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Abstract Ti-6Al-4V alloy is known as a typical difficult-to-
machine hard material due to its inherent properties such as
low thermal conductivity, low elastic modulus, and high reac-
tivity with cutting tool materials. This paper proposes a two-
dimensional coupled thermo-mechanical model of plane
strain orthogonal cutting for Ti-6Al-4V alloy deformation near
the exit edge. Johnson—Cook material constitutive model and
Cockroft-Latham damage criterion are utilized in the model
for better understanding the plastic behavior and chips forma-
tion during the cutting process. The machining parameters
such as cutting speed, tool edge radius, rake angle, and cutting
depth are taken into account in the simulation. The results
show that an edge defect generates at the exit edge after ma-
chining. The edge defect consists of two fracture surfaces,
namely, the first fracture surface of opening-mode crack and
the second fracture surface of sliding-mode crack. Besides, the
edge defect sizes are greatly sensitive to machining parame-
ters. This study provides a better understanding of
burr/breakout formation mechanism near the exit surface and
optimization of machining parameters in cutting Ti-6Al-4V
alloy.
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1 Introduction

There are always burrs or breakouts on the exit edges of parts
after machining, which cannot be prevented [ 1] and may result
in a number of problems. On one hand, the real geometry of
the workpiece edges is determined by the formation of burrs
near the exit edges in the final manufacturing process. On the
other hand, burrs which initially stick to a part can become
loose during operation of a product and cause damage later on
[2]. Thus, deburring is a necessary part of the production pro-
cess in order to ensure the desired part functionality. However,
burr removal is usually time-consuming and expensive. Stud-
ies show that it represents as much as 30 % of the cost of
finished parts, most of which is caused by an increase of about
15 % in man power and cycle time. In addition, a 2 % share in
the reject rate and 4 % share in machine breakdown times as is
reported [2]. To decrease manufacturing costs, it is necessary
to select the most desirable deburring methods, as well as to
identify dominant process parameters on burr formation. Con-
sequently, studying the burr/breakout formation mechanism
and the effects of machining parameters on burr/breakout
plays an important role in precision manufacturing.

Over the past decades, investigations on burr formation in
typical machining modes have been carried out using all kinds
ofresearch methods. Gillespie et al. [1] presented an analytical
model to predict burr properties and establish the first funda-
mental work dedicated to burr formation mechanism. In their
study, four types of machining burrs including Poisson burr,
rollover burr, tear burr, and cut-off burr were described.
Among the previous literatures [3—10], burr formations in or-
thogonal cutting were studied analytically as the plastic
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bending of non-cut parts of materials using minimum energy
principles and the incompressibility assumption. Meanwhile,
numbers of predictive models of burr dimension including
different conditions were carried out as well. Ko and Dornfeld
[3] proposed a quantitative model of burr formation for ductile
materials to calculate burr height and burr thickness. In the
model, the burr formation mechanism was divided into three
parts: initiation, development, and formation and validated by
the observation of machining copper. Based on the work of
ductile materials, they further developed the quantitative mod-
el including fracture of the workpiece during burr formation
and acquired a theoretical formulation of burr height and
length [4]. An analytical model considering oblique cutting
was also presented by Ko and Dornfeld [5] to investigate the
burr formation and fracture mechanism in the realistic
oblique-machining case. Chern et al. [6] studied a
burr/breakout formation based on the observation of SEM
micro-machining tests for orthogonal cutting. Toropov et al.
[7] proposed a model including continuous burr development
and discontinuous development of burr formation mechanism.
The model allowed predicting burr height and thickness and
was able to simulate burr development. A new model based
on the theory of slip-lines was proposed by Toropov et al. [§]
to predict the full formation of a burr in orthogonal cutting.
Based on the geometry of burr formation and the principle of
continuity of work at the transition from chip formation to burr
formation, Niknam et al. [9] calculated the burr thickness in
milling of ductile materials. A computational model was re-
cently presented by Niknam and Songmene [10] to approxi-
mate the tangential cutting force and consequently predict the
thickness of the exit up milling side burr. In addition, since
burr/breakout formation is a complex process and difficult to
observe by experiment, the finite element simulation is widely
used in engineering to analyze the burr formation mechanism
[11-13]. Finite element models in orthogonal cutting were
presented by Park et al. [12] to examine the influences of exit
angles of the workpiece, tool rake angles, and backup mate-
rials on burr formation process in cutting 304 L strainless
steel. Deng et al. [13] investigated the effect of the tool con-
ditions and cutting conditions on the burr formation process
based on a coupled thermo-mechanical model of plane strain
orthogonal metal cutting. Except for the burr formations of
ductile materials near the final manufacturing process, inves-
tigations of burr formation in machining brittle materials have
also been carried out in various research methods. Cao [14]
proposed a finite element analysis based on the theory of frac-
ture mechanics to investigate the size of exit edge chipping in
ceramic machining. According to the orthogonal cutting mod-
el of SiCp/Al composites, Zhou et al. [15, 16] analyzed the
influences of cutting velocity, cutting depth, and tool rake
angle on the cutting force and edge defects near the exit of
orthogonal cutting. Besides, Zhou et al. [17—19] have done a
great deal of successful works on the interaction between
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material defects and cracks which may have potentially sig-
nificant application in addressing challenging material sci-
ence, especially their wear and contact fatigue analysis.

