
barrier and reduces the transfer of heat to the tool (Ref 60).

3.5 Tool Wear Mechanism

Insert wear is one of the biggest problems when machining
titanium alloys. The high chemical reactivity of titanium alloy
with most insert materials reduces cutting tool life and leads to
rapid tool damage and poor surface finish (Ref 61, 62). Worn
cutting tools can have detrimental effects on the surface quality
and dimensional accuracy of the machined surface. Therefore,
they must be carefully evaluated for critical wear and replaced.
Tool wear causes increased machining times and therefore
increased costs. A large number of tool wear mechanisms can

be mentioned in the turning process. It is often very difficult to
identify the dominant tool wear mechanisms for operating
conditions. Insert wear depends not only on the cutting
conditions, physicochemical and mechanical properties of the
workpiece but also on the interaction of the workpiece material
with the insert surface. The large groove wears on the rake and
flank face of cubic boron nitride (CBN) and ceramic cutting
tools and on the chip contact surface. Therefore, these tool
materials are known to be unsuitable for machining titanium
alloys (Ref 63). On the other hand, natural diamond tools,
carbide, sintered diamond and binderless CBN generally show
acceptable performance in machining titanium alloys, depend-
ing on the damage they cause. In this study; the wear
mechanism of the inserts used in the turning process was

V=50m.min-1V=40m.min-1V=30m.min-1

f=0.15mm.rev-1 f=0.25mm.rev-1 f=0.35mm.rev-1

d=0.2mm d=0.4mm d=0.6mm

Fig. 11 Effect of the cutting speed, feed rate and depth of cut on the chip morphology turned with coated insert
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evaluated from the images of the carbide-coated and uncoated
CBN inserts as a result of processing with different cutting
speeds. The wear mechanisms occurring in coated and
uncoated inserts at 0.4 mm depth of cut, 0.25 mm.rev�1 feed
rate and 30, 40 and 50 m min�1 cutting speeds are given in Fig
13 and 14, respectively.

Major tool wear modes observed in turning with coated and
uncoated inserts of the Ti6Al4V are summarised in Fig 13 and
14. Coating delamination, abrasion, chipping and crater are the
main tool flank face wear mechanisms (see Fig. 13), whilst for
the rake face, flank wear crater wear and BUE are observed (see
Fig. 14). Zhuang et al. (Ref 64), stated that coating delamina-
tion, diffusion and adhesion were the effective wear mecha-
nisms in machining Ti6Al4V with coated carbide inserts.
Venugopal et al. (Ref 65), noted that the combinations of

dissolution, adhesion and diffusion wear caused in crater wear
when machining Ti6Al4V with uncoated carbide inserts.
Similar findings were reported by Liang et al. (Ref 66),
machining Ti6Al4V with WC-8Co and WC-10Ni3Al carbide
inserts. For turning with coated and uncoated inserts, crater
wear is the most significant wear mechanism. Crater wear is
one of the most important types of tool wear encountered when
machining difficult-to-cut materials such as Ti6Al4V alloy at
high speeds. Crater wear formation during machining in
Ti6Al4V alloy is frequently observed when using coated and
uncoated tungsten carbide inserts, and represents the main
mode of tool failure in the most adverse situations (Ref 67).
Sun et al. (Ref 68), characterized the crater wear patterns of
carbide tools and reported that temperature and pressure have a
significant effect on the wear rate in Ti6Al4V turning

