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Abstract
Ti-6Al-4V titanium alloy is widely used in aeronautical parts and the high-efficiency machining and manufacturing process is
surely a challenging work. The cutting parameters’ proper selection and tool geometric angles’ adoption will affect the material
removal process in terms of chip formation and machined surface formation processes. In this paper, Abaqus finite element
software was utilized to model and simulate the Ti-6Al-4V titanium alloy cutting process. The setting and selection of the
constitutive model, material failure criterion, friction attribute, and heat transfer model make sure that the simulation is more
in line with the actual cutting process. The correctness of the simulation model is verified by comparing the cutting forces and
chip morphological characteristics obtained by the simulation with the experiments. Then, the effect of cutting parameters and
tool rake angle on the chip formation and analyses of the adiabatic shear banding process was investigated, by using the
machining simulation tests with different tool rake angles and cutting speeds. Results illustrate that the chip segmentation degree
increases with the increase of cutting speed and feed rate, while it decreases with the increase in rake angle. The adiabatic shear-
banding chip formation mechanisms were revealed by analyzing the relationship between shear strain, shear stress, chip seg-
mentation degree, and high-temperature shear zone in undeformed plot contours. The serrated chip formation process when
machining titanium alloy accompanies with the dramatic changes of shear strain and stress in adiabatic shear banding.
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1 Introduction

Adiabatic shear is a special phenomenon that the sharp deforma-
tion takes place in a short period. Adiabatic shear is the cause of
serrated chip formation [1]. Due to the continuous formation of
the adiabatic shear bands, the cutting system vibrates and cutting
force fluctuates during the cutting process; these unstable factors
will have an impact on the cutting process. The cutting force,
cutting temperature, tool life, machining-induced surface

integrity, and other aspects of high-speed cutting process will
be affected by the formation of serrated chips, so it is necessary
to make a clear understanding of adiabatic shear.

During the formation of adiabatic shear band, the material
endures high-speed load and the local zone occurs severe de-
formation, the heat generated from deformation softening ma-
terial to promote further deformation [2]. Zener and Hollomon
first put forward the causes of the formation of adiabatic shear
bands in 1946 [3], which are considered the result of compe-
tition between hardening and thermal softening during mate-
rial deformation. Recht [4] interpreted it as adiabatic shear and
used the critical strain rate as a necessary condition for the
shear failure of titanium alloy; the essence is that the adiabatic
temperature rise in the plastic deformation zone at high strain
rate, and the degree of material softening is greater than the
degree of strain hardening. Similar to crack propagation, the
formation of adiabatic shear bands also includes initiation,
expansion, and fracture process [5–7]. The mechanism of de-
formation of adiabatic shear has always been the focus of the
metal cutting process.
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In 1964, Recht [4] argued that the initiation of adiabat-
ic shear instability was attributed to the fact that the strain
rate exceeded a critical value and established a critical
strain rate criterion. Culver [8] established a critical strain
on adiabatic shear in 1973. Batra and Kim [9] put forward
the critical stress criterion in 1992. Then, the thermo-
plastic properties and adiabatic shear deformation of Ti-
6Al-4V were studied based on the critical stress criterion
[10]. The strain and strain rate bivariate criterion was
proposed. The shear strain of the serrated chip was theo-
retically analyzed by Hoffmeister [11] and carried out by
the cutting experiment; it was found that the speed
reaches a certain value, the serrated chip in the adiabatic
shear zone fracture. Turly [12] holds that the strain of
serrated chips is mainly composed of unit shear strain
and adiabatic shear strain, and the value of the two strains
is characterized by the morphological parameters of the
chip. Miguélez [13] used the finite element model to an-
alyze the adiabatic shear band of Ti-6Al-4V and obtained
the strain distribution of the serrated chip. The adiabatic
shear band in the energy model is built and investigated
through chip morphology examination and high-speed

machining tests [14] and found that due to the occurrence
of adiabatic shear, the serrated chip is formed, while the
isolated segment is formed due to adiabatic shear fracture.

