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ABSTRACT
Machining alloys such as an alloy of titanium (Ti-6Al-4V) is considered to be a critical process due to enormous
hotness construction at the cutting region among the interaction surface of effort piece substantial and cutting
instrument edge. The present work is performed using not the same cutting quickness with a constant feed rate
and deepness of cut in a waterless cutting situation to expect the machining parameters responses. A reliable finite
element model of machining progression of an alloy of titanium is suitable to predict the cutting parameters,
saving machining time and minimizing the manufacturing costs. A significant methodology for machining
parameter prediction of a face milling operation is offered. The machining parameter of the work-piece material
through the face grating process has been measured. Simulated data analysis of the FEM model for cutting
operation has been advanced. The simulated outcomes of the model have been matched with the investigational
data and it obtains a very good arrangement. A significant like trend was found among feed cutting strength and
exterior unevenness as well as temperature. The model of finite element method (FEM) can be suitable to expect
the machining factors to improve the cutting operation execution and therefore the goodness of products.
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INTRODUCTION
Alloys such as an alloy of titanium is used in the space industry, military aircraft and it is excellent for gas turbines.
This is due to their characteristics, high corrosion resistance and high-temperature strength of the combination of
great thermal capacity and small thermal conductivity. This is leading to poor machinability because of the
complexity of material properties [1, 2]. Milling of an alloy of titanium (Ti-6Al-4V) is usually practical in space
manufacturing and is mostly utilized increasingly in other manufacturing and commercial application, like
medical, armed, and racing [3]. One of the major risks while machining an alloy of titanium (Ti-6Al-4V) is the
spark and chip burr formation that appeared because of the higher thermal strain at the cutting edge because of
lower hotness waste by the chip and the workpiece [4]. Therefore, the machining of titanium alloy is deemed one
of the greatest stimulating areas for all manufacturers. Besides that, it was found the small thermal conductivity
of titanium alloy, leads to amplified heats at the rake surface of the cutting tools. Great temperature characteristics
with machining titanium alloy translate directly to machining challenges.
The hotness produced through a cutting process is the summation of plastic distortion convoluted in chip
foundation and the resistance among instrument and work-piece and the instrument and the chip [5]. A summation
of a great temperature and a great cutting force when machining these materials leads to brink failure of the
instrument through chipping or distortion. Also, for a plurality of these metals, effort strengthening takes place
quickly. Also, the high thermal and chemical affinity of titanium alloy leads to appear welding-adhesion of the
work-piece to the cutting of instrument brink [6]. The high heat generated and high surface friction can grant
increment to pressure welding-adhesion [7, 8]. Finite element modeling (FEM) is a prominent way branch of
mathematical simulation ways. It is considered to be a famous method in structural mechanics. It was found that
only restricted effort has been complete in finite element emulation of a machining alloy of titanium (Ti-6Al-4V)
and there were only a few discussions about the predicting of machining considerations for an alloy of titanium
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(Ti-6Al-4V) in the milling process. Therefore, a valid simulation permits a good prediction in terms of the cutting
strength components, temperatures, surface roughness, and other analysis.
It will participate in price decreases for the machining operation optimization that is yet experimentally completed
which is costly [9]. For the meaningfully extra complex progressions and geometries of nowadays, an approach
built on numerical and in specific finite element simulation represents the state of the art [10-14, 15-17]. So as to
account for the special effects of great strain rates and fever on the substantial performance, furthermost of these
attitudes are built on thermos-viscoplastic substantial modeling. However, in this present work, the approach or
step is used based on dynamic, Temp-disp., explicit material modeling. The foremost aim of this paper is to find
and advance a module that would allow us to predict cutting factor performance, like cutting force, fever, and
surface unevenness. The simulation model was applied through ABAQUS/EXPLICIT software while machining
an alloy of titanium (Ti-6Al-4V).
EXPERIMENTAL WORKS
Work-piece Material and Tool
A typical surface milling cutter product by Kennametal industrialists is utilized to hold double insets. The diameter
of the instrument is 37 mm. The uncoated cemented carbide instrument insert below Kennametal code (K313)
with nose radius (Rz) = 0.8 mm, and cutting width of 12.7 mm. The rake angle is 0º and the clearance angle is 11º.
Face milling experiments were achieved by exhausting a CNC milling machine (OKUMA MX-45VA) below the
dried cutting condition. These experiments were conducted in (100mm х 100mm х 30mm) block of the alloy of
titanium (Ti–6Al–4V) whose chemical structure and physical considerations are shown in Table1 and Table2.
Table 1. Chemical structure of alloy of titanium (Ti-6Al-4V).
Material

