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Şener Karabulut1 ·Musa Bilgin1 · Halil Karakoç1 · Dimitrios Skondras Giousios2 · Angelos P. Markopoulos2

Received: 12 November 2021 / Accepted: 10 April 2022 / Published online: 11 May 2022
© King Fahd University of Petroleum &Minerals 2022

Abstract
In the present study, a pre-heating process was employed on Ti–6Al–4V alloy to overcome the machining difficulties in
milling and the influence of the pre-heating on surface roughness, vibration, power consumption, and cutting tool wear was
investigated. The experiments were conducted based on a Taguchi L18 orthogonal array at room temperature, hot, and hybrid
cutting environments. A finite element analysis (FEM)was used to predict the temperature field on the surface of theworkpiece
during the hot machining of the Ti–6Al–4V alloy. The optical evaluation and microhardness measurements were carried out
to determine the effect of the open flame preheating process on the machined surface and subsurface. The results revealed
that a reduction of 106% and 64% in vibration and power consumption was achieved in the hybrid milling compared to dry
milling, respectively. The mean tool wear was measured as 0.06 mm in the hybrid milling whereas the mean tool wear was
0.35 mm in the dry milling. Surface roughness was slightly worsened by a 15% rate due to the adhered materials particles
on the machined surface in the hot and hybrid milling. The grain sizes and microhardness on the machined surfaces were not
negatively affected by the pre-heating process.

Keywords Ti–6Al–4V · Tool wear · Hot milling · Surface roughness · Power consumption · Vibration

1 Introduction

Titanium and titanium alloys have high fracture toughness,
fatigue, creep resistance, corrosion resistance, and biocom-
patibility with a high strength to weight ratio. Due to
these physical and mechanical properties, titanium alloys
are highly preferred in various engineering applications in
aviation, marine, chemistry, and medical industries [1, 2].
Despite these superior physical and mechanical properties,
the low thermal conductivity of titanium, strain hardening,
low elastic modulus, and chemical affinity with the cutting
tool at high temperatures during machining lead to rapid tool
failures [3]. Since the processing of titanium alloys with con-
ventional techniques is very difficult and costly, engineers
have performed research on themachinability of titaniumand
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its alloys using different cutting environments such as cryo-
genic cooling [4, 5], heating [6, 7], lubrication, and hybrid
techniques [1, 8].

Hot machining studies have become increasingly pop-
ular under different heating technics recently [6] due to
the effective machining problems of titanium alloys which
are classified as difficult to cut materials with traditional
methods. In hot machining, the work material is thermally
softened and its shear strength is reduced. Thermal soften-
ing of the workpiece contributes to a reduction in cutting
resistance and thus reduces the cutting force [9]; vibrations
and improves the tool life [10]; and surface roughness [11].
Conventional machining methods on processing materials
can lead to lower surface quality and shorten tool life. Heat-
assisted machining (HAM) is generally an effective and
sustainablemethod to solve such problems.When processing
the workpiece at elevated temperatures softening is caused
which is expected to improve machinability [12]. Different
methods have been proposed on how the heat assisting is
implemented during the manufacturing procedure as well
as how these different approaches affect machining parame-
ters like surface roughness, cutting conditions and tool life.
Plasma-assisted machining (PAM) pertains to the use of
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a plasma jet heat source along with conventional machin-
ing (CM). Although it is not widely researched recently,
PAM is known to improve material removal rate (MRR)
[13] as well as cause a decrease of cutting forces and sur-
face roughness [14, 15]. However, it is not cost effective
and can cause material degradation [16]. Another approach
of HAM is laser-assisted machining (LAM) which involves
a laser source for preheating the material surface before
machining. LAM has been used in milling, among other
processes. Compared with CM it is considered beneficial
for optimizing machining parameters e.g., surface roughness
[17] cutting forces and tool wear [18, 19] of difficult-to-cut
metals and ceramics. However, using a laser source can be
associated with high cost. HAM can be also employed by
induction heating, usually with an induction coil as heating
source. Induction pre-heating in milling hard-to-cut mate-
rials is reported to improve chatter effects [20], tool life
[21], cutting forces, and surface roughness. However, it can
cause changes tomicrostructure [10] and can lead to tool fail-
ure due to thermal effects, when using uncoated tools [22].
Compared to LAM, induction-assisted machining (IAM) is
considered more cost-effective, although LAM can lead to
better machinability [22, 23]. The use of flame for assisting
machining processes is also frequently used due to cost-
effectiveness. Regarding turning processes in materials of
high-strength like titanium or nickel-based alloys, it has been
found that flame assistance leads to improved tool life [11,
24], reduction of surface roughness and cutting forces [11,
25, 26], reduction of flow stress [27], and chip thickness [28].
An enhancement of microhardness and no phase changes in
flame-assisted machining of Inconel 718 were additionally
observed [25].Regardingmilling of stainless steel, a decrease
of cutting forces, had a beneficial effect on surface quality
and tool life, even with uncoated inserts [29]. Other types of
thermal assisted and hybrid methods that lead to improved
machinability have been utilized, including furnace preheat-
ing [30], combination of different heat sources [9], electrical
discharge assistance [31] and ultrasonic peening [32].

Considering the above-mentioned literature review a lot
of studies are available on the machining of difficult-to-cut
materials such as Ti–6Al–4V, stainless steel and Inconel 718
[33]. The researchers have reported the advantages of the
MQL in the machining of titanium alloys [34, 35] and men-
tioned the benefits of hot machining above. The literature
review indicated that MQL-assisted hot milling has not been
studied before. Therefore, the presented study aimed to com-
bine the advantages of the MQL in terms of cooling and
lubrication effects on the cutting insert and the thermal soft-
ening influence of heat-assistedmachining on the workpiece.
For this reason, the MQL was applied to the cutting tool’s
rake surface to utilize the cooling and lubrication effects dur-
ing the milling of preheated Ti–6Al–4V. Then, the influences
of dry milling at room temperature, hot and MQL-assisted

hot machining (hybrid) were investigated compared with the
surface roughness, vibration, power consumption, and tool
wear. The microstructural evolutions of the machined sur-
face were assessed by optical microscope observations and
microhardness measurements to determine the effect of the
hot machining process on the grain size of the machined sur-
face. Additionally, experimental results were analyzed by the
means of the analysis of variance and mean effect graphs and
the results of dry, hot, and hybrid machining were compared.