The chip formation process and adiabatic shear characteristics
of titanium alloy Ti-6Al-4V are a research hotspots in titanium
alloy machining process, because the chip generation process is
affected by material flowing and fracture mechanisms [15], mi-
crostructural evolution behavior [16, 17], cutting parameters
[18], tool wear, and tool geometric angles [19, 20]. The scientific
understanding of the chip formation process is the premise of
investigating the machining induced surface integrity, and ex-
ploring the in-depth mechanisms to the material separation and
chip formation will advance the effectiveness of controlling the
machining surface quality [21, 22]. The thermal conductivity of
the workpiece material will increase with the temperature rising;
this will affect the cutting temperature rise, the heat diffusion rate,
the tool-chip contact surface, and the chip morphology [23]. To
obtain different chip shapes, Li and Xu [24] conducted cutting
experiments of Ti-6Al-4V titanium alloy, and the energy barrier
formed adiabatic shear band was calculated. It is concluded that
the adiabatic shear sensitivity and chip morphology can be pre-
dicted by calculating the energy barrier to provide the basis for
the selection and the design of the materials with different adia-
batic shear sensitivity. The critical criterion of adiabatic shear and
the shape of serrated chips are studied in the studies mentioned
above, but the mechanism of chip formation and the stress and
strain characteristics under different cutting conditions are not
considered.

Cutting speedx

y

Cutting thickness ac

Rake angle γ = -15°, -10°, -5°, 0°, 5°, 10°, 15°

5μm

Fig. 1 The finite element cutting
simulation model

Fig. 2 Theworkpiece dimensions
with different mesh feature sizes
L1 and L2

Table 1 Constitutive model parameters of Ti-6Al-4V titanium alloy [28]

A (MPa) B (MPa) n C m

782 498 0.28 0.028 1
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So in this paper, the finite element software Abaqus is used
to establish the simulation model, and the serrated chip for-
mation in different tool rake angles and different cutting
speeds are studied. It provides some theoretical guidance for
the cutting of Ti-6Al-4V. Besides, the stress and strain char-
acteristics in adiabatic shear bands are investigated. Through
the cutting simulation, the stress and strain of the shear zone
are studied with the change of the rake angle of the cutting
tool, and the influence of the rake angle on adiabatic shear is
further explained. It is mainly focused on the formation mech-
anism of the serrated chip, providing the basis for the selection
of cutting edge and cutting speed in the actual machining
process by using the finite element model. This provides a
theoretical basis for titanium alloy processing andmanufactur-
ing enterprises, so as to better control the formation of serrated
chip and improve the processing quality by applying reason-
able cutting parameters and appropriate cutting tool rake an-
gle. The new data and analysis results produced will be of
value to practicing engineers in the aeronautical industry and
help comprehensively advance the scientific understanding of
adiabatic shear and serrated chip formation during high-speed
machining titanium alloy.

2 Finite element machining simulation model
and experimental validation

2.1 Finite element machining simulation model

2.1.1 Establishment of cutting model

The two-dimensional cutting model can simplify the cutting pro-
cess and easy to analyze. In order to adapt the thermo-mechanical
coupling in the cutting process, the workpiece grid uses the pla-
nar quadrilateral continuum elements (CPE4RT) [14, 25]. In the
cutting process, grid cell removal technology was used to meet
the chip and workpiece separation. In order to eliminate the
deformation and wear of the tool material, the tool is set as a
rigid body during the modeling process, so that the workpiece

material can be analyzed more accurately. Figure 1 shows the
established finite element cutting model; the horizontal direction
of the bottom edge of the workpiece is constrained separately
from the vertical direction and the horizontal direction. Select the
reference point on the right side of the cutting tool and apply the
cutting speed to the reference point. In order to improve the
efficiency of cutting simulation, the mesh size of the undeformed
layer to be cut is 5μm×5μm, and thematrix part of thematerial
model is set as a gradient dimensional mesh. Moreover, in order
to evaluate the influence of tool rake angle on the machining
process, seven kinds of cutting tools with rake angles γ =−15°,
− 10°, − 5°, 0°, 5°, 10°, and 15° are adopted in the simulation
process. The external boundary temperature is set to 20 °C, cut-
ting thickness ac = 0.1 mm, tool flank angle = 7°, and the tool
edge radius 25 μm.