Ti%

Al%

V%

Fe%

O%

C%

N%

Ti-6Al-4V

Balance

6.01

3.87

0.18

0.14

0.009

0.006

Table 2. Physical considerations of the work-piece for an alloy of titanium (Ti-6Al-4V) [18].
Physical parameters

Values

Density, ρ (kg/m )

4428

Young’s modulus (Gpa)

113.8

Poisson’s ratio

0.342

Specific heat, Cp (J/kg°C)

670

Thermal conductivity,
λ (W/m°C)

6.6

Expansion Coeff., (µm/m/°C)

9

T room (°C)

25

T melting (°C)

1605

Inelastic heat fraction (β)

0.9

3

Measurement Devices
A new methodology for measuring the machining parameter prediction of a face milling operation was used. Fluke
Model 66 infrared thermometers (IR) for non-contact temperature measurement is used. Also, Kistler - Type
5070A dynamo-meter was utilized for gauging the cutting strength ingredients on the workpiece material of alloy
of titanium (Ti-6Al-4V). The strength signals were managed by exhausting the multichannel charge (4-channels)
and noted down by a personal computer-based data acquisition method. In addition, exterior scabrousness (Ra)
was gauged by exhausting a portable roughness tester model TR 200, see Figure 1. (a, b and c).
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Figure 1. (a) Kistler (Type-5070A) dynamometer, (b) IR-Thermometer, and (c) portable roughness tester model
“TR200”.
Experimental Setup
A portable great quickness camera Sportscam (250) with a resolution of (640x480) pixels, record rates of (250)
frames per second (fps), and recording time of 17 per second is applied to capture the cutting practice like shown
in Figure 2. By exhausting a great speed camera plays an important part to capture the spark generation during
the cutting process that cannot be realized by a small speed camera. The camera was located in a space of 50cm
from the instrument work-piece with optical zoom. The face milling experimentations were achieved dryish
cutting conditions. Moreover, the distance of the cut is 70mm, and the cutting condition is brief in Table3 as well
as the highlight of experimental setup throughout the cutting operation as shown in Figure 3.
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Figure 2. Portable high-speed Sportscam 250 camera.
Table 3. Experimental cutting condition
Experimental cutting condition
Rake angle, γ (deg)

Clearance angle, α
(deg)

Feed rate, f
(mm/min)

Depth of cut,
d (mm)

Cutting speed,
vc (m/min)
70

0

11

80

0.6

115
160

Figure 3. Face milling experimental setup.
Experimental Results
The experimental results of the face milling operation are displayed in Table 4.
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Table 4. The experimental outcomes at various cutting speeds throughout machining alloy of titanium (Ti-6Al4V).
Machining
tests

Cutting speed,
vc (m/min)

Main Cutting
Force, Fc (N)

Feed Cutting
Force, Ft (N)

Temperature,
°C

Surface
Roughness, Ra
(µm)