V=30m.min-1 V=40m.min-1 V=50m.min-1

f=0.15mm.rev-1 f=0.25mm.rev-1 f=0.35mm.rev-1

d=0.2mm d=0.4mm d=0.6mm

Fig. 12 Effect of the cutting speed, feed rate and depth of cut on the chip morphology turned with uncoated insert
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machining. The adhesive wear mechanism strongly influenced
the tool flank wear, preventing the tool material from being
directly exposed to the rotating workpiece. Flank wear directly
affects the tooling cost and machining quality of the end
product. Flank wear is the average width of the scuff or scratch
marks formed by the tool workpiece and tool-chip surfaces.
Therefore, it cannot be removed in the machining process but
can be reduced by using appropriate cutting parameters and the
correct coolant (Ref 44, 69). When titanium is machined, high
mechanical stresses in the cutting zone cause wear on the insert
surface. In addition, high temperatures in the cutting zone
facilitate the diffusion of chemical components in the cutting
tool and the workpiece (Ref 70). Therefore, it can be clearly
stated that tool wear can be accelerated due to the thermokinetic
energies generated during machining. Mechanisms that cause
crater formation from the chip surface in carbide-coated tooling
also demonstrate this. As the cutting speed increased in
machining with coated inserts, the wear on the inserts increased
when the tool material turns into softer at the cutting
temperature (Ref 34, 42, 71). The break in the nose of the
coated insert after machining with a cutting speed of 50 m
min�1 is due to the plastic deformation of the nose part of the
cutting tip due to the high temperature released and the coating
being thrown off. Corduan et al. (Ref 72), stated that notch
wear increases with increasing cutting speed in the turning of
Ti6Al4V alloy. A chemical reaction occurs between the
titanium and the coated insert, which rapidly destroys the
insert as the temperature rises (Ref 56).

In conclusion, it can be said that most of the cutting tools
currently used are not suitable for machining titanium alloys
due to the chemical affinity that initiates chemical wear and
deteriorates the insert (Ref 12). Sert (Ref 73), investigated the
machining of Ti6Al4V alloy with AlCrN coated cutting tool,
and found that there was a break in the coating caused by the
accumulation of chips in the nose of the insert. According to
Nabhani (Ref 46) and Al-Rubaie et al. (Ref 74), the coating
delamination in the cutting tool is caused by the crack
formation and propagation due to the difference in the
coefficient of thermal expansion between the tool substrate
and the coating material. As a result of the turning process, it is
seen that the wear of the inserts decreases as the cutting speed
increases in contrast to the coated inserts in machining with
uncoated inserts. With the increasing cutting speed, the
temperature also increases and the deformation of the cut area
and the removal of the resulting chip from the environment
become easier. Since there is no coating rupture at these tips, it
has been observed that there is free surface wear in the cutting
region of the tool as a wear mechanism. Flank wear is flat-worn
surface wear on the relief surface of the cutting tool.
Investigations of flank wear showed that flank wear is mostly
due to wear caused by undesirable friction of the cavity surface
against the workpiece material (Ref 12). The wear mechanism,
known as abrasion wear, has occurred in the form of
deformations caused by temperature changes between the chip
surface area (Ref 43, 74). At low cutting speed, sticking the
workpiece to the cutting tool will increase the cutting edge wear
(Ref 75). As a result, the least wear of the cutting tool occurred
with the uncoated insert and the most wear at high cutting
speeds with the coated insert. Nabhani (Ref 76), compared the
machining performance of PCBN and PCD tools with coated
carbide tools in machining titanium alloys. The average flank
wear of the PCD and CBN tool was considerably less than the
coated carbide. In uncoated tools, high temperature and plastic

deformation occur during machining, resulting in material
transfer from the coating to the machined part, creating adverse
conditions. Whilst the cutting edge cannot be used in coated
tools as a result of coating breakage, it can be reused by
grinding the cutting edge in uncoated tools. Ezugwu et al. (Ref
77), reported the main problems associated with the machining
of titanium alloys, including the mechanisms that cause tool
wear and tool failures. They stated that uncoated WC-Co
cutting inserts are better than most coated cutting inserts for
machining titanium alloy. Titanium alloy with high chemical
activity causes the workpiece material to be welded on the
cutting insert during machining, causing chipping and unex-
pected tool failure. Many cutting tool materials are chemically
reactive to titanium and its alloys under machining conditions.
For these reasons, uncoated cutting tools are generally suit-
able for machining titanium alloys. Considering the cost ratio of
the tips, the use of uncoated inserts is quite economical (Ref
78).