It is worth mentioning that the meshing process of the
machining model is ensured by the energy density method.
The dimension of the meshing element is an essential param-
eter to control the accuracy of the simulation results. In order
to reduce or eliminate the influence of element mesh size on
the simulated result, the material stress-strain relationship
should possess the same failure energy density under different
simulation conditions. For different feed conditions, Fig. 2
shows the workpiece dimensions for a two-dimensional cut-
ting simulation model with the different mesh feature sizes L1
and L2 (where doc is the depth of cut, h and w are the height
and the width of the workpiece). It is necessary to maintain the
same mesh distribution of the workpiece in the actual

Table 3 Johnson-Cook failure parameters of Ti-6Al-4V titanium alloy [31]

D1 D2 D3 D4 D5

− 0.09 0.25 − 0.5 0.014 3.87

Table 2 Physical properties of Ti-6Al-4V titanium alloy [29]

Density (kg/m3) Elastic modulus (GPa) Poisson’s ratio Thermal conductivity (W/m K) Specific heat (J/kg K)

4430 109 (50 °C)
91 (250 °C)
75 (750 °C)

0.34 6.8 (20 °C)
7.4 (100 °C)
9.8 (300 °C)
11.8 (500 °C)

611 (20 °C)
624 (100 °C)
674 (300 °C)
703 (500 °C)

Fig. 3 The stress-strain curve under different high strain rates
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simulation process. The mesh number of each part remains
unchanged, and the toughness failure can be adjusted accord-
ing to the mesh size of the element to make it meet the fol-
lowing relationship.

And even if the cutting conditions are different or the thick-
ness of the cutting layer is different, the method of making the
number of meshes in the chip layer the same can also ensure that
there are enough nodes to calculate the physical variables in the

Fig. 4 Orthogonal cutting
experimental setups

Fig. 5 The simulated result in the
chip formation process, v =
100 m/min, f = 0.1 mm/rev. Mises
stress (a), cutting temperature (b),
equivalent plastic strain (c), and
main cutting force (d)
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chip, improve the calculation accuracy, and ensure the accuracy
of the simulation results. So by using the energy density method,
the meshing distribution of the workpiece can be set to be the

same. At the same time, the toughness failure energy can be
adjusted according to the mesh size to eliminate the influence
of mesh feature size on the simulation results.

Fig. 6 The chip morphology
obtained from simulation and
experiment. v = 40m/min (a); v =
80 m/min (b); v = 120 m/min (c);
v = 160 m/min (d)
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2.1.2 Material constitutive model and material failure
criterion

The constitutive relationship is the basis for studying the dy-
namic mechanical behavior of materials. In the cutting pro-
cess, the material usually occurs high strain, high strain rate
deformation process, and accompanied by high-temperature
environment. In many constitutive relations, the Johnson-
Cook constitutive model is commonly used in finite element
modeling, mainly due to its simultaneous consideration of
strain, strain rate, and temperature on the flow stress, especial-
ly suitable for high strain rate conditions 102~106 [26]. In this
paper, the Johnson-Cook constitutive model is adopted; the
expression is as follows [27]:

σ ¼ Aþ Bεnð Þ 1þ Cln
ε̇

ε̇0

 !
1−

T−Tr

Tm−Tr

� �m� �
ð1Þ

where σ is the flow stress, ε is the equivalent plastic strain, ε
˙ =ε̇0 is the dimensionless plastic strain rate, ε̇0 is the reference
strain rate, n is the strain hardening rate index, A is the initial
yield stress, B is the hardening coefficient, C is the strain rate
sensitivity coefficient,m is the temperature softening index, Tr
is the lowest experimental temperature, and Tm is the material
melting temperature. The specific values of the parameters are
shown in Tables 1 and 2.

Based on the equivalent plastic strain of the unit integral
point, the failure parameters are defined by Johnson-Cook
failure criteria [30], expressed as Eq. (2):

w ¼ ∑
Δε

ε f

ð2Þ

where Δε is the equivalent strain increment, and ε f is the
equivalent strain, expressed as Eq. (3).

ε f ¼ D1 þ D2exp D3
P

σ

 !" #
1þ D4ln

ε̇

ε̇0

" #
1þ D5

T−Tr

Tm−Tr

� �
ð3Þ

It can be seen from the above equation that the value of the
failure strain is determined by the ε̇, T, and the dimensionless
stress ratio P=σ, where P is the average of the three principal
stresses and σ is the equivalent stress. D1, D2, D3, D4, and D5

are the failure parameters, the specific values shown in
Table 3. In the simulation process, the values of failure param-
eters are accumulated after each analysis step, when the failure
parameter of the material w exceeds 1, the grid is judged to be
invalid and disappears in the whole grid.