2 Materials andMethods

2.1 Experimental Procedure

A set of machining experiments were performed in order to
evaluate the influence of hot and hybrid cutting environment
on themilling behavior of the Ti–6Al–4V titanium alloy. The
chemical compositions and the hardness of Ti–6Al–4V tita-
nium alloy delivered by the supplier are presented in Table 1.
Themilling experiments of titanium alloywere conducted on
a Frontier MCV-866 CNC vertical machine tool. Two Mit-
subishi SOMT12T308PEER-JMVP15TF grade PVD coated
carbide cutting inserts at an entering angle of 90° were used
with a standard BT 40 tool holder for the tests, and each
cutting process was carried out using a new edge. The work-
piece material machined in the present study was supplied
as a forged alpha–beta microstructure titanium of 300 mm ×
196 mm × 50 mm dimensions. Then, the workpiece was cut
into three equal partswith dimensions of 196mm× 96mm×
50 mm using the wire electrical discharge machining (Wire
EDM) to minimize the variability in material properties.

The up-milling strategy by performing straight-face
milling operations along 196mmwas used during the experi-
ments due to the chip thickness starting at zero and increasing
toward the end of the cut. In order to verify the experimental
results, the machining tests were repeated twice and cal-
culated the average values of the measured values of both
experiments. Four milling variables, namely, cutting envi-
ronment, feed rate and cutting speed each at three levels and
axial depth of cut at two levels were chosen based on the
Taguchi L18 orthogonal array design of experiments (DoE).
During the experiments, machine vibration, vibration accel-
eration, and power consumptions were recorded instantly,
tool wear and surface roughness were selected as decisive
criteria for the experimental study.

The milling tests were done under three different cut-
ting environments, dry at room temperature, hot machining,
and hybrid machining. The cutting speed and feed rates val-
ues used in the tests were determined in accordance with
the preliminary experiment results. The preliminary milling
experiments were conducted according to the catalogue
data for the cutting tool and ISO Standard 8688-1 [36]. A
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Table 1 Chemical composition
of Ti–6Al–4V alloy Al (%) V (%) C (%) Fe (%) O (%) N (%) H (%) Hardness

5.5–6.5 3.5–4.5 0.08 0.25 0.2 0.05 0.0015 335 HV

biodegradable cutting oil, namely Viscol Viscut (Kinematic
viscosity at 40 °C: 37–40 cSt, density at 15 °C: 0.88 g/cm3,
flash point > 240 °C) was used with a WERTE STN40 lubri-
cation system at the hybrid milling environment of Ti6Al4V.
The cutting oil was directly applied to the deformation zone
for effective lubrication and air cooling at the cutting inter-
face. The MQL nozzle was focused onto the insert nose
15 mm away from the cutting point with a 20° angle to the
machine’s XY plane and the flow rate of the oil was adjusted
to 10 ml/min.

2.2 Milling Environments

To compare the effect of pre-heating to the titanium alloy
on machined surface quality, cutting tool wear, vibration,
and energy consumption for this study, three different cutting
environments were used in the experiments: dry, hot machin-
ing, and hybrid-hot machining with MQL. The hybrid hot
machining with MQL will be mentioned as hybrid machin-
ing from this point.

(i) Dry-machining at room temperature: Milling tests
were conducted at room temperature under dry envi-
ronments. Theworkpieces used in this experimentwere
not subjected to heating. The dry milling environment
was identified as a check parameter for this experimen-
tal study.

(ii) Hot machining: Since the preheating of the workpiece
decreases the shear strength and supports easier chip
removal. The workpiece material was preheated to
250 °C by an external heat source for 10 min using the
open flame method. The workpiece surface tempera-
ture was monitored with the MI3 pyrometer during the
heating process of the workpiece. When the surface
temperature reached 250 °C, the external heat source
was stopped and the cutting process was put to start
under a dry machining environment.

(iii) Hybrid-machining: In this machining environment, the
external heating was stopped after the workpiece sur-
face temperaturewas heated up to 250 °CandMQLwas
applied to the cutting point during the milling process.
The heated workpiece was lubricated with pressurized
air directly to the cutting area to diminish the friction
in the tool/chip interface at the tool’s rake face and
between the workpiece and flank side of the tool. For
this purpose, the MQL nozzle is positioned to focus on

the cutting point in order to provide effective cooling
and lubrication on the insert with compressed air.

2.3 Experimental Measurements
andMicrostructural Evaluations

A Mitutoyo SJ-210 was utilized to determine the machined
surface quality. Five separate points on the surface of the
workpieceweremeasured, and the average surface roughness
values were determined by eliminating unsuitable values.
The surface temperature of the workpiece was continually
monitored and recorded utilizing a Raytek infrared pyrome-
ter during the experiments. Themeasureddatawere conveyed
to the computer via a USB cable and logged in an Excel file.
CNC milling machine was equipped with a Fluke 43B series
power-quality analyzer to measure energy consumption dur-
ing the experiments. The machine vibration and vibration
acceleration generated by the machining parameters were
measured using a banner QM42VT2 vibration measurement
sensor. The device wasmounted on the vice and connected to
politrace smart box and the data were stored on the politrace
web page. Toolwearmeasurementsweremade using a Zoller
Venturion device with “lasso” software which can easily cap-
ture the tool contour and worn areas on the tool. The wear
mechanism of cutting inserts was examined using a TES-
CAN MAIA3 XMU Scanning electron microscopy (SEM)
and an optical microscope. In order to evaluate the influ-
ence of three different machining conditions on the surface
hardness of the workpiece, a DuraScan-G5 microhardness
measurement device was used with the application of a test-
ing force of 2.942 N for a period of 10 s (EN ISO 6507-1)
along the centerline of the machined surface, moving with
steps of 1 mm.

