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Abstract This article proposes an improved numerical model
based on the coupled Eulerian-Lagrangian (CEL) formulation
for the numerical analysis of metal cutting. Preliminary calcu-
lation results show that the model overcomes some shortcom-
ings of traditional finite element (FE) models, for example, the
mesh distortion and the limitation of the separation line meth-
od in the Lagrangian approach and setting the chip shape in
advance in the Eulerian approach. Therefore, application of
this model can provide a convenient simulation for stable and
unstable cutting processes of metals and a vivid demonstration
for the streamline field of plastic flow of a workpiece material
during cutting. Moreover, it can accurately characterize the
evolutions of stress, strain, and temperature fields in the chip,
the variation histories of the cutting force with time and the
shear-localized instability behaviors in the serrated chip. The
simulation results have sufficiently demonstrated the potential
of applying the CEL model to the numerical analysis of metal
cutting. In particular, the CEL model facilitates the simula-
tions of some special cutting processes, such as the machining
of a vibrating workpiece and a thin wall component.

Keywords CoupledEulerian-Lagrangianmodel .Orthogonal
cutting process . Shear-localized instability .Weakmesh
sensitivity . Streamline field

Introduction

In the last few decades, great progress on studying the metal
cutting process has been achieved due to advancements in
numerical technologies [1]. On the formation mechanisms of
chips, two foundational modeling approaches have formed.
The first approach is based on the theory of shear-localized
instability. Recht^s model of catastrophic thermoplastic shear
[2] provides a good explanation on the shear-localized insta-
bility in a serrated chip and the large rate of temperature rise in
shear bands [3]. It also gives clear insights into the nonlinear
dynamics of cutting from the Hopf bifurcation theory [4] and
the dependence of the cutting forces, serration frequency and
shear bandwidth on the cutting speeds [5].

The second approach is based on fracture mechanics, which
ascribed the serrated chip formation to the cyclic cracking phe-
nomenon [6]. The finite element (FE) models based on ductile
fracture theory can better simulate the crack growth behavior
along the shear plane during serrated chip formation [7, 8] and
the shear-localized instability behavior caused by cyclic crack-
ing [9, 10]. A number of studies also demonstrate the behaviors
of the crack propagation from the chip free surface towards the
tool tip [11] and the adiabatic shear-localized fracture occur-
ring in the discontinuous chip formation [12].

Recently, a number of new numerical methods based on the
meshless technology [13] are used in the simulations of metal
cutting. These methods include: the method of smoothed par-
ticle hydrodynamics [14, 15], the finite pointset method [16],
the natural element method [17] and the constrained natural
element method [18]. In addition, other new methods like the
volume of solid method [19] and the method based on the
concept of generalized stresses [20] have been used.

So far, the main numerical methods used in metal cutting
are the Lagrangian, Eulerian, and arbitrary Lagrangian–
Eulerian (ALE) methods. The Lagrangian method can
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simulate both stable and unstable cutting processes [21] and
reveal the evolution history of the field variables in the chip
[22]. On the one hand, this method requires a pre-setting sep-
aration line and corresponding fracture [23] or damage criteria
[24] to control the chip separation from the workpiece surface.
Typically, the critical values of fracture/damage in the criteria
are much smaller than the real values of actual cutting [25].
Thus, the separation line method not only leads to an evident
deviation between the simulating results and the actual cutting
process, but also restricts the application scope of the method.
To characterize the separation behaviors of chip reasonably, a
tool indentation method is used to describe the chip separation
and breakage behaviors [26, 27].

On the other hand, since the shear-localized deformation of
the serrated chip induces a severe mesh distortion, the
remeshing technology is applied to eliminate the influence
of mesh distortion on the simulation results. Usually, an accu-
rate mesh and remeshing algorithm is needed due to the shear
deformation localization and small cut thickness [28].
Correspondingly, remeshing criterion is related to the largest
element size, while fracture criterion with the element deletion
feature is applied in the simulations of high-speed cutting and
the criterion with the remeshing-rezoning methodology in the
simulations of conventional cutting. It is worth noting that
frequent remeshing can lead to the deterioration of simulation
results due to error accumulation [29]. Currently, the progress
of remeshing technology makes it possible to model chip for-
mation without pre-setting separation lines [30].

When the Eulerian method is used in the simulation of
metal cutting, the plastic deformation of work material is treat-
ed as a free flow around the tool tip. The method can represent
the flow fields of the plastic deformations of work material.
The chip material separation is modeled as a tool indentation
process. Since the work material deformation does not induce
mesh distortion, remeshing is not required. Thus, this method
can have a higher computational efficiency and is suitable for
simulating the free flow of a chip material [19]; however, it is
not convenient to simulate the unconstrained flow of chip
material. Hence, in the modeling of cutting process, the shape
of the continuous chip needs to be set in advance [31].

The ALE method [32] combines the advantages of the
Lagrangian and Eulerian methods. It can effectively eliminate
the influence ofmesh distortion and simulate the unconstrained
flow of the chip. The ALE mesh can move independently to
optimize themesh arrangement. The method does not require a
pre-setting separation line and material failure criteria. The
material cracking process governs the separation of the chip
material from the workpiece surface [33]. Typically, it requires
a mesh motion scheme to describe the free flow of the material
around the tool edge [34], the unconstrained flow under vari-
ous boundary conditions [35], and the chip formation of vari-
ous shapes [36]. However, the construction of such a mesh
motion scheme is a difficult task because the motion between

meshes is previously unknown [37]. Therefore, this method is
rarely used in the simulations of serrated chip formation during
an unstable cutting process [32].