Figure 3 shows the stress-strain curve under different strain
rates; it can be seen from the figure that the OA segment is the
elastic deformation stage of the material, where E is the elastic
modulus, and σy indicates the maximum stress in the material
deformation stage. The curve AB is the stable plastic defor-
mation stage of the material; at this time, the strain hardening
effect of the material is greater than that of the heat softening.
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Fig. 8 Flowchart for analyzing
chip formation and adiabatic
shear banding processes

3082 Int J Adv Manuf Technol (2020) 107:3077–3091



v=200m/min v=160m/min v=120m/min v=80m/min(a1) (a2) (a3) (a4)

(b1) (b2) (b3) (b4)

(c1) (c2) (c3) (c4)

(d1) (d2) (d3) (d4)
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(f2)(f1) (f3) (f4)
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Fig. 9 Chip morphologies of Ti-6Al-4Valloy in different rake angles and cutting speeds. γ = − 15° (a), γ = − 10° (b), γ = − 5° (c), γ = 0° (d), γ = 5° (e),
γ = 10° (f), γ = 15° (g)
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The material starts to damage from point B, and the material
fails with the increase of the strain.

2.1.3 Friction and heat transfer model

In the machining process, the friction between the material and
tool has an important effect on the cutting force, the cutting
temperature, and the residual stress of the machined surface. It
is important to make a reasonable reflection of the friction in
finite element software. During the cutting process, the friction
is very complicated, which mainly includes the friction between
the tool and the chip flow, the tool, and the machined surface.

In this paper, the modified Coulomb friction models are
used to define contact friction. According to the contact state,
the friction area is divided into two sections:

1. Adhesive area. The shear stress of the material τf in this
region is considered to be approximately equal to the
shear yield strength of the material.

2. Slip area. The friction stress in this region is proportional
to the normal stress, and the scale factor is the friction
coefficient, which is set as μ = 0.3 [32].

τ f ¼ τγ ; τγ ≤μσn

μσn; τγ > μσn

�
ð4Þ

2.2 Experimental validation of the simulation model

In order to verify the cuttingmodel, the Ti-6Al-4V titanium alloy
cutting experiment was carried out. Figure 4 shows the equip-
ment of cutting tests, the cutting experiment was completed in
the CKD6143Hmachining center, andKistler 9257B dynamom-
eter is used to test the cutting force in the orthogonal turning
process. The cutting tool used is a top-notch tool holder (ISO
grade NSR2525M3) equipped with a tough and ultra-fine-grain

tungsten-cemented carbide tool with an advanced PVD-AlTiN
coating (grade KC5025 made by Kennametal Co. Ltd.). The
cutting tool insert is a top-notch grooving and cut-off insert
NG3156R, with a 0° tool rake angle, a 7° tool flank angle, a
25-μm tool edge radius, and the tool cutting edge width is
3.96 mm. The workpiece in Fig. 4 is unprocessed and its dimen-
sions are shown in the figure. During the machining, the work-
piece bar diameter is Φ100 mm; the cutting width is 2 mm; the
grooving width is 3 mm; the radial feed is 0.1 mm/rev; and the
cutting speeds are 40 m/min, 80 m/min, 120 m/min, and 160 m/
min, respectively. The cutting condition is dry cutting. In order to
eliminate the error of tool wear on the cutting results, the new
sharp cutting tools are used in every cutting process. In order to
acquire reliable test data, every cutting test was repeated at least
three times to ensure the measured cutting force values are nor-
mal variation under different cutting conditions.

Figure 5 shows the stress, strain, and temperature fields ob-
tained by finite element simulation of titanium alloy cutting at
cutting speed v = 100 m/min and feed f = 0.1 mm/rev. From
Fig. 5a, it can be seen that in the cutting process, the stress in
the shear zone area is the largest and gradually decreases to both
sides. Certain stresses remain on the machined surface. Figure 5b
shows that the shear band of chips produces intense plastic de-
formation, and there is a slightly weaker plastic deformation on
themachined surface. Figure 5c shows that chips take awaymost
of the heat generated during cutting. These are consistent with the
actual cutting process. Figure 5d is a diagram of the main cutting
force in the simulation process under the conditions of cutting
speed v = 100 m/min and feed f= 0.1 mm/rev.

The chips obtained from each orthogonal cutting experi-
ment were collected and inserted to prepare the sample. After
being polished and etched, the cross-sectional chip sample
was observed under a scan electron microscope as shown in
Fig. 6. Apparent serrated chips, especially at higher cutting
speed range, can be seen obviously from the compared results
of simulation and experiments, and the chip cross-sectional
view under the same cutting speed condition exhibits similar
geometric appearance.