2.4 Experimental Design

In this study, optimal milling parameters and their effects
on tool wear, power consumption, vibration, and surface
roughness are investigated in the milling of titanium alloy
under different cutting environments. Taguchi L18 (21 ×
33) DoE is employed to reduce experimental process and
cost which requires a total of 54 experiments with full fac-
torial experimental processing parameters, thus the effects
of uncontrolled factors are minimized. Taguchi’s loss-of-
quality function approach is used to compute the devia-
tion between optimum processing values and experimental
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Table 2 Milling variables and
levels Factors Notation Units Level 1 Level 2 Level 3

A, Cutting environments Ce – Dry Heat Heat + MQL

B, Cutting speed Vc m/min 40 60 75

C, Feed rate f z mm/tooth 0.15 0.20 0.25

D, Axial depth of cut ap mm 1 1.5 –

Radial depth of cut ae mm 30

Diameter of tool holder Dc mm 63

Number of cutting insert Zc Piece 2

Fig. 1 Overview of heat-assisted milling test setup

results. This function converts output data into signal-to-
noise (S/N) ratio, analyzes processing parameters according
to S/N and evaluatesmeasured values to target data under dif-
ferent noise conditions. For static designs, one of the three
different S/N ratios can be chosen depending on the aim of
the study: smaller is better, larger is better, and nominal is
best. This work aims to optimize cutting tool wear, power
consumption, surface roughness, and vibration. Therefore, a
"smaller is better" ratio has been chosen to define the smallest
values of the output parameters since it generates higher S/N
ratios and best describes the state of the surface roughness,
power consumption, cutting tool wear, and vibration.

S/N � −10 × log10

(∑ y2

n
y

)
(1)

where y is the recorded output data for the vibration, power
consumption, tool wear, and surface roughness.

Three levels were settled for the control factors of cutting
environment, cutting speed, and feed rate, and axial depth of
cut was adopted as two-levels. The test variables and design
layout are presented in Table 2 (Figs. 1, 2).

3 Experimental Results and Discussion

In the present study, Ti–6Al–4V was machined with 18
milling experiments according to the Taguchi DoE, and six
confirmation tests were conducted to verify the experimental
results. The mean tool wear, surface roughness, vibration,
and power consumption values and their corresponding S/N
ratios are presented in Figs. 3, 4, 5, 6.

The experimental results were evaluated by usingMinitab
software to examine the influence of heating and hybrid
milling on surface roughness (Ra), power consumption (P),
machine tool vibration (V ), and tool wear (VB). The micro-
hardness measurement and microstructural evaluation were
performed to clearly analyze the effects of the pre-heating on
the machined surface and subsurface of the workpiece.

3.1 Surface Quality, Vibration, Power Consumption,
and ToolWear

The SEM images of machined surfaces under dry, hot and
hybrid cutting environments were presented in Fig. 2a–c.
Figure 2d belongs themachined surface SEM image obtained
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Fig. 2 SEM images of machined surfaces a Dry milling (Vc � 75 m/min, f z � 0.25 mm/tooth, ap � 1 mm), b hot milling (Vc � 75 m/min, f z �
0.25 mm/tooth, ap � 1 mm), c hybrid milling (Vc � 60 m/min, f z � 0.20 mm/tooth, ap � 1.5 mm) and d hybrid milling (Vc � 75 m/min, f z �
0.20 mm/tooth, ap � 1 mm)

Fig. 3 Mean effects of cutting
variables on surface roughness
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Fig. 4 Mean effects of cutting
variables on power consumption

Fig. 5 Mean effects of cutting
variables on machine tool
vibration

Fig. 6 Mean effects of cutting
parameters on tool wear values
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from confirmation experiments conducted by under hybrid
cutting environment. The surface roughness measurements
were conducted at five different zones after cooled the work-
piece for all milling experiments.

The unsuitablemeasurements were excluded and the aver-
age valueswere derived and depicted in Fig. 3. Lower surface
roughness values were measured under dry milling environ-
ment at room temperature. The surface quality deteriorated
with increasing cutting feed and axial depth of cut in all
milling parameters and improved at a higher cutting speed,
as expected. Hence, it can be stated that the surface quality
of the machined workpiece was not significantly affected by
the milling environments used in the experiments. It can be
expected an enhancement in the quality of the workpiece due
to the reduction of friction and easier cutting process under
hot and hybrid cutting conditions. In addition, it is known to
reduce surface roughness in general, as lubrication reduces
frictional forces during machining. However, in this study,
the titanium alloy exhibited a ductile behavior due to the pre-
heating process and caused the adhesion of a small amount of
material on the machined surface (Fig. 2). Therefore, surface
roughness values slightly increased due to the smearedmate-
rials on the machined surface whereas the machine vibration
and power consumption decreased under a hot machining
environment [21]. Similar surface defects were reported by
Sarıkaya et al. [35] in machining of Ti–6Al–4V.

The mean effect graph shows that the surface roughness
values decreased from 0.75 to 0.70 µm with increasing cut-
ting speed. Hence, it can be said that the cutting speed
had a very limited influence on surface roughness, power
consumption, and vibration compared to other parameters.
Meanwhile, surface roughness values raised from 0.64 to
0.80µmwith rising cutting feed values in allmachining envi-
ronments. Higher cutting feeds cause higher friction between
the cutting insert and part. Therefore, tool wear, power
consumption, vibration, and surface roughness increased at
higher cutting feeds (Figs. 3, 4 and 5).

