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Abstract

The Ti-6Al-4V titanium alloy is a kind of light alloy material with high specific strength, corro-
sion resistance and heat resistance. Because of its excellent performance, it has become
an important material in aerospace industry. However, this kind of alloy has very poor
machinability, and rapid tool wear is a very serious problem in titanium alloy processing. At
present, it is difficult to guarantee the ultra-precision machining quality of titanium alloy
materials, which limits its application in high-tech fields. In order to solve this problem, the
influence of cutting speed on ultra-precision cutting process of titanium alloy was analyzed
comprehensively. and it was found that better surface quality could be obtained at lower cut-
ting speed. In order to study the influence of cutting speed in ultra-precision cutting of tita-
nium alloys, cutting experiments have been carried out. Additionally, a finite element model
was established to analyze the ultra-precision cutting process. Also, the constitutive model,
damage model, friction model, and heat transfer in the modeling process were discussed.
The chip morphology, cutting temperature, cutting force, and surface morphology under dif-
ferent cutting velocities are analyzed by simulation. Then, the simulation results were com-
pared with the experimental results. The findings show that cutting speed has great
influence on the ultra-precision turning of the Ti-6Al-4V alloy and the surface roughness
obtained by ultra-precision cutting of titanium alloy can be lower than 20 nm at a lower cut-
ting speed.

1. Introduction

Ti-6Al-4V titanium alloy is a kind of (0+f) phase titanium alloy, which has comprehensive
mechanical properties and high specific strength. It is widely used in the manufacture of air-
craft engine fans, compressor plates and blades, as well as various load-bearing beams, frames,
joints and fasteners in aircraft structures. Because of its excellent properties, this alloy has been
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successfully applied not only in aerospace, but also in medical, chemical industry, petroleum,
shipbuilding and other fields [1-3].

With the development of the aerospace industry, in the process of aircraft production, the
machining accuracy and surface quality of some key components must be extremely high.
Therefore, demand for the ultra-precision machining of titanium alloys is increasing. Thus,
the ultra-precision cutting technology of titanium alloy materials has been paid more and
more attention in recent years [4-6]. Sakamoto et al [4] tried ultra-precision cutting of a tita-
nium alloy, and achieved a surface roughness less than 100 nm by cutting the titanium alloy
with a diamond tool. In addition, Yip et al [5] used a single-point diamond tool to cut the Ti-
6Al-4V alloy, and studied the brittle and ductile transition of the material during ultra-preci-
sion cutting. Besides, Xiong et al [6] also discussed ultra-precision turning mechanism of the
Ti-6Al-4V titanium alloy.

However, due to their low thermal conductivity, high chemical activity and low elastic mod-
ulus, titanium alloys are usually considered to be difficult to cut. Mello et al [7] discussed the
difficult machinability of different titanium alloys and analyzed the effect of control factors on
the response variables was measured using ANOVA. In ultra-precision cutting, especially
when diamond tools are used, tool life is extremely short. Therefore, it is difficult to ensure the
ultra-precision cutting quality of titanium alloys, which limits the application of titanium
alloys in the field of ultra-precision cutting [7-9]. Some researchers have done a lot of work to
develop ultra-precision cutting mechanisms for improving the machining quality of titanium
alloys [10-13]. Zareena et al [10] studied the wear mechanism of single-crystal diamond tool
in the ultra-precision machining of titanium alloys. In addition, Ni et al [11] investigated the
effect of material anisotropy on the ultra-precision machining of the Ti-6Al-4V alloy fabri-
cated by selective laser melting. Hu et al [12] used an experimental approach to study the sear
of single-crystal diamond tools in the ultra-precision cutting of titanium alloys. Besides, Lou
etal [13] also used an electro-pulsing treatment technology to improve the machinability of
titanium alloys in ultra-precision machining. In these literatures [14-20], the research shows
that the surface roughness of titanium alloy materials obtained by ultra-precision turning is
difficult to be lower than 20 nm, and if the surface roughness needs to be lower than 20 nm
[14, 15], further ultra-precision polishing [16, 17] or other magnetic auxiliary processing [18]
and ultrasonic methods [19] are required.

