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Abstract: Titanium alloys play an important role in aerospace and other fields. However, after precision forging and cold rolling process, some
defects will appear on the subsurface of titanium alloy bars, thus reducing the surface quality and precision of turning process. This study aimed
at exploring the effect of crack defects on TC4 cutting. Firstly, the finite element cutting simulation model of TC4 material with crack defects
was established in ABAQUS. Then, the cutting parameters such as cutting force, stress concentration, chip morphology, residual stress were
obtained by changing the variables such as the size and height of crack defects. Finally, the turning experiment was carried out on centerless lathe.
The results show that the cutting force changes abruptly when the defect position is located on the cutting path, the maximal stress occurs at the
tip of the defect, and the mutation of stress value is more serious with the increase of defect size; the buckling deformation of chip morphology
occurs and becomes less serious with the increase of the distance between the defect position and the workpiece surface; the surface residual stress
near the defect is related to the stress when the tool is close to the defect, the larger defect size and the closer to the machined surface, the greater

the residual stress. Therefore, under certain processing conditions, the TC4 material should avoid large size defects or increase the distance

between defects and the machined surface, so as to obtain better and stable surface quality.
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0 Introduction

Since titanium alloy has excellent properties such as light
weight, high strength, high temperature resistance, and
fatigue resistance'’, it is an important metal material in the
fields of aerospace and national defense™. Although it has
the above-mentioned advantages, the cutting performance
of titanium alloy is poor. Therefore, the thermodynamic
and dynamic characteristics of titanium and titanium alloy
processing have been one of research hotspots'®.

The machinability of titanium alloy has been studied by
many scholars, taking into account heat generation and heat
conduction in machining. Kong"' added deformation
temperature effect into temperature equation via heat loss,
and at the same time, the influence of temperature on
deformation was converted into the influence of flow stress
on deformation to conduct thermal-mechanical coupling

1.® established different forms of

calculation. Wan et a
cutting force prediction models such as polynomials and
exponential functions by analyzing experimental data. Yang
et al."” used finite element model to simulate and analyze the

whole process of adiabatic shear band formation in titanium

alloy TC4 cutting, and obtained serrated chips similar to
that by the experiment. He et al.”' used the energy method
to establish a numerical description model of structural
parameters, cutting three elements and cutting energy
consumption, clarified the formation mechanism of phase
transformation on machined surface of titanium alloy, and
revealed the regularity of its development. Shen et al.'
simulated the cutting force and cutting temperature field in
turning process, and verified the correctness of the finite
element simulation model and the reliability of the
simulation results. Tang et al."” established a simulation
model of multi-step cutting and pre-stressed cutting of
titanium alloys, and studied the specific laws of multi-step
cutting and pre-stressed cutting process regulation affecting
chip shape, cutting force and residual stress of machined
surface layer. The results show that both multi-step cutting
and prestress cutting can increase the residual compressive
stress on the finished surface. The final results of the study
showed that when the titanium alloy was cut at a distance
of 4.63 mm), the corresponding machine wear was 5.41%.

In the application process of porous titanium alloy cutting,
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the wear degree caused by titanium alloy cutting is not
affected by its cutting distance, and the wear degree
caused by titanium alloy cutting has always maintained an
average level of about 5.5% , which is relatively stable.
However, in practice, due to the characteristics of titanium
alloy materials, machining tool marks, defects and tissue
damage will appear on the surface of the workpiece during
the processing and preparation process"'”. Therefore, the
research on defects is a crucial link. Song et al."" used finite
element method to simulate the bending of two kinds of
titanium alloy plates with and without defects respectively,
and the results showed that the damage and equivalent
strain of the defect plate increased significantly compared
with that of the defect-free plate, and hole defects had a
great influence on the mechanical properties of the plate.
Zhang"? studied the influence of impurity defects on cutting
temperature by finite element method, and the results
showed that the microstructure of impurity defects would
change the cutting temperature. These results show that the
thermodynamic and dynamic characteristics of the materials
containing defects will change to a certain extent during the
processing, which greatly affects the quality of the
machined surface, and then has a negative impact on the
processing cycle and cost.