The axial depth of cut did not present a significant influ-
ence on the surface quality of the workpiece and surface
roughness values increased from 0.70 to 0.74 µm at higher
cutting depth. It was seen that higher cutting depth was not
affected the vibration values however it has a negative effect
on the power consumption. Although hot and hybridmachin-
ing has a little negative impact on workpiece surface quality,
it was observed that the vibration and power consumption
significantly reduced compared to under dry cutting condi-
tions at room temperature. The highest power consumption
and vibration values were noted in milling at room tempera-
ture environment as 1517 W and 0.866 m/s, respectively.

The average power consumption and vibration values
under hot cutting environment were 1233 W and 0.606 m/s,
respectively. Therefore, power consumption and vibration
values decreased by 19% and 30%, respectively. Pre-heating

of the workpiece prior to machining and continuing heat-
ing during the cutting process caused thermal softening of
the titanium alloy and reduced its shear strength. The reduc-
tion in power consumption and the acceleration amplitude of
the vibration shows that the cutting strength of the workpiece
materialwas reduced and an easier cutting operationwas con-
ducted. The lowest average power consumption and vibration
values were 927 W and 0.42 m/s and resulted in an improve-
ment of 39% and 52%, respectively under hybrid machining
conditions. The hybrid machining system was outperformed
according to milling at room temperature and hot milling
environments because the high-pressure air containing oil
droplets in theMQLsystem supported to decrease the friction
surface between the workpiece and cutting insert. The shear
plane angle increased with the decreasing tool-chip work-
piece interface friction and reduced chip thickness. Hence,
the reduced primary deformation zone and shear plane area
diminished the energy required for material removal [37]
and also indicated a positive effect on tool wear. It was
observed that the findings of MQL supported hybrid milling
experiments were found to be consistent with studies in the
literature [34, 38, 39]. The effects of milling parameters on
tool wear are shown in Fig. 6 with the mean effect graph. It
can be seen that the cutting environment and feed rate were
the two main factors affecting tool wear. The highest tool
wear of 0.62 mm was measured in the dry milling environ-
ment, and the lowest tool wear of 0.003 mm was obtained in
the hybrid milling environment. It was observed that the tool
wear values increased with increasing feed values whereas
the cutting speed and depth of cut were not exhibited a mean-
ingful effect on the tool wear.

3.2 Estimation of Thermal Effects by the Flame Torch
on theWorkpiece

As it was shown in the previous subsections, the influence
of workpiece preheating by the flame was evident in various
aspects of the milling process such as the power consump-
tion, vibrations and tool wear. However, due to the fact that
temperature was not directly measured, the influence of the
additional heat input to the workpiece cannot be quantified
and its variation in respect to process conditions is not directly
investigated. For that reason, a FEM thermal model which
predicts the temperature field in the workpiece due to the
heat contribution from the flame was developed.

In this model, both steps of the experimental procedure
are simulated, namely the initial pre-heating and the heat-
ing of the workpiece after the process has begun. At the first
step, the heat source remains at a constant position at the
one end of the workpiece for 10 min (600 s) until a tem-
perature of 250 oC (523 K) is reached, exactly at the point
where the flame is focused, where the temperature was mea-
sured using the infrared pyrometer. The flame is modeled as

123



9294 Arabian Journal for Science and Engineering (2022) 47:9287–9304

Fig. 7 Schematic of the FEM thermal model

a heat source whose flux is considered to be approximated
by a gaussian distribution with a diameter of 3 mm, which
corresponds directly to the diameter of the actual nozzle for
the flame torch. Due to the fact that there is no generally
accepted model for modeling the heat flux of a flame torch,
an appropriate inverse approach is adopted in which the heat
flux is determined after conducting simulations with differ-
ent values until the conditions measured at the end of the first
step of the heating process are met. As the model is thermal,
the cutting procedure is not simulated and thus the prediction
of the temperature field due to the action of the cutting tool
in the workpiece is not performed. However, this model is
very useful, as it can show the effect of pre-heating in the
regions of the workpiece which the cutting tool will reach
in a short time and can help to understand the extend of the
beneficial effects of the flame torch due to the softening of
workpiece material. So, in the second step of the simulation,
the heat source moves at a velocity equal to the feed speed of
the workpiece until it reaches the other end of the workpiece.

The simulation of both steps is carried out for three differ-
ent conditions, namely the experimental conditions 4–6 for
which the feed and cutting speed values are (0.15 mm/rev,
45 m/min), (0.20 mm/rev, 60 m/min) and (0.25 mm/rev,
75 m/min) respectively. A box-shaped workpiece is used in
the simulationmodel,with dimensions of 120× 48× 30mm,
which are a bit shorter in the feed and height direction. These
choices are justified, as itwas observed frompreliminary sim-
ulations that the main amount of heat produced by the flame
torch does not penetrate deeper than 30 mm in the workpiece
and in the feed direction the temperature is almost stabi-
lized after a few tens of millimeters. For the same reason
the remaining surfaces were considered insulated, avoiding
extra computational cost. As can be seen in Fig. 7, in the
middle plane along the y-axis, denoted by green color, sym-
metry boundary conditions are imposed in order to take into
account the exact width of the experimental workpiece but
simulate half of the workpiece. Initial temperature is 293 K

(27 °C). On the top surface, convection and radiation bound-
ary conditions are imposed. An appropriate mesh consisting
about 18,000 3D hexahedral finite elements was created.
An appropriate mesh with finer elements near the symme-
try plane and coarser elements away from this plane is used
in order to for the model to be able to simulate the heating
process accurately but do not require an excessive amount of
computational time. In the areas with smaller elements, their
dimensions are smaller than the diameter of the flame torch
in order to be able to take into account its heat flux appropri-
ately. The average time of simulations was between 12 and
13 h and were carried out using an Intel Core i7 processor of
2.3 GHz with a 16 GB 1600 MHz DDR3 RAM.