The above review of literatures shows that the
burr/breakout formation in machining ductile materials and
brittle materials has been studied extensively using experi-
mental and predictive analytical modeling, but few works re-
lated to hard materials such as Ti-6Al1-4V alloy were carried
out. Ti-6A1-4V alloy is an important aerospace engineering
material due to its excellent combination of strength and frac-
ture toughness as well as low density [20]. However, this
material is regarded as difficult to machined material [21,
22]. Recently, Ti-6Al-4V alloy machining has been studied
extensively in experimental and finite element methods, espe-
cially on machining in high-speed machining. Umbrello [23]
presented a finite element analysis of machining Ti-6Al-4V
alloy both for conventional and high-speed cutting regimes. In
particular, chip morphology, cutting force, and segmentation
were taken into consideration due to their predominant roles in
determining machinability during the machining of these al-
loys. In addition, many finite element models of orthogonal
cutting Ti-6Al-4V alloy have been carried out [24-27] for
different research contents and show that work material flow,
friction parameters between the tool/workpiece interface, the
tool material [28], the fracture criterion, and the thermal pa-
rameters play an important role in the success and reliability of
numerical models. In other words, it depends on the choice of
appropriate constitutive equations.

This paper displays a two-dimensional finite element mod-
el of burr formation in machining Ti-6Al-4V alloy. The John-
son—Cook material model and Cockroft-Latham damage cri-
terion are used for better understanding plastic flow and chips
formation in the machining process. The purpose of this mod-
el is to simulate the Ti-6Al-4V alloy deformation near the exit
and investigate the influences of cutting speed, rake angle, exit
angle, cutting edge radius, the depth of cutting on edge defect
dimensions, and profile. It is aimed to provide a fundamental
understanding for the effects of machining parameters on edge
defect sizes and the formation mechanism, which may provide
guidance in terms of the optimization of cutting parameters
design.

2 Finite element models
2.1 Boundary conditions and friction model

Figure 1a shows the boundary conditions and initial geometry
configuration. The sizes of workpiece A-B-C-D-A are 1.5%
0.8 mm in X and Y directions, and the cutting tool E-F-G-H-E
is modeled as a rigid but heat transfer body. The boundary E-
B-C is fixed, while the boundary C-D-A is set as free to allow
the chip and burr to form without any constraint during the
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Fig. 1 Orthogonal cutting model. a Tool and workpiece. b Meshed tool and workpiece

simulation. In addition, heat exchange with environment is
allowed on the boundary C-D-A and F-G-H, and the environ-
ment temperature is set as 20 °C. Due to the complex condi-
tion, the contact between tool and workpiece is defined as
rigid and flexible, meanwhile self-contact between workpiece
and chip is also taken into account [29]. The heat-transfer
coefficient among all the contact zone is 45 N/s/mm/°C. In
addition, the contact faces around the tool are divided into two
friction windows during the movement. The one near the tool
is called bonded friction zone; the other is named as slip fric-
tion zone. The friction boundary condition can be expressed as
follows [30]:

R MOy (Tf < Tmax)
Tf N { Tmax (TfETmax) (1)

where T is the friction stress, 4 is the Coulomb friction coef-
ficient, o,, the normal stress, and T, the critical shear yield
stress. Besides, for the heat transfer calculation, the following
assumptions are made:

1. The main heating sources during Ti-6Al-4V alloy cutting
are the plastic deformation zone and the friction at the
tool/workpiece interface [13].