In this study, a finite element model for TC4 cutting
was established, and the influence of the variables such
as defect size and defect height on cutting force, stress
and strain, temperature and surface residual stress in the
machining process was analyzed, so as to have a more in-
depth understanding of the dynamic cutting process of
TC4 material and improve the cutting process.

1 Finite element model

1.1 Geometric model

A two-dimensional orthogonal cutting geometric model
is established by ABAQUS finite element software, as
shown in Fig.1. The workpiece is composed of cutting area,
separation line and matrix. The influence of tool
deformation and vibration on numerical simulation results
in the actual machining process is ignored. In the cutting
simulation model, the rotation and displacement of the
workpiece matrix in the X and Y directions are constrained.
In addition, the reference point is defined on the cutting
tool, and the motion of the tool is applied to the reference
point. The cutting tool moves along the reverse direction of
the X axis, and the rotation and displacement in the vertical
direction are constrained. In addition to the velocity
displacement boundary conditions, the cutting tool and

workpiece are applied at the initial temperature of 20 °C.

Cutting tool

Separation line Cutting area

Matrix

Fig. 1 Two-dimensional finite element model of titanium alloy
cutting process

In this study, the cutting tool is defined as rigid body and
its deformation is ignored , whereas the workpiece is defined
as an elastic-plastic body, and the fine mesh is used in the
contact area between the cutting tool and the workpiece to

ensure the accuracy of calculation results.
1.2 Johnson-Cook constitutive model

Establishing a reasonable material constitutive model
is the key to simulation analysis. There are many
constitutive models that describe the thermoplastic
deformation behavior of materials at high strain rates,
including not only the work hardening effect and
temperature softening effect of materials in the
processing, but also the strain rate strengthening effect,
in which Johnson-Cook model is the most ideal model
and can be described by average flow stress as

s=(A+ Be") {1 + cm(:oﬂ 1 —(H) (1)

where o 1s the equivalent stress; e 1s the equivalent plastic
strain; € and €, are the equivalent and reference plastic
strain rates, respectively; T, T, and T, are the materials
cutting zone temperature, melting temperature and room
temperature, respectively; n is the strain hardening
index; and s is thermal softening index. Johnson-Cook
parameters A, B and C represent the yield strength,
strain, and strain rate sensitivity of the material,
respectively. The material property were tested and the
results are shown in Table 1. Thus material constitutive
(13)

model is established based on these properties

Table 1 Johnson-Cook constitutive parameters of TC4

Constitutive parameter Value
Yield strength A/MPa 862
Strain B 331

Strain hardening index n 0.34

Strain rate sensitivity C 0.012
Thermal softening index m 0.8
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1.3 Principle of cutting separation

In order to simulate the appearance of chips, the
Johnson-Cook failure model is used as a damage
initiation criterion. This model takes into account the
influence of strain, strain rate and temperature on

material failure, and it is expressed as

2 Finite element cutting simulation with
defects

2.1 Finite element model of defects

Defects in materials such as inclusions, holes, and

cracks not only affect the integrity of function and

ak é T, \" performance of the material, but also eventually lead to
et d,t+d.e || 1+d, ln(é) 1+d5<”) ,(2)
0 m T

where d, — d; are failure parameters that are measured

failure of the material. When these defects appear near
the material surface under external load, their damage

effect will become more apparent.