After the simulations were carried out, the results were
analyzed to determine the effect of heat assistance to the
milling process. For the first step of the simulation, namely
the initial pre-heating stage, it is worth observing the grad-
ual penetration of heat in the workpiece. Thus, temperature
isosurfaces are plotted in Fig. 8 at three different timesteps.
From these figures, it can be seen that at the end of the first
step, heat has penetrated considerably from the side of the
workpiece and the temperature has risen over 293 K for sev-
eral millimeters for its edge.

During the second stage, when the heat source moves
before the cutting tool, a considerable amount of heat is intro-
duced to the workpiece but it depends also on the feed speed.
In Fig. 9 the temperature field is plotted at a section of the
workpiece along the middle line at three different timesteps
for the case of experiment in Fig. 10d. Moreover, the temper-
ature profile along themiddle line is plotted for each timestep
aswell. It can be seen that in every case, the temperature is rel-
atively lower than the initial pre-heating stage temperature as
it was expected, and that the heat source affects a small region
in its vicinity, whereas its influence diminishes at larger dis-
tances and any unfavorable thermal effects are avoided in
regions of the workpiece which will not be removed by the
subsequent action of the cutting tool.

The average temperature for the three simulations during
the second stagewas 222.8 °C, 209.6 °C and 200.3 °C respec-
tively. From these results, it becomes evident that generally,
the increase of feed speed leads to a lower increase of tem-
peratures due to the heat source, and the temperature drop
from the initial pre-heating temperature for each simulation
is 27.2 °C, 40.4 °C and 49.7 °C in each case. Thus, although
in the case of the lower feed and cutting speed the temper-
ature is closer to the initial one, in the case of the moderate
and high feed speed a noticeable difference is observed. Con-
sequently, it is suggested that in order to obtain the desired
assistance from the heat source it is necessary to use lower
feed speeds.

These observations are consistent with the experimental
findings, presented in Figs. 3, 4, 5, 6 and can justify the results
obtained in the cases where a heat source was employed.
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Fig. 8 Temperature isosurfaces at
three different timesteps during
the initial pre-heating stage

Fig. 9 Temperature field on the middle plane at different timesteps
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Fig. 10 Microscopic wear images of the cutting tool’s rake surface (ap
� 1 mm), Dry milling: a Vc � 45 m/min, f z � 0.15 mm/tooth, b Vc �
60 m/min, f z � 0.20 mm/tooth c Vc � 75 m/min, f z � 0.25 mm/tooth,
Hot milling: d Vc � 45 m/min, f z � 0.15 mm/tooth, e Vc � 60 m/min,

f z � 0.20 mm/tooth, f Vc � 75 m/min, f z � 0.25 mm/tooth, Hybrid
milling: g Vc � 45 m/min, f z � 0.20 mm/tooth, h Vc � 60 m/min, f z
� 0.25 mm/tooth, i Vc � 75 m/min, f z � 0.15 mm/tooth

From the findings of these Figures, it can be observed that
a considerable decrease in power consumption, vibrations
and tool wear is obtained during hot machining in compar-
ison with dry machining which was a result of the material
softening caused by the increased temperature of the cutting
area. FEM model results proved the experimental results.
However, the beneficial effects of hot machining are more
obvious in cases with lower feed and cutting speed, espe-
cially for tool wear. This can be directly attributed to the
increased temperature due to the heat source, which affects
the material properties directly in front of the cutting tool.
The cutting tool is experiencing lower resistance from the
workpiece material and thus, power consumption is reduced
due to lower cutting forces, more stable cutting was achieved
due to lower vibrations and also the progression of tool wear
is affected, leading to a considerable reduction of VB in the

case of the lower feed and cutting speed values when the
highest temperature due to the heat source is observed.

3.3 Analysis of Cutting ToolWear

The cutting insert failures on the rake face of used tools in
the experiments are depicted in Figs. 10 and 11, respectively.
The cutting tool performance is a key parameter in determin-
ing the machinability behavior of engineering materials, and
different wear mechanisms occur depending on the mate-
rial being machined. Tool wear is a failure mechanism of
the cutting tool preventing optimal material removal dur-
ing the cutting process. Therefore, it is important to define
and reduce the tool wear during normal tool life. Tool wear
rates can be seen from the images of the optical microscope
in milling of titanium alloy under different cutting condi-
tions. The heat produced during the milling of titanium is
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Fig. 11 Microscopic wear images of the cutting tool’s rake surface (ap
� 1.5 mm), Dry milling: Vc � 45 m/min, f z � 0.25 mm/tooth, b Vc �
60 m/min, f z � 0.15 mm/tooth, c Vc � 75 m/min, f z � 0.20 mm/tooth,
Hot milling: d Vc � 45 m/min, f z � 0.20 mm/tooth, e Vc � 60 m/min,

f z � 0.25 mm/tooth, f Vc � 75 m/min, f z � 0.15 mm/tooth, Hybrid
milling: g Vc � 45 m/min, f z � 0.25 mm/tooth, h Vc � 60 m/min, f z
� 0.15 mm/tooth, i Vc � 75 m/min, f z � 0.20 mm/tooth

accumulated on the cutting zone because of the lower ther-
mal properties and lead to raising the temperature of the
insert resulted in the cutting tool failure. The chipping, break-
age, catastrophic failure, cracks, and plastic deformation are
the common wear failures during the machining of titanium
alloys [8, 40].

