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Abstract. The finite element simulations of orthogonal cutting Ti6Al4V alloy were
carried out based on Abaqus. The Johnson-Cook model was chosen as the constitutive
model for the workpiece material, the parameters of the model for Ti6Al4V alloy were
obtained through the SHPB (Split Hopkinson Pressure Bar) experiments. The cutting
forces and thrust forces got from the simulations using different cutting parameters
were observed and validated with the experimental results. A good agreement between
the cutting and thrust forces got from the two methods indicated that the parameters of
the constitutive model for the Ti6Al4V alloy, which were obtained from the SHPB
experiments are correct and the finite element simulations of cutting processes in this
work are reliable, so conclusions can be got as: the finite element simulations of metal
cutting process can be widely used in practice to study more about the machining
process and provide reliable dates for improving the manufacturing efficiency and the
property of the machined workpiece in mechanical manufacturing industries.

1. Introduction

In the 21" century, metal cutting will still be a widely used method in mechanical manufacturing field
[1-2], furthermore, as there will be more and more precision parts are in great market demand, much
higher level demands in metal cutting process will be needed. As the process of metal cutting is so
complex that it is almost impossible to study certain characteristics during the cutting process through
pure experiments, nowadays, as the fast development of the computer science, it become possible to
study the metal cutting process using the finite element simulations, which can help the researches
understand more about the mechanism in the metal cutting process and optimize the cutting
parameters to reduce the experimental expenses effectively and improve the machined parts’ properties
to make sure that they can meet the industrial requirements, so it can be said that the role of the finite
element simulation of metal cutting in high standard metal cutting is significantly important.

The process of the metal cutting simulations is also complex. The accuracies and the properties of
the machined parts will be affected by cutting parameters, geometric parameters of cutting tool and
cutting path [3-4], which makes the simulation process difficult.

Titanium alloy Ti6Al4V has received particular consideration since it is a popular material in the
aerospace and medical device industries, furthermore, this material produces saw chips under certain
cutting conditions, which makes it more remarkable in terms of metal cutting study [5-7].
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As to the finite element simulations of Ti6Al4V alloy cutting process, lots of work have been
carried out during the past several years [8], in order to make sure the simulation results convincible
enough, both the experiments for obtaining the constitutive model parameters for the workpiece
material and the simulations of the cutting process were carried out in this work. Using the SHPB
experiment, the parameters of the Johnson-Cook constitutive model for Ti6Al4V alloy were obtained,
and the correctness of the simulation results was validated by the corresponding experiments at last.

2. Model parameters for workpiece and tool

2.1. Constitutive model for Ti6AI4V alloy

In the machining process, large plastic deformations which are accompanied with high strain rate and
high temperature will occur, and the time needed for the chip formation is extremely short,
furthermore, the gradients of the temperature, stain and strain rate and in the cutting zone is very high,
so a constitutive model considering all the temperature, stain and strain rate effects should be imposed
in metal cutting simulations. In the past several years, several constitutive models were proposed by
the researchers such as Zerrilli-Armstrong model, Follansbee-Kocks model, Johnson-Cook model,
Bodner-Paton model, et al. In the finite element simulations of metal cutting, Johnson-Cook model is
the mostly used one [9], and the expression of which can be written as:
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the reference temperature, &, is the reference strain rate, the parameters of 4, B, n,c, m, D, k
need to be obtained from the experiments, the parameters of A, B, n are strain hardening effect
dependent, c is strain rate hardening effect dependent, and m is heat softening effect dependent, &

is the melting point and 6, is the ambient temperature.

In the past several years, the SHPB experiments have been widely adopted for obtaining the
Johnson-Cook model parameters for metal materials [10]. In this work, the Johnson-Cook model
parameters for Ti6Al4V alloy were also obtained using SHPB experiments under different
temperatures and different strain rates. At last, the parameters obtained from the experiments are as
shown in Table.1.

Table 1. The parameters of Johnson-Cook plastic model for Ti6Al4V alloy.

Material A(Mpa) B(Mpa) c n m

Ti6Al4V 875 793 0.011 0.386 0.71

2.2. Failure criteria for Ti4Al4V alloy
Shear failure model was used to define the failure criteria for Ti4Al4V alloy in this work, which is
based on the equivalent plastic strains on integral point. If the value of the failure parameter researches
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1, then the material in the cutting zone will be considered to be removed from the workpiece and the
corresponding chip will be formed [11]. The expression for the failure parameter can be written as:
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Where @ is the failure parameter, . is the initial value of the equivalent plastic strain
0
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the failure strain, A gp is the increment of the equivalent plastic strain. The failure parameter, o is
0

stain, plastic strain rate and temperature dependent. The Johnson-Cook failure expression can be
written as [12]:
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The parameters d, -ds were got under the transition temperature, o is the reference strain rate,
o
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- is the plastic strain rate, and the parameter g can be obtained as:
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Where @ is current temperature, 8, , is the melting point of the workpiece material, 8, .. —1is

the transition temperature. At last, the parameters of d, -d; were got as -0.09, 0.25, -0.5, 0.0014, 3.87.