2. The tool-chip contact is thermally perfect, namely, a sig-
nificantly large value for the interface heat transfer coef-
ficient is taken. The boundary B-C and H-G-F that are
away from the cutting zone remain room temperature
20 °C.

3. For the free surfaces on the workpiece, tool, and chip, heat
loss by convection and radiation is considered to be insig-
nificant. Therefore, it can be negligible [31].

Figure 1b shows the initial meshing of the tool and work-
piece. Based on the updated Lagrangian formulation for large
plastic deformation analysis, the workpiece is divided into
8564 elements considering plane strain assumption, and in
addition, the mesh of severe deformation zone is refined for
improving efficiency and precision. The chip formation

process is simulated as plastic flow and the chip separation
from the workpiece is achieved by continuous re-meshing.
After each re-meshing step, the solutions of the process state
variables for the workpiece is then interpolated from the orig-
inal mesh to the current undeformed mesh [31].

2.2 Material modeling

Titanium and its alloys are used widely in aerospace, pressure
vessels, aircraft turbine and compressor blades and disks, and
surgical implants [20]. However, many characteristics such as
low elastic modulus and chemical reaction with tool materials
make titanium alloys hard and expensive to machine [21, 22].
The Ti-6Al-4V alloy serves as the workpiece material in this
paper and its chemical composition is given in Table 1.

Materials’ properties such as Poisson ratio, density, thermal
conductivity, and specific heat properties have to be provided
as input to the finite element simulation accurately; otherwise,
the simulation results would be unreliable [24]. In this study,
WC alloy is chosen as the tool material, the thermal conduc-
tivity is 59 W/m-K, heat capacity 15 J/kg-K, and density
14.5x10° kg/m>. The mechanical and physical properties of
Ti-6Al-4V alloy are presented in Table 2.

In high speed metal cutting and forming process, the work-
piece material undergoes plastic deformation over wide ranges
of strain, strain rate, and temperature [32—-34]. The process is
governed by different deformation mechanisms depending on
the above parameters as well as their variation during the
process [35]. In the severe deformation zone ahead of the tool
tip, the local strain can increase from nil to very high value
within a short time. The local strain rate varies between 0 and
5x10*s™". The deformation work is transferred into heat dur-
ing the cutting. Then the local temperature can increase to the
values slightly below melting point [36]. To model the plastic
behavior of Ti-6Al-4V alloy during the cutting process, the
Johnson—Cook material constitutive model [37] is employed.
The strain rate-dependent hardening and temperature-
dependent flow softening behavior on the plastic deformation
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Table 1  Chemical composition of Ti-6Al-4V alloy [20] Table 3  The J-C equation parameters of Ti-6Al-4V alloy [23]
Element Ti Al A% Fe/O I (MPa) J (MPa) K n m
Component (wt.%) 90 6 4 Max 0.2 870 990 0.008 1.01 1

are incorporated in the model as multiplication form [38]. The
J-C constitutive equation including five parameters can be
described as follows:

o= (+J") (14+KmE) [1=(1")"] )

where 7, J, and n are the three coefficients describing the
quasi-static behavior of material, while K and m account for
the strain rate hardening and thermal softening effects, respec-
tively; € is the reference strain rate, 7" is the homologous
temperature and can be further defined by:

T = (T_Tr)/(Tm_Tr) (3)

where T'is the absolute temperature , 7,. and T, represent the
room and melting absolute temperatures, respectively. And
the five parameters are shown in Table 3.