In order to verify the correctness and accuracy of the sim-
ulation model, the segmentation degree Gs is used to quanti-
tatively compare the experiment with the simulation.

Gs ¼ H−C
H

ð8Þ

where H represents the height of the chip crest, and C repre-
sents the height of the valley (Fig. 6b).

Figure 7 illustrates the variation of simulation results com-
pared with experiments under different cutting speeds.
Figure 7a shows the variation of segmentation degree Gs with
different cutting speeds. Under the condition of different ma-
chining parameters, the trend of chip shape in the simulation
and experiment is the same; when the cutting thickness is
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Fig. 10 The variation of segmentation degree with different rake angle
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0.1 mm and the cutting speed is 40 m/min, the chip shape
obtained by simulation and experiment presents continuous
strip chip, while with the speed of 80 m/min, 120 m/min,
and 160 m/min, the chip shape changes from continuous strip
chip to sawtooth chip, and the segmentation degree Gs in-
creases with the increase of cutting speed. For the cutting force
in the cutting simulation and the cutting force measured by the
experiment shown in Fig. 7b, it can be seen that the cutting
force measured by the experiment is slightly greater than the
cutting force in the simulation when the cutting speed is 80 m/
min, 120 m/min, and 160 m/min, and the cutting force in the
experiment is smaller than the cutting force measured by sim-
ulation when the cutting speed is 40 m/min, and the relative
error is smaller than the cutting force measured by simulation

due to the cutting tool wear in turning experiment and the
measuring error of instrument and the machining system vi-
bration. However, the error rates of the numerical results com-
pared with the experimental test results were kept within 15%.
Thus, it can be seen that the simulation is in good agreement
with the experiment, and the simulation model is good and
reliable to reproduce the chip formation process.

3 Chip formation and analyses of adiabatic
shear banding process

Figure 8 indicates the flowchart for analyzing the chip forma-
tion and adiabatic shear banding processes. In order to acquire

a) v=40m/min, f =0.05mm/rev b) v=40m/min, f =0.10mm/rev c) v=40m/min, f =0.15mm/rev d) v=40m/min, f=0.20mm/rev

e) v=80m/min, f =0.05mm/rev f) v=80m/min, f =0.10mm/rev g) v=80m/min, f =0.15mm/rev h) v=80m/min, f=0.20mm/rev

i) v=120m/min, f =0.05mm/rev j) v=120m/min, f=0.10mm/rev k) v=120m/min, f=0.15mm/rev l) v=120m/min, f=0.20mm/rev

m) v=160m/min, f=0.05mm/rev n) v=160m/min, f=0.10mm/rev o) v=160m/min, f=0.15mm/rev p) v=160m/min, f=0.20mm/rev
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the results of chip formation and adiabatic shear banding pro-
cess in machining Ti-6Al-4V titanium alloy, the finite element
cutting simulation under different cutting parameters and tool
rake angles was conducted, and the experiments under

different cutting speeds and feed rates were performed. And
the chip morphology, chip segmentation degree, shear strain,
shear stress, and temperature in the adiabatic shear zone were
analyzed to reveal the serrated chip formation mechanisms in
the formation and adiabatic shear banding processes.

3.1 Simulation results under different rake angles
and cutting speeds

Figure 9 lists a pile of chipmorphologies of Ti-6Al-4Valloy in
different rake angles and cutting speeds. The rake angle is
changed by the model, which is set to − 15°, − 10°, − 5°, 0 °,
5°, 10°, and 15°, respectively. The cutting speed is 80 m/min,
120 m/min, 160 m/min, and 200 m/min. As shown in Fig. 9, it
can be seen that at a certain speed, the chips are gradually
changed from serrated chips or unit chips to flow chips when
the angle of the tool increases. With the increase in cutting
speed, the segmentation degree of the chip is increasing.
Figure 10 shows the variation of segmentation degree with
the rake angle of the tool and the cutting speed. It can be seen
that with the increase of the rake angle, the segmentation de-
gree of the chip gradually reduced, and with the increase in
cutting speed, the segmentation degree has a rising trend. In
addition, when the rake angle of the cutting tool is 0°~5°, the
segmentation degrees have the largest reduction.

