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Abstract Titanium alloys are commonly used in aviation industries, and the reasons
for using titanium alloys when compared to commonly available materials are high
strength-to-weight ratio, mechanical properties and corrosion resistance. All these
superior properties result in a major disadvantage, that is poor machinability. Exces-
sive cutting forces and heat are generated during machining of titanium alloys so
that induces poor tool life. Experimental studies of conventional machining on these
materials are expensive and time-consuming. So, a dynamic 3D finite element model
was developed inABAQUS for predicting the cutting force in turning process consid-
ering the Lagrangian formulation for meshing and considering the tool as flexible.
With the help of FE model, the process parameters such as cutting speed, feed and
depth of cut can be optimized for cutting forces, which results in power savings as
well as increased productivity in turning process of difficult to machine materials.
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1 Introduction

Ti–6Al–4V is an alloywhich offers superior strength-to-weight ratio, excellent corro-
sion resistance and high toughness, and these titanium alloys are normally used
in aerospace and biomedical applications for its unique properties. Ti–6Al–4V is
considered to be a difficult to machine material due to its low thermal conductivity
and high rigidity [1]. The cutting performance of the titanium alloy can be increased
by improving the tool material and its coatings [2]. Due to the presence of coating,
the nose radius will be affected, and it must be taken into account in the performance
analysis of the tool. Mishra et al. [3] focused on the effect of textured tools on the
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cutting forces through 2D finite element modelling of turning process. Simulation
of turning with plain textured and TiAlN-coated textured tools were performed and
compared it with plain and coated non-textured tools. Effectiveness of the textured
tools was evaluated with respect to cutting force and average cutting coefficient.
Ozel et al. [4] investigated the machining of Ti–6Al–4V alloy using cutting tools
having multi-layer coating for cutting forces and tool wear. FE modelling was used
to predict the force, tool wear, chip formation and temperature on these cutting
inserts. It was observed that coated cutting insert designs showed some advantage
on temperature distribution and tool wear contours [5, 6]. Mishra et al. [7] focused
their study on residual stresses and temperaturewith plain textured and TiAlN-coated
tools during turning of titanium alloy through 2D and 3D finite element modelling.
The results of the simulation showed that lower temperature and residual stresses
were produced during the turning process with textured TiAlN-coated tool. Ducobu
et al. [8] suggested a 3D FE coupled Eulerian–Lagrangian (CEL) model, and it is
compared with 2D orthogonal model. The simulation was focussed on the prediction
of chip formation, cutting forces and lateral expansion of the chip. It was observed
that the plain stain assumption can be closely approximated if thewidth is sufficiently
large and cubic elements should be adopted for modelling the workpiece [2, 9, 10].

Most of the works were on the orthogonal simulation of the turning process. In the
study, 3D FE simulation of turning of Ti–6Al–4V alloy was performed for predicting
the cutting forces considering the effect of nose radius by incorporating the actual
dimensions and angles of the cutting tools using ABAQUS/dynamic explicit. Both
tool and the workpiece were considered to be flexible, and Lagrangian formulation
was used formeshing generation. Johnson–Cookmaterialmodel has been utilized for
defining the flow stress. The simulation results were compared with the experimental
values reported in the literature [3].

2 Finite Element Modelling

Finite element simulation for predicting cutting forces during turning of Ti–6Al–
4V alloy using plane carbide insert was performed in ABAQUS/Explicit software
package. Lagrangian formulation was used for the mesh generation of the work-
piece and cutting insert. Four-noded hexahedral element was selected to model the
workpiece and tetrahedral elements to model the cutting insert. The workpiece is
partitioned based on the required so that mesh size can be made finer in the region
where actual cutting takes place to increase the accuracy of the simulation results.
The main reason for creating partition is to save the computational time. Mesh size
varies from 40 to 1000 µm, resulting in 134,000 number of nodes in the workpiece
as shown in Fig. 1b.
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Fig. 1 a Boundary conditions and b meshing

2.1 Workpiece Material Model

Accuracy of the simulation results depends on the selection of the appropriate mate-
rial model, material properties, interaction conditions and boundary conditions. In
this study, Johnson–Cook material model was selected which is capable of incorpo-
rating the effect of various strain rates and temperature. Johnson–Cook (JC) equation
which is relating the flow stress (σe) with plastic strain, strain rates and temperature
is given in the equation.

σ e = [
A + Bεn

][
1 + C ln

(
ε̇

ε̇0

)][
1 −

(
T − T0
Tm − T0

)]
(1)

where σ e and ε̇0 are flow stress and reference plastic strain rate, respectively, and
1/sε and ε̇ are equivalent plastic strain and equivalent plastic strain rate, respectively.
T, Tm and T 0 are the cutting, melting and ambient temperature, respectively. A, B, n,
m and C are J-C constitutive material model constants. The mechanical properties
and J-C material model constants are given in Tables 1 and 2, respectively.