2.3 Material damage criterion

In order to calculate the formability limit of Ti-6Al-4V alloy,
ductile fracture criteria have to be defined. Takuda [39] have
proved that the combination of the finite element simulation
and the ductile fracture criteria is convincing in the prediction
of forming limit. Among the various fracture proposed, the
criterion suggested by Cockroft and Latham is found to pre-
dict the most reasonable fracture strain in metal forming op-
erations [40]. In this research, Cockcroft and Latham’s crite-
rion [41] is employed to predict the effect of tensile stress on
the edge defect formation near the exit of orthogonal cutting.
According to the fracture strain energy, Cockcroft and
Latham’s criterion can be expressed as follows:

/ 8fa]alg =R (4)

0

Table 2 Mechanical and physical properties of Ti-6Al-4V alloy [25]

Density (kg/m?) 4.43x10°
Ultimate tensile strength (MPa) 950
Tensile yield strength (MPa) 880
Modulus of elasticity (GPa) 113.8
Thermal conductivity (W/m-K) 17
Poisson’s ratio 0.342
Heat capacity (J/kg:K) 526

@ Springer

where ¢ris the effective strain, o is the maximum principal
stress, and R is a material constant. Cockcroft and Latham’s
criterion means that when the integral of the largest tensile
principal stress component over the plastic strain reaches the
critical value R, which is called damage value, fracture occurs
or chip segmentation starts.

In FE simulation, the critical damage value of each
element is calculated under deformation at each time step
by the program. Once the damage value in an element
reaches a critical one, cracks initiate, and these elements
will be deleted, and then the rough boundary produced by
the element deletion is smoothed by element re-meshing
[23]. In this paper, the critical damage value of Cockcroft
and Latham’s criteria is set as 240.

3 Results and discussion
3.1 The machining process

Ti-6Al-4V alloy machining essentially is a highly nonlinear
and coupled thermo-mechanical process, during which the
workpiece material ahead of the tool tip undergoes large de-
formation, high strain rate, high temperature, and complex
friction. In Fig. 2, the coupled thermo-mechanical effect is
investigated during chips formation near the exit edge under
cutting speed v=800 mm/s, cutting depth @,,=0.1 mm, and the
cutting tool edge radius »=0.02 mm. The results presented in
Fig. 2 show the effective stress contours in different stages
during the cutting process. In particular, the case in which
the tool exits is analyzed in detail for better understanding
the burr/breakout formation. Figure 2a shows the initial con-
tact stage when the tool cuts into the workpiece. In this case,
the magnitude of effective stress ahead of the tool tip reveals
the severe shearing zone of the workpiece material [13].
Figure 2b presents the steady state of chip formation. In this
stage, due to adiabatic shear bands and crack propagation, the
chip morphology is generated with continuous saw-toothed
[26]. Besides, the cutting force and cutting temperature reach
approximately the steady state. Figure 2c¢ displays the contin-
uous cutting state. The deformation and stress distribution are
not affected by the workpiece edge. As the tool advances
toward the workpiece edge, the plastic deformation zone
around the primary shear zone is accompanied to extend ac-
cordingly. Figure 2d shows crack initiation stage. The plastic
deformation zone around the primary shear zone extends to
the workpiece edge and turns into negative shear band. As the
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Fig. 2 a—h Formation process of
the edge defect during Ti-6Al-4V (a)
alloy cutting
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tool moves toward the workpiece edge, an opening-mode
crack initiates at tool tip. Figure 2e reveals crack propagation
stage. In this stage, the chip formation is considered to be stop
while the left corner region of the workpiece remains unde-
formed. With the above region rotating around the plastic
hinge point, the crack propagates along the direction vertical
to the finished surface and turns into the first fracture surface
of opening-mode crack. In this simulation, it is assumed that
as soon as four neighboring elements reach the critical damage
value 240, the material is then ready to fracture and those
elements are then removed [13]. In addition, it is noted that
the zone of effective stress bigger than 560 Mpa starts decreas-
ing, which indicates the cutting forces start decreasing due to
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the rotation of undeformed chip layer. Figure 2f describes the
second crack initiation stage. The crack does not continue to
spread along the direction vertical to finished surface but
along the direction of negative shear band. Figure 2g indicates
the sliding stage. As the tool approaches the end of the work-
piece, the left corner region of the workpiece does not rotate
around the plastic hinge point as the ductile material [13], but
slides along the direction of negative shear band. And then a
fracture surface of sliding-mode crack is generated. Figure 2h
shows eventually the tool cuts through the workpiece. The
crack makes the chip separate along the sliding line. Eventu-
ally, the tool unloads and cutting is finished as soon as contact
is lost with the workpiece, an area consisting of two fracture
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surfaces is the edge defect produced which possesses a certain
height and width.