.. e
under the transition temperature conditions; e} is the In this study, the research object is TC4 formed by

reference strain rate; p is the hydrostatic pressure; and ¢ rolling, and the defect is crack™. The cutting geometric

is the Mises stress. model with crack defects in different regions is established ,

Table 2 Johnson-Cook failure parameters of TC4 as shown in Fig.2. The size of the workpiece is 1 mm X

Failure parameter Value 0.4 mm, the bottom of the workpiece is completely
Zl 8'22 constrained, the rake angle is 15°, the clearance angle is 4,
dz 0.5 the cutting speed is 30 m/min, the width-to-length ratios
d, 0.014 of the defect size are 1 : 5and 1 : 10, respectively. They
d 3.87

5
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Fig.2 Cutting geometric model with crack defects in different regions
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The cutting path and the deep zone (below the cutting
path) , respectively.

2.2 Influence of crack defects’ position on cutting
force

The cutting force changes when crack defects are in
different positions: no defect, in deep zone, on cutting
path, and in shallow area, as shown in Fig. 3. At the
beginning, the cutting tool cuts the workpiece, and the
cutting force increases sharply with the increase of the
contact area.
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(d) Defects in shallow zone
Fig. 3 Cutting force curves with defects in different conditions

When the yield strength limit of the material is reached ,
the cutting force drops slightly, and then the cutting reaches
a steady state, and the cutting force fluctuates in a cycle. It
can be clearly seen from Fig.3(c) that when the time is
close to 0.5 ms, the cutting force has a significant drop
mutation, that is, when the cutting tool approaches the
cross section of crack defect, the cutting force suddenly
drops, which indicates that in a certain cutting depth range,
when there are crack defects throught which the cutting tool
just cuts, the cutting reaction force of the tool will fluctuate
greatly and then affect the mechanical properties of the
workpiece. Similarly, the feed force has a similar cutting
reaction force {luctuation drop when the time is close to 0.5
ms, and the deeper the defect, the less obvious the
mutation.

It can also be clearly found that the black curve has a
sudden drop in the same time and has the same trend in
Fig.3(d). The reason is that the internal structure of the
material changes with the defects located on the cutting
path or in the surface area, resulting in instability of
cutting states. On the contrary, the cutting force

fluctuations in Fig.3 (a) and (b) display normal trends.

2.3 Influence of crack defects’ distribution on

stress concentration

In this section, we analyze the influence of the defects’
distribution in different conditions on the surface stress, as
shown in Fig.4. We first give a distribution map of defect
nodes , including seven equidistant nodes, as shown in
Fig.4 (a). From right to left in the horizontal direction,
these seven nodes that construct a path, of which node 4 is
located at the defect,

equidistantly on both sides of the defect in turn, and the

and other nodes are distributed

stress value of each node on the path is output. In Fig.4 (b)
and (c), when the crack defect is located on the cutting
path, the stress values of nodes 1—4 increase continuously,
the stress value reaches the maximum at node 4 and then it
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suddenly drops at nodes 4 — 7. As a result, the stress
concentration occurs at node 4, and the stress value has a
serious sudden change. When the defect is located in the
deep zone and the shallow zone, the stress value at node 4
has a smaller sudden change than that without the defect,
and the defects in the shallow zone have a greater influence
on the stress value than that in the deep zone. It can be seen
from Figs.4 (b) and (c) that with the increase of the width-
to-length ratio of the defect, the stress change of the defect
on the cutting path becomes sudden and severe. Uneven
surface stress distribution has a great influence on surface
integrity and surface roughness. Material fatigue cracks are
caused by severe stress concentration, which reduces the
service life of the material.

(a) Distribution map of defect nodes

6001 m Nodefect
® Defects in shallow zone
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v Defects in deep zone
& 450 = 2
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(c) Defects with a ratio of width-to-length of 1:5
Fig. 4 Mises stress with defects in different positions
Therefore, the internal defects of the material have an
impact on the mechanical properties of the workpiece

surface after cutting, and the defects located on the cutting
path have the greatest impact on the mechanical properties
of the surface.

2.4 Influence of crack defects’ distribution on
chip morphology

Fig.5 shows the chip morphology in different conditions.