3.2 Experimental results under different cutting
parameters

The machined chips were collected and mounted to the cross-
sectional view for measurement under a scanning electron
microscope (SEM). Then, the chip cross-sectional morpho-
logical SEM images under different cutting parameters were
comparably observed and listed in Fig. 11. Figure 12 shows
the variation of sawtooth degree Gs with cutting speed and
feed rate. It can be seen that the sawtooth degree of chips
increases with the increase of cutting speed and feed rate.
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In the process of orthogonal turning, because the tangential
force Fc in the direction of cutting speed is much larger than
the feed force Ft, only the changing trend of the cutting force
Fc with cutting speed and feed rate is discussed.

Figure 13 shows the cutting forces measured with different
turning parameters. When the turning speed is 40 m/min, the
cutting force increases from 205 to 844 N as the feed rate
increases from 0.05 to 0.20 mm/rev. When the turning speed
is the same, the cutting force increases with the increase of
feed; when the feed rate is 0.05 mm/rev and the turning speed
increases from 40 to 80 m/min, the cutting force increases
from 205 to 220 N, and with the increase of turning speed to
160 m/min, the cutting force decreases to 200 N. With the
increase of turning speed, the degree of material softening
increases, which leads to the decrease in cutting force. When
the feed rate increases, the chip thickness is relatively larger,
and then the material removal rate and the friction in the con-
tact area are increased; thus, the tool wear process is acceler-
ated, and eventually the cutting force is significantly in-
creased. But at the same time, the cutting temperature rise
effect caused by a larger feed rate is relatively moderate com-
pared with that caused by larger cutting speed [33]. So the feed
rate is assumed to be constant, and it focused on the influence
of cutting speed on the chip formation and adiabatic shear
characteristics in the numerical investigation.

3.3 Characteristics of shear stress and strain
in adiabatic shear bands

In order to explain the above results intuitively, the plot con-
tours on an undeformed shape in the Abaqus are used to an-
alyze the shear zone, as shown in Fig. 14; the physical state of
each original position of the material can be observed clearly
in undeformed shape, so that the adiabatic shear can be ana-
lyzed more accurately and clearly.

In the case of heat transfer continuously during the cutting
process, the presence of the high-temperature zone is due to the
material softening in the shear zone, resulting in uniform defor-
mation under the action of the tool. Therefore, it is necessary to
study the stress and strain of the material in the shear zone.

In the finite element model, it is complicated to analyze all
the units in the shear zone. Therefore, with respect to the stress
and strain in the simulation results, the intermediate unit in the

shear zone is focused, as shown in the location of the reference
unit in adiabatic shear bands in Fig. 15.

The stress, strain, and temperature of the reference unit in
adiabatic shear bands, under the cutting parameters of v =
100 m/min and f = 0.1 mm/rev, can be seen from Fig. 16,

Reference unit

Fig. 15 The location of the reference unit in adiabatic shear bands
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Fig. 16 Variation of stress and temperature in adiabatic shear bands, v =
100 m/min, f = 0.1 mm/rev. γ = − 15° (a), γ = 0° (b), γ = 15° (c)
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and the stress value of the reference unit increases at the be-
ginning, reaches the maximum, and then decreases. The fluc-
tuation range of the stress value are reduced when the rake
angle of the tool increases. In addition, when the stress curve
in the stage of the last ascension, the stress reference of the
unit reaches the maximum value of about 1600 MPa, accom-
panied by the sharp temperature rise. In the cutting process,
the persistent force acts on the workpiece with the movement
of the cutting tool. Due to the deformation of the workpiece,
the reference unit is also subject to a certain degree of stress,
and the stress value is increasing with the tool close to the
reference unit. Before the tool reaches the reference point,
due to the adiabatic shear that occurred in the material, the
reference unit of the stress value occurs a certain fluctuation,
and the fluctuation of stress has a positive relationship with the
degree of adiabatic shear.

In the formation process of adiabatic shear, the shear zone
material enters into the stage of toughness failure under the
effect of the cutting tool. Figure 17 shows that the temperature
and strain in adiabatic shear bands (γ = 0°, v = 100 m/min, f =
0.1 mm/rev) increase simultaneously at the same time, and the
strain reaches the maximum value slightly later than temper-
ature [34].