3.2 The cutting velocity

Figure 3 shows the effective strain plots of the exit
edge defect generated during orthogonal cutting Ti-
6Al-4V alloy under four different cutting velocities. It
can be observed that the effective strain distribution, the
chip morphology and the edge defect morphology are
greatly different under various speeds. In Fig. 3a, when
the cutting velocity v=200 mm/s, the maximum effec-
tive strain is 4.773 and located in the sliding line,
which indicates that the left corner region of workpiece
slides along the direction of negative shear band. And
the produced fracture surface of sliding-mode crack is
smooth and oblique. In Fig. 3b, with the increase of
cutting velocity from v=200 mm/s to v=500 mm/s, the
maximum effective stress increases to 5.518 significant-
ly, which reveals the severer sliding deformation. In
addition, it can be noted that the edge defects are obvi-
ously consisted of two fracture surfaces. One is the
surface located in crack initial position, which is very
steep and even vertical to finished surface. This fracture
surface can be explained by the findings of Velasquez
et al. [42]; it is found that there is no phase transfor-
mation in the near-surface region during Ti-6Al1-4V alloy
machining, and the subsurface is only affected by plas-
tic deformation. Work hardening of the deformed layer
beneath the machined surface up to 0.01 mm causes
higher hardness than the average hardness of the base
material [22, 43]. This indicates that a plastic hardening

Step 1445 Strain - Effective (mm/mm)

(a) v=200mm/s

1.591

0.000 I

Step 1475 Strain - Effective (mm/mm)
5442

(C) v=650mm/s

3628

1.814

0.000 I

y,
s

layer generates near the machined surface [44]. Accord-
ing to the minimum energy principle, the first fracture
surface perpendicular to the finished surface can be ex-
plained by that the crack propagation along the direction
vertical to the hardening layer needs the minimum en-
ergy. In order to the convenience of description, we call
it the first fracture surface. Compared with machining
ductile and brittle materials formation near the exit of
orthogonal cutting [13, 15, 16], it can be seen that the
first fracture surface only appears in machining hard
materials such as Ti-6Al-4V alloy. Another fracture sur-
face is the surface near the exit edge. As the tool ad-
vances, the undeformed chip layer in front of the tool
does not rotate around the pivoting point as ductile ma-
terials [13] but slides along the slide line, and then the
second fracture surface of sliding-mode crack is formed.
It can be observed that the second fracture surface is a
smooth surface and has a bigger area than the first one.
As the cutting velocity v=800 mm/s shown as Fig. 3d,
it is seen that the boundary between the first fracture
surface and the second fracture surface becomes clearer.
In metal machining, according to the work of Chou and

Evans [45], the affected layer depth zlfg is a function of

Ze — f (L,v). And the plastic hardening
layer thickness increases with the cutting speed [42]; the
size of the first fracture surface is proportional to the
thickness of plastic hardening layer. As a result, the first
fracture surface is steeper and longer with the increasing
cutting speed.

Figure 4 shows the influence of cutting velocity on
the edge defect sizes. Compared with the edge defects
in machining brittle materials [14—16], it can be