2.3. Parameters for tool material

The material of the cutting tool used in the experiment is cemented carbide, which is with density of
P =15000kg/m3, Young modulus of E=210GP, Poisson’s ratio of #=0.22. And the other parameters
for the tool material are as shown in Table 2.

Table 2. The parameters of the cutting tool.

Coefficient of linear

Young Poisson’s exbansion Specific heat Thermal conductivity
modulus(Gpa) ratio ( n?/m."C) (J/kg. °C) (W/m.k)
210 0.22 4.7E-6 200 46

2.4. Friction model

In the process of metal cutting, the frictions between the tool rake face and the newly generated face of
the workpiece is very complex. The friction area can be divided into slide area and bonded area. The
friction state in the bonded area depends on the critical shear stress of the workpiece material, and the
friction force in the slide area can be written as [13-14]:
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Where 7, is the slide friction stress on the rake face, u is the friction coefficient, o, is the normal

pressure on the contact area, 7, is the critical yield stress of the workpiece material. The friction
coefficient 1 was defined as 0.4 in the modeling here.

2.5. Mesh generation

After the model has been seeded, Quard was chosen as the shape of the mesh. As the temperature
effect was considered in the simulations, so Temperature-Displacement coupling was chosen for the
element type, also plan stain, secondary accuracy and distortion control were selected, and length ratio
was set as 0.8, as for hourglass control, relax stiffness was selected.

3. Finite element modeling

The finite element simulations in this work were based on the assumptions as: (1) there were no
vibrations of the cutting tool and the workpiece, (2) the cutting depth always stayed the same, (3) there
was no phase transformation or other chemical change in the cutting process caused by the high
temperature, (4) the material of the workpiece was isotropic, (5) there was no tool wear in the whole
cutting process.

As the strains, stresses and the temperatures in the cutting zone need to be observed in more details,
and also to make sure the simulation results accuracy enough, much smaller grids were used in the
cutting layer. The movement of the workpiece along the horizontal, vertical directions and the
movement of the cutting tool along the vertical direction were all constrained, the movement of the
cutting tool along the horizontal direction was defined according to the simulated cutting velocity.

The cutting speed was set as 200m/min, and the feed rate was set as 0.035mm/rev at first, the shape
of the chip got from the simulation and that from the experiment using the same cutting parameters are
as shown in Fig.1. It can be seen that not only the shape of the chip but also the size of the shear
localization obtained from the two different ways are in a good agreement, so the parameters of the
Johnson-Cook model for the Ti6Al4V obtained from the SHPB experiment can be preliminarily
considered as accurate.
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Figure 1. The comparison of the chips obtained from the simulation and that from the experiment.
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4. Results and discussion

4.1. The effect of cutting velocity to the results

The cutting forces and thrust forces obtained under different cutting velocities are as shown in Fig.2.
In the experiments, the cutting forces were measured using the Kistler9257B three-dimensional
dynamometer, The rake angle and radius of the tool nose were all set as 0, the feed rate were all set as
0.2mm/rev,. It can be seen that as the cutting velocity varied from 100m/min to 300m/min, the cutting
forces and thrust forces were all increased, although the increment is not obvious. As the cutting speed
increased in the above range, the vibration of the cutting force became more gently, so it can be
concluded that the machined surface can be improved by higher speed machining. The effect of the
cutting velocity to the vibration of the thrust force is not obvious according to the simulations here.

—a— cutting force:v=100m/min
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Figure 2. The cutting forces and thrust forces under different cutting velocities.

4.2. The effect of feed rate to the results

The cutting forces and thrust forces obtained under different feed rates are as shown in Fig.3. The rake
angle and radius of the tool nose were all set as 0, and the cutting velocity were all set as 300m/min, as
the feed rate varied from 0.lmm/rev to 0.3mmrev, it can be seen that the feed rate has a very strong
effect on the cutting force, not only the average value of the force, but also the vibration of the force,
and the thrust force can also be influenced by the feed rate, although it is not as obvious as the cutting
force. According to the simulation results, it can be concluded that as the cutting force vibrated more
gently under small feed rate, the machined surface property can be improved with small feed rate.
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Figure 3. The cutting forces and thrust forces under different feed rates.