S, Mises

(Ave: 75%)
+4.505e+03
+4.130e+03
+3.756e+03
+3.382e+03

+3.883e+02
+1.408e+01

-

(a) No defects

S, Mises

(Ave: 75%
+5.121e+03
+4.695e+03
+4.268e+03
+3.842e+03

+2.564e+03
+2.138e+03
+1.712e+03
+1.286e+03
+8.597e+02
+4.336e+02
+7.445e+0—

Y
obe x

(b) Defects in shallow zone

S, Mises

(Ave: 75%)
+5.103e+03

+2.132e+03
+1.708e+03
+1.284e+03

+4352e+02
+1.086e+01

¥

OLX

(c) Defects on cutting path

Fig.5 Chip morphology with defects in different positions

It can be seen that in the absence of defects, the chip is
continuously serrated. However, when the defect is located
in the shallow zone, the chip morphology is not
continuously serrated and the shape is buckled, which may
be due to the change in the internal structure of the material
caused by the cracks, resulting in local instability of the
material. The material not only flows along the shear
surface, but also flows to the defect due to the extrusion of

the cutting tool, resulting in the change in chip morphology.
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When the defect is located on the cutting path, severe chip
deformation results in chip fracture. Therefore, the crack
defects have an impact on chip morphology in the cutting
process, and different conditions have different impacts on
chip morphology. Among them, the defects located on the
cutting path have the most impact on chip morphology.

2.5 Influence of crack defects’ distribution on
residual stress

Fig. 6 reveals the influence of the defects on average
surface residual stress and residual temperature. It can be
seen that the surface residual stress near the defect is
related to the stress on the defect surface when the
cutting tool 1s close to the defect, the more the stress
loaded on the defect, the more the residual stress

retained on the surface.
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Fig. 6
stress with defects in different positions

Residual temperature and residual

Similarly, the average residual temperature of the defect
model on the cutting path is obviously much higher than that
of the no-defect model. The average surface residual
temperature of the no-defect model is 480 K, the average
residual temperature of the model with defects on the
cutting path with a width-to-length ratio of 1 : 51s 566 K,

and the average residual temperature of defects on the

cutting path with a width-to-length ratio of 1 :101s 612 K.
Therefore, the larger the width-to-length ratio of the
defect, the higher the residual temperature. In the cutting
simulation, due to the large plastic strain of the metal
material in the first deformation zone, a large amount of
cutting heat is generated, which is transmitted to the
workpiece and the chip by heat conduction. Due to the short
contact length between the chip and the cutting tool, the
heat is concentrated on the blade and then transferred to the
defect.

Fig. 7 shows that the average cutting force of the
normal material is 332.4 N, while the average cutting
force of the defect with aspect ratio of 1 : 10 1s 368.7 N.
Therefore, it can be seen that the average cutting force
difference i1s only 36.3 N, and the average residual
temperature difference is 132 K, as shown in Fig.6. It
can be simply inferred that the increase of surface
residual temperature is not caused by the increase of
external cutting force, but may be caused by the
existence of defects that change the local stress state of
the material in the cutting process. In view of the thermal
conductivity of the material and the very short cutting
time, it can be known that the heat exchange inside the
material is very limited. Therefore, the temperature rise
is mainly caused by the existence of defects.
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Fig. 7 Force with defects in different positions

3 Experiment

The cutting simulation simplifies various complex
conditions and cannot fully consider the complex factors
in the cutting process. Therefore, it is necessary to carry
out cutting experiments to verify the effect of defects on
the cutting process. Shi et al. " used the method of
measuring the spindle motor current to deduce the
variation law of cutting force in titanium alloy cutting
process, which solves the problem that the experimental
platform of traditional methods is difficult to build.
Therefore, the cutting force value can be calculated from
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the main motor current in this experiment because not
only the main motor current can realize the motor power
output, but also the current value is proportional to the
cutting force. This experiment considers the situation
that the defect is located on the cutting path. The cutting
force value derived from the experimental measured
current value is compared with the simulation value for
verification and analysis.