The highest tool failures occurred in the experiments per-
formed in the dry milling environment at room temperature,
whereas a slight reduction in tool wear happened under
hot milling conditions. In hybrid machining conditions,
the performance of the cutting tool improved remarkably
and negligible failures were seen on the cutting tool. The
severe chipping, edge breakage, and flaking wear mecha-
nism occurred as a result of the overloading of mechanical
tensile stresses depending on the cutting feed and speed rates
in dry milling at room temperature and hot machining. The
catastrophic failure was also formed in machining with a

high cutting speed and feed rate combinations.Higher cutting
feed and speed combinations caused to increase in friction
at the tool and workpiece interface and generated cutting
temperature in the machining zone. The workpiece exhib-
ited adhesive behavior with the cutting tool, and therefore,
chipping, edge breakage, and catastrophic failures can be
attributed to the built-up edge (BUE) formation constituted
on the cutting edge (Fig. 12).

The SEM micro images indicated that the adhered mate-
rial on the cutting edge also caused scratches and adhered
materials particles on the machined surface of the workpiece
(Fig. 2). SEM analysis results have shown that BUE has
an important effect on the damage mechanism of the cut-
ting tool. In the line with the EDS results, it can be inferred
that the BUE on the cutting tool was broken during the cut-
ting process, causing chipping, edge breakage, and flaking on
the insert. Figure 12 shows the wear mechanism that BUE
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Fig. 12 SEM images of cutting insert a Dry milling (Vc � 75 m/min, f z � 0.25 mm/tooth, ap � 1 mm), b hot milling (Vc � 75 m/min, f z �
0.25 mm/tooth, ap � 1 mm) c hybrid milling (Vc � 60 m/min, f z � 0.20 mm/tooth, ap � 1.5 mm)

creates on the cutting tool in experiments of 3, 6, and 12
conducted at higher cutting feed and speed conditions. The
chipping, and flaking mechanisms were seen in milling with
low cutting feed and speed combinations according to the
Taguchi experimental design. The material residues on the
cutting insert were seen in milling of Ti–6Al–4V alloy both

at room temperature and hot conditions. The non-uniform
wear mechanism on flank edge of the insert indicated that
the cutting tool was worn by the adhering workpiece mate-
rial (Fig. 12).

A small amount of chipping wear was observed on the
cutting edge at cutting speeds of 45 and 60 m/min, and axial
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cutting depth at 1 mm under the hybrid milling environment,
whereas any wear failures were not seen at 75 m/min. Mean-
while, the cutting insert showed better performance at depth
of cut of 1.5mmunder hybridmachining environments and it
was found that the tool failure was decreased. The formation
of BUE evidence was also observed and chip accumulation
on the cutting tool’s rake face under hybrid milling environ-
ments. The macro images of tool wear showed that the use of
MQL during hot machining significantly improved the tool
life.

It was observed that the heat generation was accumulated
on the cutting zone in dry machining conditions at room
temperature and the heat was decreased as it moved away
from the cutting area. Hence, the cutting tool exposed heavy
temperatures every feed passes to perform the plastic defor-
mation of the workpiece. It can be concluded that generating
high machining temperatures for the plastic deformation of
the titanium may be a reason for quick tool wear and conse-
quently higher power consumption and vibration.

In hot machining, the heat was distributed uniformly
on the workpiece in the milling process and caused ther-
mal softening of the titanium alloy. Therefore, the cutting
tool consumed lower energy to cut the workpiece mate-
rial depending on the reducing strength before reaching the
cutting area resulting in decreasing wear rate, lower power
consumption and vibration. The lubricant was applied to the
cutting zone with pressurized air in addition of hot machin-
ing during the hybrid milling environment. The pre-heating
process led to workpiece material thermal softening; MQL
significantly reduced the friction alongwith the cooling effect
on cutting tool, under the hybridmilling environment. There-
fore, the improvement of tool performance can be elucidated
to the reduction of temperature on the cutting edge and
decreasing friction between cutting insert and chip interface
when MQL used in the hybrid machining [37].

The power consumption measurements proved that the
resistance of the workpiece in the milling operation per-
formed under the hot working environment was decreased.
In addition to this, the lubrication of the cutting area with the
pressurized air using the MQL system reduced the friction
between the chip and cutting-edge interface and provided
cooling on the insert. A negligible tool wear was seen at cut-
ting speed 45 m/min and dept of cut 1 mm, however better
cutting tool performance was achieved in hybrid cutting con-
ditions compared to other machining environments used in
the experiments. Therefore, the improvement rates of tool
failures can be related to the reduction of temperature on the
edge of the insert and decreasing friction between cutting tool
and chip interface when MQL used in the hybrid machining.

Comparison of the cutting tool wear observations at vari-
ous machining parameters between dry at room temperature,
and hot machining environments showed the importance of

lubrication in hybrid machining on the influence of vibra-
tion, power consumption, and tool wear. SEM images and
EDS results of cutting tools used in three different cutting
environments under experimental study are given in Fig. 12.
SEM pictures and EDS results indicated that the workpiece
material adhesion (BUE) occurred on the cutting edge under
all cutting environments. It was observed that the amount of
adhesion rate was more in dry machining at room tempera-
ture resulting in chipping wear by causing edge fracture.

The higher material adhesion on the insert wear can be
attributed to increasing contact pressure applied by the chip
at lower cutting velocities [41] and insufficient heat gen-
eration during cutting. Meanwhile, it can be seen that the
dimension of chipping wear on the insert decreased under
the hot cutting environment. The fact that the material was
heated before the chip removal process led to the formation
of the heat required for cutting during the milling of titanium
alloy and the cutting process to be performed more easily.
Thus, less material adhesion formation occurred compared
to the machining process performed at room temperature and
the pre-heating process contributed to the reduction of tool
failure. In the hybrid cutting environment, the pre-heated
workpiece material was machined employing MQL on the
rake face of the cutting insert during the milling process. The
tool wear measurements, macro images, and SEM images
confirmed that the lubrication/compressed air application on
the cutting tool significantly reduced the wear on the insert
by reducing the friction under hybrid cutting environment.