3.6 Tool Life

Considerable research has been done on machining titanium
alloys to keep the cutting tool life within an acceptable limit by
testing the causes (Ref 63). Some researchers stated that both
flank wear and crater wear can occur at the insert during the
machining of titanium alloys (Ref 5, 46). It has been accepted
that the interaction of cutting speed and flank wear is used to
determine tool life (Ref 79). In this study, only flank wear was
considered as a criterion for determining tool life end because it
always occurs during machining and is easy to measure. Tool
life is assumed as a function of different cutting speeds with
respect to machining time. The criteria defining tool life are
important for a practical assessment of the impact of all factors,
including the cutting process under consideration. The effect of
different cutting speeds on the tool life as a function of the wear
times of the coated and uncoated inserts is presented in Fig. 15.
The depth of cut of 0.4 mm and the feed rate of 0.25 mm.rev�1

was kept constant in the tool life calculations.
The longest wear time was observed for the uncoated tool.

The tool life of the uncoated insert improved by approximately
11.12, 11.76 and 18.18% compared to the coated carbide insert
at 30, 40, and 50 m min�1 cutting speeds, respectively. When
examined according to the cutting speed, it was determined that
the life of the insert increased with the increasing cutting speed
in machining with both inserts. In coated inserts, increasing the
cutting speed from 30 to 40 m min�1 decreased the cutting tool
life by 6.67%, whilst increasing the cutting speed from 30 to
50 m min�1 increased the cutting tool life by 11.12% increases
occurred. For uncoated inserts, a 5.88% decrease was detected
by increasing the cutting speed from 30 to 40 m min�1, whist
the cutting tool life increased by 17.11% by increasing the
cutting speed from 30 to 50 m min�1. Wong et al. (Ref 80),
stated that the tool life increases with the increasing cutting
speed in the machinability studies of Ti6Al4V alloy. Kıvak and
Şeker (Ref 81), stated in their study on the machining of
Ti6Al4V alloy that there was a 14% reduction in the cutting
process with the use of coated inserts. Ginting and Nouari (Ref
82), for the machining of titanium alloys investigated the tool
wear, the surface defects, and the roughness of the machined
surface. As a result, it was determined that an uncoated carbide
tool for machining provides better roughness than a CVD-
coated tool. Lakshmanan et al. (Ref 83), investigated the
machinability performance of uncoated tungsten carbide and
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coated carbide inserts. It was found that material adherence to
the tooltip becomes inherently brittle due to minor damages to
the insert coating and tooltip. Raghavendra et al. (Ref 84), used

the coated and uncoated inserts in turning machinability tests of
Ti6Al4V alloy and found the tool life of the uncoated tool
improved by approximately 57% compared to the coated
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Fig. 13 Tool wear mechanisms in carbide coated inserts: (a) 30 m min�1, (b) 40 m min�1, and (c) 50 m min�1

Flank wear

BUE

Crater wear

Rake face

Crater wear

Flank wear
(a) (b)

(c)

Fig. 14 Tool wear mechanisms in uncoated CBN inserts: (a) 30 m min�1, (b) 40 m min�1 and (c) 50 m min�1
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carbide tool. Trent and Kenneth (Ref 85), have reported that the
high chemical reactivity of the Ti alloy with the coated insert
limits insert life, resulting in excessive chipping, unexpected
tool damage and poor surface finish. Consequently, it is
recommended to use the uncoated CBN inserts with increasing
cutting speed to increase tool life and improve machining
efficiency in this study.

4. Conclusion

This study is mainly focussed on understanding the
machining mechanism of turned Ti6Al4V alloy using coated
and uncoated cutting inserts at varying cutting speeds and feed
rates and depths of cut. The following conclusions can be
drawn from this study:

• Under high cutting speed and low feed rate, the surface
roughness was smoother compared to low cutting speed
and high feed rate. The effect of feed rate is more domi-
nant than cutting speed.