cutting speed
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Fig. 3 a—d The influence of cutting velocity on burr formation (2,=0.1 mm, a=0°, 7=0.02 mm)
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observed that the ratio between the height and the width
is very small in machining Ti-6Al-4V alloy. The average
ratio is 79=0.203 in this research, while r,=1.05 in or-
thogonal cutting SiCp/Al composites [15, 16]. The rea-
son is that the plastic deformation in the fracture surface
absorbs part of the energy form the crack propagation,
and according to the minimum energy principle, the
sliding-mode crack extends along edge of plastic defor-
mation zone. Based on the J-C constitutive model of Ti-
6Al1-4V alloy, the strain rate and temperature are the two
obvious effects on the plastic deformation behavior, and
flow stress decreases markedly with temperature at a
fixed strain rate but increases with strain rate for a
given temperature [46]. This indicates the strain rate
and temperature lead to work hardening and softening,
respectively. When cutting velocity within the low value
range, the strain rate is small and cannot give rise to
apparent material hardening effect. However, the tem-
perature increases sharply resulting in material softening
behavior. Consequently, as the cutting velocity increases
both of the height and width increase within the low
velocity range. And the width of edge defect is more
sensitive to cutting velocity. When the cutting velocity
ascends to the critical value v=500 mm/s, the sizes of
edge defects reach the maximum. However, the sizes of
edge defects decrease in the velocity range larger than
v=500 mm/s with the increasing cutting velocity. This
can be explained by that the high strain rate at higher
speed cutting causes strain hardening and generates a
plastic hardening layer at subsurface. Thus, the edge
defects decrease as the cutting velocity increases. As a

200 300 400 500 600 700 800 900

v (mm/s)

result, from the viewpoint of edge defect minimization
and efficient machining, a higher cutting velocity should
be chosen for Ti-6Al-4V alloy machining near the exit
edge.

3.3 The cutting edge radius

Figure 5 presents the influence of the cutting edge ra-
dius on the edge defect sizes and morphology under
different cutting edge radii. The cutting edge radius
plays an important role in orthogonal cutting since it
determines the cutting edge contact length. As a result,
the process variables such as contact stress, temperature
field, and cutting forces are greatly different with di-
verse cutting radii. In Fig. 5, the maximum effective
strains are 4.09, 5.018, and 5.131 under the cutting edge radius
of 0, 0.02, and 0.04 mm, respectively. This indicates that the
effective strain increases with increasing edge radius [30]. In
addition, it can be seen that the influence of the cutting edge
geometry on the edge defect profile is obvious. With the in-
crease of the cutting edge radius, the first fracture surface of
opening-mode crack becomes bigger and the boundary between
the first fracture surface and the second fracture surface is clear-
er. This can be explained by the findings of Yen [31]; on one
hand, the degree of plastic deformation in the secondary shear
zone and on the machined surface increases considerably as the
edge radius increases, the thickness of work hardening layer
becomes bigger. On the other hand, the increased contact area
around the tool tip results in the increase of the specific cutting
energy as well as cutting forces. As a result, the crack propagates
deeper and steeper at the same strain rate and temperature.
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Fig. 5 a-d The effect of cutting radius on burr formation (v=500 mm/s, @,=0.1 mm, a=0°)

Figure 6 shows that the relationship between the cut-
ting edge radii and the edge defect sizes in machining Ti-
6Al1-4V alloy. It can be seen that with the increase of the
cutting radius the height of the edge defect becomes
bigger. However, the width of the edge defect is little
sensitive to the cutting edge radius. The reason is that
a bigger tool edge radius corresponds to a bigger Y-
direction component of cutting forces and leads to the
increasing height of edge defects. Therefore, in order to

acquire a minimum edge defect, the tool with small edge
radius should be chosen.

3.4 The rake angle

Figure 7 represents the influence of the rake angles on
the edge defect under different rake angles. The rake
angle always has great relationship with the tool-chip
contact, and the component of cutting forces, thus, play

Fig. 6 The effect of the cutting 0.25
edge radius on edge defect sizes
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Fig. 7 a—d The influence of rake angle on burr formation (v=500 mm/s, a,=0.1 mm, »=0 mm)

an important role to process variables. From the effec-
tive strain plots of the edge defect shown in Fig. 7, it is
clear that the rake angle has a significant effect on the
chip thickness, as the augment of rake angle the less
material are removed, resulting in the decline of cutting
forces. As a result, the maximum effective strain 5.449,
5.08, 4.809, and 4.386 shown in Fig. 7 tends to de-
crease with the increasing rake angle. In addition, it
can be seen that the fracture surface morphology are
not sensitive to the rake angles due to the rake angle

has little effect on the plastic hardening layer at subsur-
face after machining. The first fracture surface is small and
the boundary between the first fracture and the second fracture
is not obvious due to the tiny hardening layer. However, the
edge defect sizes shown in Fig. 8 are greatly sensitive to the
rake angles. It can be observed that the lower the rake angle
becomes, the earlier the transformation point of chips forma-
tion appears due to the bigger Y-direction component of cut-
ting forces. Consequently, with the increasing of the rake an-
gle, both the height and width of edge defect decrease.