In recent years, with the development of computer science, finite element technology has
been widely used in precision cutting field. This method provides support for the research on
chip formation, cutting temperature prediction, microstructure evolution, cutting force and
residual stress [21-23]. In addition, finite element technology has become an indispensable
means to study the cutting mechanism of titanium alloys [24-32]. Davim et al [23] integrated
many of the relevant aspects in the development of coolant assisted finite element method
(FEM) simulations applied in difficult-to-cut materials, including titanium alloy. Moola et al
[25] applied the finite element model to the machinability of Ti-6Al-4V in dry cutting environ-
ment using cubic boron nitride and a polycrystalline diamond tool. Naresh et al [26] proposed
the application of elastoplastic model based on explicit finite element analysis to simulate the
erosion behavior of titanium alloys in abrasive water jet machining. Wang et al [27] also estab-
lished a more reliable three-dimensional finite element simulation model, and simulated the
milling process in Ti-6Al-4V titanium alloy. Moreover, Mishra et al [28] used three-dimen-
sional finite element model to predict cutting forces when processing titanium alloys under
dry conditions.

There are several factors that affect the ultra-precision cutting process of titanium alloys,
but in this study, the influence of cutting speed on the cutting process is evaluated by experi-
ments and simulations. A two-dimensional orthogonal finite element cutting model was
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established, and ultra-precision turning of the Ti-6Al-4V titanium alloy with different cutting
speeds is simulated. In addition, the effect of cutting speed on chip morphology, cutting force,
cutting temperature and surface morphology of the Ti-6Al-4V alloy are verified through cut-
ting experiments.

2. Experimental setup

In this study, the Ti-6Al-4V titanium alloy was used as the workpiece material. The mechanical
properties of the alloy are listed in Table 1.

A schematic diagram of ultra-precision turning with single-point diamond tool is shown in
Fig 1. When turning the end face, the workpiece is driven by the spindle of the machine tool to
rotate, and the turning tool is clamped on the tool holder to move. The cutting speed is the lin-
ear speed at the contact point between the machined surface of the rotating workpiece and the
turning tool.

The ultra-precision cutting tests of the Ti-6Al-4V alloy were carried out on an Optoform 30
two-axis ultra-precision numerical control machine, and a single-point diamond tool was used
in the experiment. The experimental setting of ultra precision cutting is shown in Fig 2. The
Ti-6Al-4V samples were cylindrical with a diameter of 14 mm. Additional parameters of the
ultra-precision turning process and tool geometry parameters are shown in Table 2. The selec-
tion of cutting parameters is based on the reference of these several literature on ultra-preci-
sion cutting of titanium alloy [19, 33, 34].

The surface roughness and surface morphology of the titanium alloy samples were obtained
by Wyko NT8000 ultra-precision optical measuring machine. Measure points a, b, c and d as
shown in Fig 3, were located 1.5 mm, 3 mm, 4.5 mm, and 6 mm from the center on the right
horizontal line of the end face. Under the same spindle speed, the distance from the center of
the sample end face is not the same, the cutting line speed is different. The cutting speed at
each measuring point can be calculated by using the following equation.

v =tor (1)

where v represents the linear speed of each point, @ denotes the angular velocity of sample
rotation, and r is the distance from the center of the sample.

3. 2D finite element cutting model

Two-dimensional orthogonal cutting model is ideal model to study the cutting mechanism
and reveal metal cutting behavior, so it has been widely used in the study of metal cutting pro-
cess. A Two-dimensional finite element model of the ultra-precision cutting of the Ti-6Al-4V
alloy was established by Abaqus software, as shown in Fig 4. In addition, the meshes of the cut-
ting layer of the workpiece were refined to improve the calculations accuracy. During the

Table 1. Physical properties of Ti6Al4V alloy.