• When the cutting speed was increased to 50 m min�1, a
32.16% decrease in average surface roughness values was
determined in turning with an uncoated insert, and a de-
crease of 24.26% in turning with coated insert.

• When the feed speed in machining with coated insert in-
creases from 0.15 to 0.25 mm/rev, the Ra value increases
by 102.80%; When the feed rate increased from 0.15 to
0.35 mm/rev, the Ra value increased by 198.42%. When
the feed rate in machining with an uncoated insert in-
creases from 0.15 to 0.25 mm/rev, the Ra value increases
by 105.99%; When the feed rate increased from 0.15 to
0.35 mm/rev, the Ra value increased by 232.23%.

• The experimental results considered by means of various
theoretical models and the best fit is found in the theoreti-
cal results obtained from Eq 2 cc where the general for-
mula after linearization is Mean value of feed rate ¼
�0:0381Experiment Number þ 2:7475.

• The deviation between the experimental and numerical re-
sults is acceptable to limit. The comparison of results indi-
cates that the formulas used can well predict surface
roughness.

• Helical and ribbon-shaped types of chips were obtained in
Ti6Al4V alloy turning.

• The results of the study show the advantage of uncoated
tools by comparing the surface roughness values, chip for-
mation, turned surface, the wear mechanism of the insert
and its fault condition.

• The wear mechanisms in cutting inserts have not belonged
to a single mechanism, but are formed by the combination
of many mechanisms. Crater wear was identified as the
main tool wear mechanism with uncoated CBN inserts,
whilst coating delamination known as coating rupture was
observed in coated carbide inserts.

• The tool life of the uncoated insert improved by approxi-
mately 11.12, 11.76 and 18.18% compared to the coated
carbide insert at 30, 40, and 50 m min�1 cutting speeds,
respectively.

• As a result, a combination of low feed rate, medium cut-
ting speed medium and cutting depth is recommended for
maximizing machined surface properties by reducing sur-
face roughness and improving machining efficiency.
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Optimization of Process Parameters in Milling of 17-4 PH Stainless
Steel Using Taguchi-Based Gray Relational Analysis, Eng. Sci. Eng.
Sci. Publ., 2023, 26, p 961

30. M. Verma and S.K. Pradhan, Experimental and Numerical Investiga-
tions in CNC Turning for Different Combinations of Tool Inserts and
Workpiece Material, Mater. Today Proceed. Elsevier, 2020, 27, p
2736–2743

31. S. Sartori, A. Ghiotti and S. Bruschi, Solid Lubricant-Assisted
Minimum Quantity Lubrication and Cooling Strategies to Improve
Ti6Al4V Machinability in Finishing Turning, Tribol. Int., 2018, 118, p
287–294

32. A. Bordin, S. Sartori, S. Bruschi and A. Ghiotti, Experimental
Investigation on the Feasibility of Dry and Cryogenic Machining as

Sustainable Strategies When Turning Ti6Al4V Produced by Additive
Manufacturing, J. Clean. Prod., 2017, 142, p 4142–4151

33. K. Moussaoui, M. Mousseigne, J. Senatore, R. Chieragatti and F.
Monies, Influence of Milling on Surface Integrity of Ti6Al4V—Study
of the Metallurgical Characteristics: Microstructure and Microhardness,
Int. J. Adv. Manuf. Technol., 2013, 67(5–8), p 1477–1489

34. S. Pervaiz, A. Rashid, I. Deiab and C.M. Nicolescu, An Experimental
Investigation on Effect of Minimum Quantity Cooling Lubrication
(MQCL) in Machining Titanium Alloy (Ti6Al4V), Int. J. Adv. Manuf.
Technol. Springer, 2016, 87, p 1371–1386

35. F. Kara, F. Bayraktar, F. Savaş and O. Özbek, Experimental and
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