3.1 Experimental conditions and schemes

The experiment was carried out using XF-WXC lathe
and YGS8 cemented carbide tools. The specimen selected
titanium alloy bar with surface defects and the specimen
material was TC4. The real-time monitoring system of
lathe was used to record the experimental data, and the
data recorded in the turning process included spindle
motor current, spindle speed and TC4 bar feed. The
experimental setup is shown in Fig.8. The experimental
data of the current recorded in the whole cutting process
under the same cutting depth and feed rate are shown in
Table 3.

(b) XF-WXC lathe

(d) YGS8 tool

(¢) TC4 bar
Fig. 8 Centerless lathe system

Table 3 Cutting conditions used for TC4

Parameter Value Description
a,/mm 0.1 Cutting depth
v/(memin ') 30 Cutting speed
I/A 33.5—40.7 Cutting current

3.2 Calculation of spindle motor power and
cutting force in cutting process

When the spindle speed was 300 r-min~"', the diameter

of TC4 bar was 58.3 mm, the cutting depth 1s 0.1 mm, and
the cutting speed was 30 m-min~', the change of current

value can be observed. According to the known power
factor and series, K=5.5, as known by Ref.[16], I, can be
calculated according to the specific parameters of the motor
by Eq. (3)""". The specific parameters of the spindle motor
used are shown in Table 4.

Table 4 Parameters of spindle motor

Parameter Value Description
U./V 400 Rated voltage
Py/kW 160 Rated power
IJ/A 268 Rated current
ny/(remin~ 1) 1485 Rated speed
ny/(rrmin~ ') 1500 Synchronous speed
U/v 380 Actual voltage
CoS @y 0.94 Rated power factor
K 5.5 Series

IO:KBI*cosgoN)A/l*coszgm}, 3)

where I, is the no-load current, K is the series, and
cosgy is the rated power factor.

According to Eqgs. (4) and (5)™, we can get

C))

P,=+/3 Ulcos ¢ X 5, (3)
where P, is the output power of spindle motor, P, is the
power of spindle motor, I is the output current, Iy is the
rated current, U is the actual voltage, cos ¢ is the power
factor, and 7 is the transmission efficiency of motor .

According to Egs. (6) — (8)"), we can get the cutting
force value from the measured spindle current, namely

P=P.y, (6)
9 550P,
In=——, (7)
n
T,
F=—, ®)
r

where P, is the power consumption in tool cutting, n is
the spindle speed, T is the torque in tool cutting, r is the
radius, and F is the cutting force.

3.3 Analysis of experimental results

To effectively verify the reliability of the cutting force
obtained in the simulation, the current values of 100
points were measured on the TC4 bar. The maximum
measured current value was 39.7 A, the minimum value
was 29.5 A, and the average value was 36.9 A, as
shown in Fig.9.

It can be seen from Fig.9 that at the initial stage of tool
cutting, the current value increases gradually. At the
steady-state stage of tool cutting, the current value
fluctuates stably at 37.2 A and decreases abruptly at
point 50. After this point, the current value is restored to
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a stable state, and the change of cutting force is the same
trend as that of current value, as shown in Fig.10.
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Fig.9 Measured current by experiment
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Fig. 10 Measured cutting force by experiment

It can be seen from Fig.10 that the cutting force under
experimental conditions has an obvious drop mutation
when the defect is on the cutting path. Within a certain
range of cutting depth, the defects of the cutting
workpiece have an impact on the cutting force, causing
the cutting force to fluctuate greatly. The change of
cutting force by experiment is the same as that by
simulation, which verifies the simulation model well.

3.4 Experimental verification of chip morphology

To verify the influence of defects on chip morphology,
a cutting experiment was conducted to observe the chip
morphology in different positions of defects, and the
experimental results are shown in Fig.11.