Fig.8 The effect of rake angle on 0.35
edge defect sizes )

Edge defect sizes (mm)
o
o
1

—&— width

—e— height |

@ Springer



2386

Int J Adv Manuf Technol (2016) 85:2377-2388

Step 2710
4.878

(a) 4,~0.05mm

Step 1020

(€) a,=0.125mm

Strain - Effective (mm/mm)

Strain - Effective (mm/mm)

Step 1695

Strain - Effective (mm/mm)

5.143
(b) a,=0.1mm

Step 915 Strain - Effective (mm/mm)

(d) a,=0.15mm

3.753

1.783 ‘ [1.877

0.001 I

Fig. 9 a—d The effect of the depth of cutting on burr formation (v=500 mm/s, «=0°, »=0 mm)

From the viewpoint of precision machining, a bigger rake
angle should be chosen for machining Ti-6Al-4V alloy near
the exit surface.

3.5 The depth of cutting

Figure 9 shows the influence of the cutting depth on the edge
defect sizes and morphology near the exit of orthogonal cut-
ting Ti-6Al-4V alloy. It can be observed that the fracture sur-
face grows as a smooth arch, and the first fracture surface is
not obvious; this reveals that the thermal softening effect is

greater than the work hardening with the increasing cutting
depth, and the material near the finished surface becomes
softened [27]. Furthermore, it is seen that the deeper cutting
depth, the earlier the transition point appears. Consequently,
as shown in Fig. 10, with the increase of cutting depth, both
the height and width of edge defect increase and the depen-
dence of exit edge defect sizes on cutting depth appears to be
in linear relationship. This result can be explained as follows:
on one hand, with the increasing of cutting depth, the bigger
cutting force causes the cutting action tending to be more
unstable during machining, which increases the exit edge

Fig. 10 The effect of cutting 0.5
depth on the edge defect sizes
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defect size [15]. The results are well in accordance with that of
SiC/Al composite [15]. On the other hand, the cutting depth is
proportional to temperature field and softening effect; as a
result, the bigger cutting depth, the more material becomes
softened. Therefore, from the viewpoint of exit edge defect
minimization, the machining parameters with a large cutting
depth should be avoided.

4 Conclusions

A more realistic finite element model of Ti-6Al-4V alloy cut-
ting including exit edge defect formation has been proposed.
The simulation procedure based on Johnson—Cook material
model and Cockroft-Latham damage criterion is presented
for the purpose of better understanding the exit edge deforma-
tion in cutting hard material as Ti-6Al-4V alloy and obtaining
a quantitative analysis of the edge defects. The major conclu-
sions drawn from this study are the following:

1. The edge defects generated by orthogonal cutting Ti-6Al-
4V alloy near the exit consist of two fracture surfaces. The
first fracture surface of opening-mode crack has a consid-
erably small size due to the thin plastic hardening layer at
subsurface and vertical to finished surface. While the sec-
ond fracture surface of sliding-mode crack is flat in the
position and long in the dimension.

2. The ratio 79=0.203 between the height and width of edge
defects in machining hard materials such as Ti-6Al-4V
alloy is significantly small compared with that 7y=1.05
of brittle materials, since the plastic behavior in Ti-6Al-
4V alloy absorbs part of the energy in crack propagation.

3. The edge defect sizes are greatly sensitive to the process-
ing parameters. Consequently, the sizes of the edge de-
fects are shown to be reduced by (a) enhancing the cutting
velocity, (b) sharpening the cutting tool edge radius, (c)
increasing the rake angle, and (d) decreasing the cutting
depth.
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