3.4 Analysis of Variance (ANOVA)

The importance levels and contribution rates of the cutting
variables on power consumption, vibration, tool wear and
surface roughness were evaluated by using the results of
ANOVA given in Table 3.

The ANOVA outputs indicated that the cutting feed was
the utmost effective machining variable with a 64% rate on
surface roughness, whereas the contribution of the cutting
environment was 23%. The axial cutting depth and cutting
speed did not indicate significant effect on surface roughness
and calculated the contribution rate as 5% and 3%, respec-
tively.

The cutting environment was the most significant cutting
variable with percentage contribution of 75% in controlling
the vibration of machine tool. The contribution of the cutting
feed, cutting speed and axial cutting depth were computed as
9%, 8% and 2%, respectively. Similarly, the ANOVA results
showed that the primary significant cutting variables for the
power consumption were cutting feed (36%) [41] and cut-
ting environment (33%)were followed by axial cutting depth
(20%) and cutting speed (4%). For tool wear, it was seen
that the most effective milling parameter were determined to
be cutting environment with an accumulated contribution of
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Table 3 Results of the analysis of
variance for output variables Source DF Adj SS Adj MS F-value P-value Contribution rate (%)

Surface roughness, (Ra)

Ce 1 0.031416 0.031416 57.55 0.000 23%

Vc 1 0.004135 0.004135 7.57 0.016 3%

f z 1 0.087253 0.087253 159.84 0.000 64%

ap 1 0.007442 0.007442 13.63 0.003 5%

Error 13 0.007096 0.000546 5%

Total 17 0.137343 100%

Vibration, (V)

Ce 1 0.57787 0.577870 176.32 0.000 75%

Vc 1 0.06068 0.060681 18.52 0.001 8%

f z 1 0.06700 0.067001 20.44 0.001 9%

ap 1 0.01784 0.017840 5.44 0.036 2%

Error 13 0.04261 0.003277 6%

Total 17 0.766 100%

Power consumption, (P)

Ce 1 1,044,890 1,044,890 52.87 0.000 33%

Vc 1 116,230 116,230 5.88 0.031 4%

f z 1 1,138,368 1,138,368 57.6 0.000 36%

ap 1 636,568 636,568 32.21 0.000 20%

Error 13 256,922 19,763 8%

Total 17 3,192,979 100%

Tool wear, (VB)

Ce 1 0.248544 0.248544 53.73 0.000 48%

Vc 1 0.008911 0.008911 1.93 0.188 2%

f z 1 0.199950 0.199950 43.23 0.000 39%

ap 1 0.000235 0.000235 0.05 0.825 0%

Error 13 0.060134 0.004626 12%

Total 17 0.517774 100%

48%. The contribution of the cutting feed, cutting speed and
axial cutting depth were as 39%, 2% and 0%, respectively.

The optimal milling variables were defined using the
response table for S/N ratios given in Table 4. As mentioned
previously, higher S/N ratios identifies the lowest values of
the surface roughness, vibration, power consumption, and
cutting tool wear. Therefore, the highest S/N ratios marked
as bold in Table 4, indicate the favorable milling parameters.
The optimal surface roughness values were achieved at cut-
ting environment of level 1 (S/N � 3.559) at cutting speed of
level 3 (S/N � 3.075), at feed rate of level 1 (S/N � 3.906),
and at axial cutting depth of level 1 (S/N � 3.106). The S/N
ratio results given in Table 4 showed that the hybrid machin-
ing has the highest S/N ratio compared with the machining
at room temperature and hot machining environments for
vibration and power consumption. It can be noted that the
favorable values for vibration were obtained at cutting envi-
ronment of level 3 (S/N � 7.438), at cutting speed of level

1 (S/N � 5.088), at feed rate of level 1 (S/N � 5.47), and at
axial cutting depth of level 1 (S/N � 4.93). The minimum
energy consumption was achieved at cutting environment of
level 3 (S/N � −59.04), at cutting speed of level 3 (S/N �
−60.62), at feed rate of level 1 (S/N � −59.02), and at axial
cutting depth of level 1 (S/N � −59.99). Similarly, the mini-
mum tool wear values were measured at cutting environment
of level 3 (S/N � 30.30), at cutting speed of level 3 (S/N �
22.78), at feed rate of level 1 (S/N � 28.70), and at axial
cutting depth of level 1 (S/N � 20.33). The analysis revealed
that the highest cutting speed (75 m/min), the lowest cutting
feed (0.15 mm/tooth) and axial cutting depth (1 mm) should
be used for the quality of surface in machining of titanium
at room temperature. However, it was observed that there
was a 0.1 µm improvement on surface quality as compared
to hot and hybrid milling conditions. Hence, it can be said
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Table 4 The S/N ratios for Ra, V , P and VB (Smaller is better, opti-
mal machining variables and the best level of each control factor are
indicated in bold)

Level Ce Vc f z ap

Surface roughness (Ra)

1 3.559 2.699 3.906 3.106

2 2.699 2.819 2.824 2.622

3 2.334 3.075 1.863

Delta 1.225 0.376 2.043 0.485

Rank 2 4 1 3

Vibration (V)

1 1.374 5.088 5.47 4.93

2 4.406 4.707 4.172 3.882

3 7.438 3.424 3.577

Delta 6.064 1.664 1.893 1.048

Rank 1 3 2 4

Power consumption (P)

1 − 63.33 − 62.12 − 59.02 − 59.99

2 − 61.44 − 61.07 − 61.4 − 62.55

3 − 59.04 − 60.62 − 63.4

Delta 4.3 1.51 4.38 2.55

Rank 2 4 1 3

Tool wear, (VB)

1 10.27 18.08 28.70 20.33

2 17.70 17.41 18.22 18.52

3 30.30 22.78 11.35

Delta 20.03 5.37 17.35 1.80

Rank 1 3 2 4

that hybrid milling should be recommended for the mini-
mum vibration, power consumption and better cutting-edge
performance in machining of Ti–6Al–4V alloy.