3.4 Formation mechanism analyses of serrated chips

From the cutting simulation results, it can be seen that the
sawtooth of chips is more obvious when the cutting speed
increases with the same tool rake angle. Figure 18 shows the
temperature distribution of the undistorted nephogram of the
shear band at different cutting speeds. The rake angle of the
tool is 0° and the cutting thickness is 0.1 mm. It can be seen
that the temperature of the shear band decreases gradually
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Fig. 18 Temperature distribution
nephogram in the shear zone at
different cutting speeds
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along the direction of the shear plane. The local temperature in
the shear zone increases due to the deformation heat caused by
the uneven deformation of the material in the shear zone,
which leads to the high-temperature zone.

The variation of temperature in HTZ with cutting speed is
shown in Fig. 19. It can be seen that with the increase of
cutting speed, the temperature in the high-temperature zone
and the sawtooth degree of chips increase. When the cutting
speed is 80 m/min, the temperature in the high-temperature
zone is 790 °C, and with the increase of cutting speed to
200 m/min, the temperature in the high-temperature zone rises
to 1048 °C. The reasons for this change are as follows: in the
cutting process, with the increase of cutting speed, the cutting
heat generated in the tool-chip contact zone increases, and the
material softening degree in the shear zone is strengthened.
Under the action of cutting tools, the material softening

(a) γ=-15° (b) γ=-10°

HTZ
High temperature zone (HTZ)

(c) γ=-5° (d) γ=0°

(e) γ=5° (f) γ=10°

(g) γ=15°

v=160m/min

a
c
=0.1mm

Fig. 20 High-temperature zone
and tool-chip contact zone in an
undeformed shape
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increases the material deformation in the shear zone, which
leads to an increase in deformation heat [35, 36]. Therefore,
the temperature in the HTZ increases with the increase of
cutting speed, the adiabatic shear degree of materials in the
shear zone increases, and the sawtooth degree of chips also
increases.

As shown in Fig. 20, using the results of the undeformed
simulation, the temperature distribution of the adiabatic shear
band during the chip formation process and high-temperature
zone (HTZ) can be observed. The reasons of adiabatic shear
formation are as follows: in the cutting process, the heat which
is generated from the friction between the tool and material
gathered at the tooltip, and the temperature rises in a short time.
In the material surrounding the tooltip, the heat softening effect
of the material is stronger than the strain hardening; with the
movement of the cutting tool, the material of the shear zone is
deformed. As the heat and deformation produce heat and ma-
terial deformation promotes each other the shear zone instabil-
ity, so there is serrated chip. The concentrated heat in the shear
zone is mainly generated from the material conduction and
deformation; the occurrence of HTZ is attributed and that the
material deformation is non-uniform in the shear zone [37].

As shown in Fig. 21, it can be seen that the different rake
angles lead to a degree of thermal softening effect and varia-
tion of temperature in HTZ. As a result, with the increase of
the rake angle, the degree of adiabatic shear in the shear zone
decreases and the chip segmentation degree increases. When
the angle of the tool is − 15°, the temperature of the HTZ is
1009 °C; when the adiabatic shear zone is formed, the corre-
sponding segmentation degree is 0.6. When the rake angle
reaches 15°, the temperature in the HTZ is 524 °C and the
segmentation degree is 0.1.

4 Conclusion

1. The correctness of the finite element cutting simulation
model is verified by the segmentation degree Gs. The
variation of the rake angle and cutting parameters has a
great influence on the chip morphology. The segmenta-
tion degreeGs increases with the increase of cutting speed
and feed rate and decreases with the increase of rake an-
gle. The segmentation degree has the largest reduction
when the rake angle is in the range of 0°~5°, and it pro-
vides a theoretical basis for the selection of the rake angle
during machining Ti-6Al-4V titanium alloy.

2. The stress value in the reference unit of the shear zone
increases with the cutting tool closing, reaching a maxi-
mum of about 1600 MPa and then descending. The fluc-
tuation range of the stress value is reduced when the rake
angle of the tool increases. When the stress of the refer-
ence unit reaches the starting point of the damage, the
material began to fail.

3. The results show that the occurrence of HTZ is the result
of the combination of heat conduction and deformation
heat in the formation of the shear zone. The temperature,
the stress, and the strain change rapidly at the same time
and form an adiabatic shear band in the cutting process.
The temperature in the HTZ increases with the increase of
cutting speed, the adiabatic shear degree of materials in
the shear zone increases, and the sawtooth degree of chips
also increases. With the increase of the rake angle, the
degree of adiabatic shear in the shear zone decreases and
chip segmentation degree increases.
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