Table 1 Mechanical and thermal properties of tool and workpiece [3]

Properties Ti–6Al–4V WC/C0

Density (kg/m3) 4436 14,900

Thermal expansion (°C−1) 9.1e6 4.8e6

Young’s modulus (Pa) 1.13e11 6.45e11

Poisson’s ratio 0.34 0.24

Thermal conductivity (Wm−1 C−1) 6.6 24

Specific heat (J kg−1 C−1) 670 206

Table 2 J-C material model constants for Ti–6Al–4V alloy [3]

A (MPa) B (MPa) n m C Tmelt (°C) T0 (°C)

782.7 498.4 0.28 0.8 0.028 1660 20
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Table 3 J-C damage parameters for Ti–6Al–4V alloy [3]

D1 D2 D3 D4 D5 Reference strain rate (s−1)

−0.09 0.25 −0.5 0.014 3.87 1

The contact was defined between the rake surface and nodes of the workpiece
material. The interaction parameters such as coefficient of friction were taken as 0.6
in the present study to model the friction condition as the chip flows over the rake
surface. Johnson–Cook fracture model was selected for defining the damage criteria
of Ti–6Al–4V. Johnson–Cook (JC) equation which is relating the fracture strain with
plastic strain, strain rates and temperature is given in the equation.

ε f = [
D1 + D2 exp

(
D3σ

∗)]
[
1 + D4 ln

(
ε̇

ε̇p

)][
1 + D5

(
T − T0
Tm − T0

)]
(2)

where εf is fracture strain, σ* is stress triaxiality and D1, D2, D3, D4 and D5 are the
J-C fracture model constants which are listed in Table 3.

In the 3D simulationmodel, the workpiece is modelled as a rectangular blockwith
length 10mm,width 3mmand2mm thick, and simulationwas performed for a length
of 10 mm. A constant velocity is given to the workpiece which corresponds to the
actual cutting speed, and the cutting insert is considered to be fixed as the boundary
conditions as shown in Fig. 1a. Insert was modelled with geometry CNMA120408
in ABAQUS. Tool and the workpiece were assembled such that it results in the rake
angle of −60, inclination angle of 00 and relief angle of 50. Chip formation and
cutting force generated during machining is shown in Fig. 2.

3 Results and Discussion

The finite element simulation was developed for turning process of Ti–6Al–4V alloy
using ABAQUS. Simulation was performed for various cutting speed and feeds and
at a constant depth. Figure 3 shows the cutting forces generated during turning
of Ti–6Al–4V from the 3D simulation developed at cutting speeds and feed of
100 m/min and 0.2 mm/rev, respectively, along the length of cut. It was observed that
the cutting forces are increased considerably with feed and decreased with cutting
speed. The simulation results are validated by the experimental results reported by
Mishra et al. [3] where cutting experiments were performed using plane and coated
tungsten carbide tool with geometry CNMA120408 which was PVD coated with
TiAlN. Round bar was used with 50 mm diameter and 250 mm length for the exper-
iment which was performed on CNC turning centre. The process parameter used for
the experiment is given in Table 4. Forces were measured and recorded using the
dynamometer (Kistler Make) with charge amplifier.
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Fig. 2 Chip formation in the finite element model

Fig. 3 Simulated cutting forces at V = 100 m/min, f = 0.2 mm/rev, d = 0.5 mm



444 N. Subhash et al.

Table 4 Process parameters
used in the simulation

Process parameters Value

Cutting speed (m/min) 100, 130, 160

Feed (mm/rev) 0.1, 0.2

Depth of cut (mm) 0.5

Machining condition Dry machining

Figure 4 shows the experimental and simulation results for tangential cutting
force at different process parameters. It is observed that as the feed increases the
cutting force increases, this is due to the fact that as the feed increases, the area of
the chip coming in contact with the cutting edge increases, and hence, cutting force
increases significantly. But as the cutting speed is increased, the tendency of built-up
edge (BUE) formation will reduce which results in reduced cutting forces in all three
directions. The cutting forces were averaged over the cutting length in the simulation
and compared with the experimental results. It was seen that the simulated results
matches with the trend observed in the experiments with maximum error of 20%.

4 Conclusions

In the present work, FE model for oblique cutting was developed incorporating the
flexibility of the tool for predicting the cutting forces during turning of Ti–6Al–4V
alloy using ABAQUS/Explicit 6.18. This FE model was able to predict the variation
of cutting forces generated during themachining operation for various cutting speeds
and feed at a constant depth of cut. The simulated results were compared with the
experimental values reported in the literature, and it was observed that the model
was able to follow the pattern developed by the experimental results. The effect
of coating was not incorporated in the model due to its complexity in modelling.
But, the accuracy of the model can be increased by using the appropriate interaction
parameters and heat partition between tool and workpiece material. Presence of
coating on the insert results in variation of coefficient of friction between rake face
and the chip formed during machining when compared to plain carbide tool.
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Fig. 4 Comparison between experimental and FE results at a feed = 0.1 mm/rev, b feed =
0.2 mm/rev
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