Experiment 1

70

389.28

25.21

75.2

0.062

Experiment 2

115

357.06

108.22

78.5

0.167

Experiment 3

160

283.45

116.58

81.6

0.209

In this work, Machining response such as temperature is a so necessary factor that influences the machining
operation. Increase it accelerates the poor surface finish and thus low productivity in an alloy of titanium (Ti-6Al4V) machining. A high-speed camera is utilized to monitor the contact surface area among the workpiece material
and cutting tool edge as shown in Figure 4. This is because high thermal stress on the contact zone is generated
due to lower heat dissipation by the work-piece and the chips. Therefore, the great heat was focussed nearby the
cutting brink and the nose of the instrument while the cutting fevers are nearly two times as high throughout the
machining alloy titanium (Ti-6Al-4V) [19, 20]. The highest temperature was measured based on the cutting
condition, about 81.6 °C, which is concentrated in the contact area as shown in Figure 5. It is shown in Table (4)
that the growth in cutting speed is directly proportional to temperature, surface roughness and feed cutting force
while inversely proportional to the main cutting force.

Figure 4. Heat exchange with the environment when removed chip formation from the cutting brink.

Figure 5. The highest fever was measured at cutting speed = 160 m/min, feedrate = 80 mm/min and depth = 0.6
mm.
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FEM MODEL
It was addressed by many researchers that the FEM is the most common method in operational mechanics. The
main thought in the physical analysis of the FEM is the sub-division of the mathematical model into separate
constituents of easy geometry named finite elements. The finite element analyses obtain the cutting force, fever,
surface roughness, and other analysis by decreasing energy practical. The energy practical involves all the energies
related to the specific FEM. A usual finite element analysis on a software system needs the next info:
1. Nodal point spatial locations (geometry)
2. Elements connecting the nodal points
3. Mass properties
4. Boundary conditions
5. Forcing function details
6. Analysis options
Workpiece Material and Tool Geometry Model
The model of the finite element method through ABAQUS/EXPLICIT software was carried out. Two-dimensional
fully thermo-mechanically was used to simulate the operation by using the step of dynamic, temp-disp., explicit.
The work-piece modeling is done exhausting a dimension of 60 mm x100 mm with machining factors of cutting
depth (d) = 0.6 mm, feed rate (f) = 80 mm/min and many cutting speeds (vc) as shown in Table 2. The workpiece
has 11286 elements, and the quantity of nodes is 11512 elements. The whole sum of variables in the model is
23026 when machining alloy of titanium (Ti-6Al-4V) as displayed in Figure 6. The mesh element's size of 0.05
µm was utilized around the cutting brink. Conversely, the cutting instrument is considered a solid body with a
certain rake and clearance angles are used in the proposal instrument geometry as listed in Table3. In addition, a
tangent behavior of roughness coefficient is 0.7 from Pittalà [21].

Figure 6. Meshing elements of workpiece substantial for the alloy of titanium (Ti-6Al-4V) and instrument
geometry.
In this work, an alloy of titanium (Ti-6Al-4V) is molded with the Johnson-Cook plasticity model of Eq. (1) as
below:
(1)
Where: σ is flow stress, ερ and ε are strain and strain rate, εo is the reference strain rate (1/s) and n, m, A, B, and C
are constant parameters for Johnson-Cook material model as shown in Table 5.
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Table 5. Constant parameters for Johnson-Cook material model of (Ti-6Al-4V) [22].
Constant Parameters
A (Mpa)
B (Mpa)
n
m
C
Reference strain rate (1/s)

Values
987.8
761.5
0.41433
1.516
0.01516
2000

Failure Model
The failure condition substantial was combined in the substantial model to emulate a substantial elimination
throughout the orthogonal machining of alloy of titanium (Ti-6Al-4V). The failure factors d1 to d5 are learned
from Lesuer [23], where: d1 = -0.09, d2 = 0.25, d3 = -0.5, d4 = 0.014 and d5 = 3.87. The failure straining εf is detailed
in Eq. (2) as below:
(2)
Where:
is a role of non-dimensional plastic strain, a dimension-less pressure stress ratio (σp /σe) (where σp
is the pressure stress and σe is the stress (Von-Mises)), work-piece temperature (T), room temperature (Tr), and
melting temperature (Tm) [24].
Thermal Boundary Conditions
The temperature was estimated by using FEM and it is assumed constant along with the deepness of cut. The model
of the work-piece has been prepared for a machining alloy of titanium (Ti-6Al-4V), and the marginal situations are
shown in Figure 7. The model was produced by choices being operated that can be drawn as follows:
•
•
•
•

Plastic, hardening = JOHNSON-COOK.
Elements of work-piece, type = CPE4R and tool geometry, type = R2D2.
Dynamic, Temp-disp., Explicit.
Density and elastic-plastic.