Properties Values
Density 4420 kg/m3
Hardness HRC 31
Elastic modulus 110 GPa
Yield strength 940 MPa
Thermal conductivity 7.8 W/mk
Poisson’s ratio 0.33

https://doi.org/10.1371/journal.pone.0288502.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0288502 July 21, 2023 3/15


https://doi.org/10.1371/journal.pone.0288502.t001
https://doi.org/10.1371/journal.pone.0288502

PLOS ONE Ultra-precision cutting of titanium alloy

Spindle direction

Workpiece

Diamond tool

s

Feedplg direction

Toolpaéh

Fig 1. Schematic diagram of the ultra-precision turning process with a single-point diamond tool.

https://doi.org/10.1371/journal.pone.0288502.9001

processing of cutting simulation, the workpiece remained stationary, and a speed constraint
was applied to the tool. Due to the low thermal conductivity of the titanium alloy, the adiabatic
analysis step was more suitable for solving the cutting process of the Ti-6Al-4V alloy, so its is
used for the simulation. The detailed parameters of this model are shown in Table 3. The

P
Workpiece  Diamond tool

Dynamomete

Fig 2. Cutting setup of the Ti-6Al-4V alloy.
https://doi.org/10.1371/journal.pone.0288502.g002
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Table 2. Cutting parameters of Ti6AL4V alloy.

Parameters Value

Tool material Diamond
Tool brand Contour
Tool radius(mm) 0.5

Tool height (mm) 32

Tool rake angle(o) 0

Tool clearance angle (o) 15

Cutting depth (um) 3

spindle speed (r/min) 1000,2000,3000
Feeding speed (mm/min) 10

Cutting environment Dry cutting

https://doi.org/10.1371/journal.pone.0288502.t002

parameters of the cutting simulation are the same as the parameters of the cutting experiments.
A CPE4R mesh type was used and the mesh size of the workpiece was 0.001 pm x 0.001 pm.
The initial temperature was 20 °C, and the cutting environment was dry cutting. Besides, the
average calculation time for each set of parameters was approximately 72 hours.

The material constitutive model is a mathematical expression of the strength-stress-strain-
time relationship, which is very important to metal cutting simulation. Johnson-Cook material
model [35] can accurately express the phenomenon of high heat and high strain during metal

Measurement points

Fig 3. Surface roughness measurement positions.

L

a b ¢ d

https://doi.org/10.1371/journal.pone.0288502.9003
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Fig 4. 2D finite element model for the Ti-6A1-4V alloy.
https://doi.org/10.1371/journal.pone.0288502.9004

cutting, so it was also used to simulate the cutting of the Ti-6Al-4V alloy. The stress-strain rela-
tionship in the Johnson-Cook material model can be expressed using Eq (2):

o = (A+Be")(1 +c1n§0)[1 - (%)’" 2)

where £ is the equivalent plastic strain, £ and £, represent the equivalent and reference plastic
strain rates respectively, and T, Tm, and Tr are the material temperature, melting point and
initial temperature respectively. In addition, A, B, n, C and m are the Johnson-Cook coeffi-
cients. The five coefficients of the Ti-6Al-4V alloy in the cutting simulation are 1150 Mpa, 870
Mpa, 0.35, 0.22, and 2.15, respectively.

When the Johnson-Cook constitutive model is used, the Johnson-Cook fracture criterion
[36] is also necessary to assist chip separation in the simulation. Regarding the damage crite-
rion, when the equivalent plastic strain exceeds a critical point, the damage begins. The

Table 3. Value of cutting force Fx and surface roughness.

1000 r/min Fx simulation (N)
Fx experiment (N)
Ra (nm)

2000 r/min Fx simulation (N)
Fx experiment (N)
Ra (nm)

3000 r/min Fx simulation (N)
Fx experiment (N)

Ra (nm)

https://doi.org/10.1371/journal.pone.0288502.t003

Point A Point B Point C Point D
0.31 0.43 0.54 0.67
0.33 0.48 0.59 0.7

18.23 20.27 25.65 29.72
0.38 0.51 0.64 0.74
0.41 0.54 0.67 0.82

22.34 25.16 27.81 31.60
0.44 0.58 0.71 0.86
0.47 0.62 0.75 0.92

25.11 29.67 31.04 36.87
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Johnson-Cook damage criterion is shown in Eq (3).

& = D,-+ D, exp(D D1 + D, In(](1 + D) o)

0

In this equation, D;-Ds stand for damage coefficients, p stands for the hydrostatic pres-
sure, q stands for Mises stress, £ stands for the failure strain and £, is the reference strain
rate. The five damage coefficients of the Ti-6Al-4V alloy are 0.04, 0.52, 0.3, 0.05, and 2.7,
respectively.