3.5 Microstructure

The microstructure images of the machined surface of
workpiece under various cutting environments used in the
experiments are shown in Fig. 13. Titanium alloys maintain
their chemical and physical properties at high cutting tem-
peratures. However, with the aim to preserve the superior
mechanical properties and microstructural stability of the
titanium alloy, it is necessary to pay attention to the strain
hardening, thermal softening, and grain refinement on the
processed surface.

At high temperatures, the size of the grains on the
machined surface of the workpiece rises with the effect
of heat, whereas the mechanical properties and hardness
decrease. At the same time, the grain boundary sliding may
occur on the machined surface at high temperatures and this

may cause gaps in the line of the grain boundaries. Then, the
force applied by the cutting tool on the workpiece surface
during the machining process can distort the grains. Mean-
while, if the workpiece material subjected to rapid cooling
during themachining process, the size of the grains decreases
resulting in grain refinements and an increase in the surface
hardness of the workpiece occurs. As a result, the cutting
environment used during chip removal from the material
should not has a negative influence on themechanical proper-
ties of the material. When the grain structures formed on the
surface of the material are examined, it can be seen that the
microstructures obtained in hot working and hybrid cutting
environments have the same properties as the machined at
room temperature. In addition, the microhardness measure-
ments were performed on the surface and subsurface of the
machined part to see the effect of the heating process.

Figure 14 shows the microhardness values taken at 1 mm
intervals from the machined surface and machined sub-
surface. The mean microhardness values of the machined
surface under dry at room temperature (Test 3), hot milling
(Test 6), hybrid milling (Test 18), and confirmation test in
hybrid milling (C5, at cutting speed 45 m/min, at feed rate
0.15mm/rev, and at depth of cut 1mm)were 324HV, 311HV,
312 HV, and 303 HV, respectively. The highest microhard-
nesswas obtained inT3performedunder the dry environment
at room temperature. The pre-heating process caused a reduc-
tion of 4% in microhardness value compared to under dry
environment at room temperature on the machined surface
due to increasing grain size with the effect of the heating
operation. Meanwhile, it was found that the microhardness
values of machined subsurface under hot and hybrid milling
environments were higher than themachined surface. Conse-
quently, it may be concluded that the machined surface was
affected pre-heating process resulting in a small amount of
reduction in microhardness. According to the optical images
and microhardness values, it can be seen that the preheating
process applied to the material did not indicate a negative
effect on the grain size and microhardness of the machined
surface of titanium alloy. These results could be attributed
that the layer of material exposed to heat was removed with
the chip during the milling process.

4 Conclusions

In this study, Ti–6Al–4V alloy was subjected to the face
milling experiments based on a Taguchi L18 orthogonal
array involved dry at room temperature, hot, and hybrid cut-
ting environments. A pre-heating process was applied to the
workpiece material under hot and hybrid cutting environ-
ments. In addition to the pre-heating process, an MQL was
employed to the rake surface of the insert under hybrid cut-
ting environment experiments of Ti–6Al–4V. The effects of
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Fig. 13 Optical images of machined surface, a Dry milling (Vc � 75 m/min, f z � 0.25 mm/tooth, ap � 1 mm), b hot milling (Vc � 75 m/min, f z
� 0.25 mm/tooth, ap � 1 mm), c hybrid milling (Vc � 60 m/min, f z � 0.20 mm/tooth, ap � 1.5 mm), and d hybrid milling (Vc � 45 m/min, f z �
0.15 mm/rev, ap � 1 mm)

Fig. 14 Mean microhardness
values of the surface and
subsurface of machined surface
under study
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the pre-heating process and cooling-lubrication approach in
hot machining were studied on the tool wear, surface rough-
ness, power consumption, and vibration. The experimental
results are summarized as follows:

• Better surface roughness values were achieved in milling
at room temperature. It was seen that the material smear-
ing occurred on the machined surface of the workpiece,
resulting in a 15% increase in surface roughness values
in the hot and hybrid milling. The feed rate was the most
effective cutting variable on surface roughness with a con-
tribution of 64%, followed by the cutting environments
with a contribution of 23%.

• The machine tool vibration and power consumption
decreased by a 106% and 64% rate in milling of hot and
hybrid environments compared to the dry milling. The
effects of the cutting environment on the vibration, and
power consumption were 75%, and 33%, respectively.

• The lowest average tool wear was calculated as 0.06 mm
in hybrid milling, whereas the highest mean tool wear was
0.35 mm in dry milling. The severe chipping and catas-
trophic failure were seen on the cutting edge in milling
at room temperature and hot milling environment. A bet-
ter cutting tool performance was obtained in the hybrid
milling environment.

• The optimal surface roughness values were observed at
A1B3C1D1 i.e., cutting environment at room temperature,
cutting speed at 75 m/min, feed rate at 0.15 mm/tooth, and
axial cutting depth at 1 mm, respectively. The minimum
energy consumption and cutting tool wear were achieved
at A3B3C1D1 ci.e., cutting environment at hybrid, cutting
speed at 75 m/min, feed rate at 0.15 mm/tooth, and axial
cutting depth at 1 mm. Similarly, the minimum machine
tool vibrationwas recorded atA3B1C1D1 i.e., cutting envi-
ronment at hybrid, cutting speed at 40 m/min, feed rate at
0.15 mm/tooth, and axial cutting depth at 1 mm.

• The grain sizes on the machined surfaces of the specimens
were not affected by the heating, and a reduction of 4%
in microhardness on the machined surface was measured
over the milling at room temperature.
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