Supposed that the thermal interaction between the work-piece and the cutting tool is not sporadic. Therefore, there is
a sufficient period to leave the heat produced from the machining operation.

Figure 7. Thermal boundary conditions model of work-piece.
Simulated Test
The modeling, simulation procedure of an alloy of titanium (Ti-6Al-4V) was done. Therefore, the machining
simulation process was run eight tests at different cutting speeds while feed rate and deepness of cut keep in
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constant. It was estimated the chief cutting force, Fc, and feed cutting force, Ft. Their amount were considered by
exhausting FEM of an alloy of titanium (Ti-6Al-4V) as listed in Table6.
Table 6. The simulation results were estimated by using finite element modeling.
Cutting Speed,
vc (m/min)

Main Cutting
Force,
Fc (N)

Feed Cutting
Force,
Ft (N)

1

45

484.53

123.60

2

70

387.81

26.05

3

90

340.70

65.17

115

359.83

110.35

135

273.56

25.68

6

160

285.15

116.34

7

185

279.73

63.03

8

205

341.38

76.04

Tests Number

4
5

Feed Rate,
f (mm/min)

80

Depth,
d (mm)

0.6

RESULT AND DISCUSSION
In this research work, FEM was utilized to estimate the cutting force, fever distribution, and surface roughness.
In this respect, it was observed many factors like cutting force, surface quality, and chip formation depend on the
temperature field during the machining process. According to Bill [25], any growth in the cutting speed, feed rate,
and the deepness of the cut causes the cutting heat to increase. Therefore, heat generated in the machining
operation of an alloy of titanium (Ti-6Al-4V) be able to cause a poor surface finish and short tool life as well. The
outcomes of the experimental cutting and the estimated values of cutting force and temperature distribution are in
an agreement throughout the machining alloy of titanium (Ti-6Al-4V) as displayed in Figure 8 and Figure 9. The
FEM allows obtaining a significant trend among feed cutting force, surface irregularity during, and temperature
distribution of different cutting speeds as shown in Table 4. Hence, it can be predicted surface irregularity from
feed cutting strength value based on a similar trend as found between them throughout the cutting operation of an
alloy of titanium.

Figure 8. Comparison between experiment and simulation at different cutting forces throughout machining
alloy of titanium (Ti-6Al-4V).
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Surface roughness

Figure 9. The temperature distribution was estimated during the simulated test based on cutting conditions.
CONCLUSION
A fully thermo-mechanically prediction of an alloy of titanium (Ti-6Al-4V) has been considered. Experimental
work was set up to expect the machining factors like cutting force, temperature, and surface roughness throughout
the machining of an alloy of titanium (Ti-6Al-4V). This model is carried out built on the FEM that guesses the
machining factors because of the machining operation. Thermal boundary conditions of the workpiece were
achieved in dry cutting conditions. The outcomes of the experimental cutting and the predestined values of cutting
force and temperature distribution are in an agreement throughout the machining alloy of titanium (Ti-6Al-4V).
The FEM allows getting a significant trend among feed cutting force, and surface irregularity at not the same
cutting speeds when feed rate and depth of cut are held constant. It leads to predict surface roughness from feed
cutting force throughout the cutting simulated operation of an alloy of titanium. In conclusion, this work can be
beneficial to expect the machining factors to enhance the cutting operation performances and as a result the quality
of products.
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