In the process of metal cutting, the friction between the tool and the workpiece is very
complicated, which directly affects the life and performance of the tool. In metal cutting,
especially when machining high-strength workpiece materials, the pressure and temperature
produced by friction are the primary reasons of tool failure. The contact area between the
chip and the tool can be divided into a sliding region and a sticking region [37]. The sliding
region follows Coulomb’s friction law and the critical friction stress is equal to the shear
stress in the sticking region. The friction coefficient in the cutting simulation was set at 0.30
and the actual value of the friction coefficient was obtained through the material friction
experiments.

In metal cutting, besides the heat generated by friction, the energy consumed by the elastic
and plastic deformation of metals under the cutting action of the tool is also an important heat
source. In cutting, the heat mainly comes from plastic deformation and friction. Plastic defor-
mation mainly occurs in the primary shear zone, and most of the deformation energy is trans-
formed into heat energy during cutting. For the cutting simulation of the Ti-6Al-4V alloy, it is
assumed that 90% of the deformation energy is converted to heat.

4. Results and discussions
4.1 Analysis of surface quality

Fig 5 shows the surface topography of the Ti-6A1-4V titanium alloy obtained by ultra-precision
turning. It is difficult to obtain satisfactory surface quality through ultra-precision turning, so
there are a lot of defects on the surface, such as burrs and pits.

SEM images of four different points (a, b, c and d) on the upper surface of the titanium
alloy sample are shown in Fig 6. The results shows that with the increase of the distance from
the sample center, more defects appear on the surface. In addition, higher cutting speeds leads
to poor surface quality. Therefore, in the ultra-precision machining of titanium alloys, in order
to obtain good surface quality, it is preferred to use a lower cutting speed.

Fig 7 shows the surface roughness values and surface topography at the four points obtained
by ultra-precision optical test equipment. The figure indicates that the surface roughness value
rises with increasing distance from the center. This proves that the end surface quality after

Fig 5. Surface morphology of the titanium alloy sample after turning.
https://doi.org/10.1371/journal.pone.0288502.9005
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Fig 6. Surface morphology of four points under spindle speed 3000 r/min. (a) Surface morphology of point a. (b)
Surface morphology of point b. (c) Surface morphology of point c. (d) Surface morphology of point d.

https://doi.org/10.1371/journal.pone.0288502.9006

Measurement Info: (b) Measurement Info:
Magnification: 4995 Surface Stats: Mzgnificztion: 4995
Mezsurement Mod: PSI Ra2967 a2 Mezsurement Mode: PST
Sampling: 198170 Rq:37720m Sampling: 198172

Asray Size: 640X 480 Rt: 30679 2m Array Size: 640X 480

(c) Measurement Info:
Surface Stats:
Magnification: 4996 Surface Stats: Magnification: 4996
Ex2lotee Msssurement Mode: PSI R 368702 Measurement Mode: PST
Bq:39030m Sampling: 1981722 Rg: 46950z Sampling: 1981702
R:INTTem

Armay Size: 640X 480 Rt:58286nm Array Size: 40X 480

Fig 7. Surface morphology at the four points under spindle speed 3000 r/min. (a) 3D surface morphology of point
a. (b) 3D surface morphology of point b. (c) 3D surface morphology of point c. (d) 3D surface morphology of point d.

https://doi.org/10.1371/journal.pone.0288502.9007
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Fig 8. Average surface roughness values of four titanium alloy samples under different cutting speed.

https://doi.org/10.1371/journal.pone.0288502.9008

turning is affected by an increase in cutting speed. In order to confirm this discovery, five tita-
nium alloy samples were used with the same cutting parameters and measured the surface
roughness at the same position. The average surface roughness of four different Ti-6Al-4V tita-
nium alloy samples is shown in Fig 8 and Table 3. It can be seen that the surface roughness
value keeps increasing and surface quality gradually deteriorates with the increase of cutting
speed. At point d, the surface roughness exceeds 35 nm. In addition, as can be seen from the
figure, the farther away from the center of the sample, the greater the roughness value of the
machined surface. This is because the farther away from the center of the sample, the greater
the linear velocity of the contact point between the workpiece and the tool, the stronger the
cutting effect, so the greater the cutting force and the higher the cutting temperature, which
will affect the surface quality. In addition, the farther away from the center of the sample, the
greater the cutting force, the greater the impact on the vibration of the machine tool system,
and the intensified vibration will also lead to the decline of surface quality. The results show
that the surface roughness of point a obtained by ultra-precision cutting of titanium alloy
under the spindle speed 1000 r/min can be lower than 20 nm.