4.3. The effect of tool rake angle to the results

The cutting forces and thrust forces obtained under different tool rake angle are as shown in Fig.4. The
feed rate was set as 0.2mm/rev, the cutting velocity was set as 300m/min, the tool nose was set as 0. It
can be seen that as the rake angle increased from -15° to 15°, the cutting forces and thrust forces all
reduced, that may be attributed to that when the rake angle is positive, the cutting angle is sharp, and
the cutting force and thrust force of course will be smaller, but when the rale angle is negative, the
cutting angle is blunt, so the cutting force and the thrust force will be larger. The effect of the rake
angle on the vibration of cutting force is obvious, but its effect on the vibration of the thrust is weak.
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Figure 4. The cutting forces and thrust forces under different tool rake angles.

4.4. The effect of the radius of the tool nose to the results

The cutting forces and thrust forces obtained under different radii of the tool nose are as shown in
Fig.5. The cutting velocity were all set as 300m/min, the feed rate were all set as 0.2mm/rev, the rake
angle were all set as 0, as the radius of the tool nose varied from 0 to 0.15mm, it can be seen that the
cutting force and thrust force all increased as the radius of the tool nose increased in the above range,
also the radius of the tool nose also has a strong effect on the vibration of the cutting forces and thrust
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forces, as the radius of the tool nose increases, the cutting force and thrust force vibrated more
seriously. As to improve the machined surface property, smaller radius of the tool nose should be
applied.
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Figure 5. The cutting forces and thrust forces under different radii of the tool nose.

5. Experimental procedures

The corresponding experiments were also carried out to validate the simulation results, the cutting
forces, thrust forces and cutting temperatures under different cutting velocities were measured, and a
comparison was made between the results got from the two methods.

5.1. The validation of the forces

The comparison between the cutting forces and thrust forces got from the experiments and that from
the simulations are as shown in Fig.6. It can be seen that for the cutting forces, the margin of errors are
no more than 10% of the maximum force value, as the thrust forces concerned, the margin of errors
are no more than 15% of the maximum force value, so it can be concluded that the cutting and thrust
forces obtained from the two different methods are in good agreement.

650 ————————————————————————

600 - [ cutting forces got from simulations -

550 NS thrust forces got from experiments
E I thrust forces got from simulations

E=3 thrust forces got from experiments

Force (N)

50 100 150 200 250 300 350
Cutting velocity (m/min)

Figure 6. The comparison of the cutting forces and thrust forces obtained from the simulations and
that from the experiments.
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5.2. The validation of the cutting temperatures
Also the cutting temperatures in the cutting process were measured in the experiments to validate the
temperature values got in the simulations. In the experiment, the cutting temperature information was
transformed to thermoelectric signals using fast thermocouple calibration device, as shown in Fig.7(b).
Considering the effect of the temperature of the cold side of the thermos-electromotive force to the
measuring results, the corresponding compensation should be made.

It is almost impossible to get the average temperature value of the cutting zone in the finite element
model, as shown in Fig.7(a), so the highest temperatures in the cutting zone was used to compare to
the average temperatures obtained from the experiment.
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Figure 7. The comparison of the cutting temperature in the simulation and that in the experiment at
the cutting velocity of 200m/min.

It can be seen that the average temperature obtained from the experiment is about 200°C lower than
the highest temperature in the finite element model, although the difference is obvious, the tendencies
of the temperature changing with the cutting velocity are much the same, as shown in Fig.8. Generally
speaking, the temperatures got from the simulations are reliable.
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Figure 8. The comparison of the highest temperatures in the simulations and the average temperature
in the experiments.
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6. Conclusions

Based on the good agreement of the two results obtained from the simulations and that from the
experiments, conclusions can be obtained as: the Johnson-Cook constitutive model is suitable to define
the relationship between the strains and stresses with considering the effects of strain rates and
temperatures in the cutting process, and the constitutive model parameters for titanium alloy Ti6Al4V
obtained from the Split Hopkinson Pressure Bar experiments are accurate. According to the simulation
results, conclusions can be obtained as: the cutting velocity, feed rate, radius of the tool nose and the
tool rake angle, they all have an effect on the cutting force and the thrust force. The effect of the feed
rate on the value of the cutting force is very great although its effect on the thrust force is weak, the tool
rake angle has a strong effect on the vibration of the cutting forces which may affect the property of the
machined surface. According the simulations results obtained from different cutting parameters, in
order to improve the machined surface property, high cutting velocity, and small feed rate, positive rake
angle and small radius of the tool nose should be used. As proven by the work in this paper, finite
element simulation of the metal cutting process can help researchers learn more about the mechanism in
the metal cutting process, and optimize the cutting parameters to improve manufacturing efficient and
the machined parts’ properties. Generally speaking, finite element simulation of the metal cutting
process plays a very important role in the manufacturing field.
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