It can be seen that when there are no defect in TC4
material, the chip morphology is continuously serrated ,
as shown in Fig. 11(a). However, when defects are
located on the cutting path or in shallow zone, the chip
morphology is not continuously serrated and the shape is
fractured, as shown in Fig. 11(b) and Fig. 11(c).
Hence, the material strength in the cutting area changes,
which results in continuous shake of chips and fractures.
The simulation result is consistent with the actual chip
morphology by the cutting experiment.

(¢) Fractured chip morphology

Fig. 11 Chip morphology of defects in different positions

3.5 Experimental verification of residual stress

To verify the results of residual stress simulation, the
residual stress measurement was completed under
XSTRESS-3000 measuring equipment, as shown in
Fig.12.

- N ‘ Iv’ =8l < S
Fig. 12 X-ray residual stress analyzer

The coordinates of the workpiece were established by
taking the initial position of tool tip as the origin of
coordinates, the feed direction as the X axis, the row
spacing direction as the Y axis, and the normal direction
perpendicular to the workpiece surface as the Z axis.
Only the residual stress in the X direction was measured.
To reduce measurement error, each point was measured
three times and the average value was obtained. The
parameters and measurements used in  cutting
experiments are shown in Table 5.

Fig.13 shows the experiment results of residual stress.
It can be seen that when the defect’ s position is on the
cutting path, the maximal residual stress appears. With
the increase of defect size, the residual stress becomes
larger, which is proportional to the defect size. There is a
certain gap between the simulation result and the
experimental result. The reason is that there are some
result due to the

errors I1n the measurement
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characteristics of TC4 material during the measurement
by X-ray diffraction method. Although there is an error
in the numerical value, the simulation result of residual
stress is consistent with that in the feed direction, which
verifies the simulation model well.

Table 5 Experimental cutting parameters and measurement

results
Experiment  Defects”  Width-to-length Residual Avcragc
No. position of defect stress residual stress
o,/MPa o,/MPa

1 123

2 No defect 132 123

3 114

4 143

5 Shallow zone 1:5 140 143

6 145

7 243

8 Cutting path 1:5 240 244

9 250

10 173

11 Deep zone 1:5 163 172
12 182

13 155

14 Shallow zone 1:10 149 154
15 158

16 297

17 Cutting path 1:10 290 292
18 288

19 183

20 Deep zone 1:10 178 178
21 174

1

spindle speed: 300 r-min ', cutting speed: 30 r-min *

Defects width-to-length ratio 1:5
m Defects width-to-length ratio 1:10
3001
]
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7 200}
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< 100}
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Fig. 13 Experiment results of residual stress

4 Conclusions

In this study, the finite element simulation model of
TC4  orthogonal

established, and the turning simulation was carried out

cutting  with crack defects was
based on the cutting force characteristics. In addition,
the influence of crack defects in different positions of the
material on chip morphology, stress concentration and
residual temperature in the cutting process was studied,
which provides a theoretical basis for the cutting of
titanium alloy. The conclusions of this study are as
follows:

1) The crack defects inside the material and the
defects on the cutting path may cause a mutation in the
cutting force, and the maximal stress occurs at the tip of
defect. With the increase of defect size, the mutation of
the stress was more serious. The simulated cutting force
was successfully validated with the experimental result.

2) The difference of defect positions causes the
sudden change of surface stress, and the change on the
cutting path is more obvious. The maximal stress value
occurs at the tip of the defect, and with the increase of
defect size, the sudden change in stress becomes more
serious.

3) The crack defects in the material change the
structure of the material, resulting in the change of chip
morphology when cutting to the defect. With the
increase of the distance between the defect location and
the workpiece surface, the influence on chip morphology
becomes smaller.

4) Due to the generation of internal crack defects in
the material, the larger the defect size, the more stress
retained on the surface when cutting to the crack, and the
greater residual stress closer to the defect.
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