4.2 Analysis of chip morphology

In metal cutting, the process of chip formation is very complicated, and there are several factors
that affect shape of chip. Under different cutting parameters, the chip formation mechanism is
different and the chip presents different morphology. Fig 9 shows the chip morphology of the
Ti-6Al-4V titanium alloy at points a, b, ¢ and d obtained by simulation at different cutting
speeds. At all four cutting speeds, the chip shape is serrated, and the cutting speed has no obvi-
ous effect on the sawtooth shape. The cutting speed increased and the strain rate increased,
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Fig 9. Chip formation at the different points under spindle speed 3000 r/min. (a) Cutting speed at point a. (b)
Cutting speed at point b. (c) Cutting speed at point c. (d) Cutting speed at point d.

https://doi.org/10.1371/journal.pone.0288502.9g009

while titanjium alloy materials have a strong strain strengthening effect, so the stress in the
shear zone increased when cutting speed increased. But the chip shape did not change signifi-
cantly and the shape of the chips was serrated. This is because the thermal conductivity of Ti-
6Al1-4V alloy is very low, which makes it difficult to release the cutting heat in the shear zone
quickly, which leads to the chip of titanium alloy material serrated due to the thermal softening
effect caused by the increase of cutting temperature at a wide cutting speed range.

The chip obtained from the end-face turning of titanium alloy in cutting experiment are
shown in Fig 10. Also, Fig 11 presents the enlarged morphology at four different positions on
the chip. These figures show that the chip obtained through ultra-precision cutting of the tita-
nium alloy are serrated. Therefore, the shape of the experimental chip is consistent with the
results of the numerical simulation. At the same time, it is also proved that the cutting speed
has no obvious influence on the shape of titanium alloy chips.

4.3 Influence on cutting force

Cutting force is the resistance of cutting tool to the workpiece material, which can be influ-
enced by many factors. Cutting force curves Fx and Fy of the Ti-6A1-4V alloy achieved through
simulation of ultra-precision cutting are shown in Fig 12. The fluctuation of cutting force in
the process of the serrated chip formation is revealed. The period of cutting force fluctuation
corresponds to the formation period of serrated chips. Fig 13 and Table 3 shows a comparison
of the primary cutting force Fx between the simulation and the experiment. In addition, it can
be seen from the figure that the farther away from the center of the end face of the sample, the
greater the linear speed, the greater the cutting force.
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Fig 10. Chip obtained by ultra-precision turning.
https://doi.org/10.1371/journal.pone.0288502.9010

(b)

(d)

1pm

s

lpym

313

Fig 11. Chip morphology under the different measured points under spindle speed 3000 r/min. (a) Chip surface
obtained near point a. (b) Chip surface obtained near point b. (c) Chip surface obtained near point c. (d) Chip surface
obtained near point d.

https://doi.org/10.1371/journal.pone.0288502.g011
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Fig 12. Simulated cutting force curve at point a under spindle speed 3000 r/min.
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Fig 13. Comparison of cutting forces between the simulation and the experiment.

https://doi.org/10.1371/journal.pone.0288502.g013
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5. Conclusions

In order to discuss the influence of different cutting speeds on ultra-precision turning of tita-
nium alloys, the cutting mechanism was determined by finite element technology. In this
study, an orthogonal finite element model was presented. The numerical values for stress distri-
bution, chip shape, cutting force and cutting temperature were obtained through simulation.

1.

The properties of the chips in the simulation were consistent with those of the chips
obtained by the cutting tests. The chip shape is sawtooth in both cutting experiment and
numerical simulation.

The influence of different cutting speeds on the surface quality and cutting force of the Ti-
6Al-4V alloy was studied by a comparison between experiment and simulation.

The results of this study confirm that cutting speed has a great influence on ultra-precision
turning of the Ti-6Al-4V alloy, especially on surface roughness. And the surface roughness
of titanjium alloy can be lower than 20 nm by selecting suitable cutting speed.
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