In this work, an improved FE model based on the coupled
Eulerian-Lagrangian (CEL) formulation is presented for sim-
ulating metal cutting [38]. In the present simulation of metal
cutting using this model, the tool and workpiece are assumed
to be solid and fluid, and corresponding Lagrangian and
Eulerian meshes are set on them, respectively. The plastic
deformation and the convective movement of the work mate-
rial are treated as a free flow and the material separation is
modeled by the tool indentation process [26, 27, 39]. Thus, we
can very well characterize the transition of chip morphology
and the evolution of shear bands, and demonstrate the flow
fields of plastic deformation of material in cutting. Recently,
this method has been used to perform the simulation of low-
speed cutting process since it is convenient to treat the large
deformation problem of materials in metal cutting [40].
However, the study does not involve the high-speed cutting
process and the shear banding instability behaviors in metal
cutting. These topics are addressed in this article.

Hence, this work is intended to serve four aspects: (1) in-
troducing the basic concepts and natures of the CEL FEmodel
for metal cutting, (2) performing a numerical simulation of
high-speed cutting process to get better understanding of met-
al cutting, (3) carrying out a numerical analysis for the shear-
localized instability behaviors of chip flow, and (4)
conducting an in-depth study on the mesh sensitivity of the
CEL model in the application of metal cutting.

The model

The CEL EF model

Figure 1a shows the CEL model which imagines the metal
orthogonal cutting process as a fluid flow process on a solid
boundary, and thus, both Lagrangian and Eulerian meshes are
used in this model. The rigid tool is described by the
Lagrangian formulation with material mesh. The plastic flow
of the work material is described by the Eulerian formulation
with spatial mesh. Moreover, a large number of Eulerian air
meshes are set for the chip formation. The corresponding dy-
namic equations of the model can be obtained following the
analysis procedure of Bayoumi and Gadala [35]. Figure 1b
shows the FE mesh arrangement of the model.

In the CEL cutting simulation, the work material is
assumed to move and the tool is stationary as shown in
Fig. 1a. The uncut work material flows into the Eulerian
mesh area from the right boundary and the cut work ma-
terial out of from the left boundary. The developed chips
move along the tool rake face and into the air mesh. The
boundary conditions of workpiece are given by the
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horizontal cutting speed. The flow fields of the work ma-
terial are obtained from the modeling velocity fields. To
describe the unconstrained flow of chip free surface, the
volume of the solid approach [19] is used. This approach
uses the volume fraction of a solid in an Eulerian element
cell to construct the free surface shape and location of
chips. The evolution of the volume fraction satisfies a
transport equation that can be solved numerically. The
chip shape and location are prescribed by the volume
fraction values from zero to one. The time step consists
of a regular Lagrangian step and an Eulerian step. In each
time step, the analyses of the stress, strain, heat and mass
convection, heat conduction and temperature are per-
formed simultaneously.

The CEL model combines the superiorities of both
Lagrangian and Eulerian methods. It eliminates the mesh dis-
tortion and the influence of pre-setting separation line in the
Lagrangian simulation, and enables to simulate the uncon-
strained chip flow conveniently. Therefore, using this model,
we can not only simulate the stable and unstable cutting pro-
cesses of metals to study the chip formation mechanisms, but
also simulate some special machining processes in applica-
tions, for example, the cutting process with the tool chatter
(see video file 1) and the cutting process of thin-walled struc-
tures (see video file 2). In the two situations, it is almost
impossible to perform the simulation of the cutting processes
using the Lagrangian method since the pre-setting separation
line method is no longer valid.

The dynamic, thermo-mechanical explicit Eulerian analy-
sis is used in the CEL simulation of metal cutting. The 8-node
coupled thermo-mechanical linear Eulerian brick element
EC3D8RT with reduced integration and hourglass control is
used for the discretization of the workpiece and the air meshes,
and the Lagrangian element C3D8RT is used for the tool
discretization. Compared with the simulation results of stan-
dard elements, the calculation error is controlledwithin 1% for
the local quantities of the plastic strain tensor, the von Mises
stress, and the hydrostatic pressure. There is almost no effect
on global quantities of the cutting force and the chip temper-
ature. The cutting simulation is carried out in the commercial
ABAQUS FE code.

Material constitutive models

The Johnson-Cook (J-C) constitutive model [41] describes the
effects of strain hardening, rate sensitivity, and thermal soften-
ing of work material during cutting and can be represented as:

σeq
p ¼ Aþ B εeqp
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where σeq
p is the plastic flow stress, εeqp is the equivalent strain,

ε
� eq
p is the equivalent strain rate, and T is the temperature vari-

ation. T0 and Tm are the reference and melting temperatures,
respectively.

In metal cutting, the hydrostatic pressure at the tool edge is
extremely high (>5 GPa) [42]. This results in a large shear
strain (10 m/m), a shear strain rate (105–107 1/s), and a shear
yield stress (1.5 GPa) in the primary shear zone [43].
Currently, the dynamic torsion test of materials using a
Hopkinson bar apparatus cannot reveal these features of metal
cutting [40]. To characterize metal cutting, Calamaz et al. [15]
proposed the hyperbolic tangent (TANH) material model con-
sidering the strain softening. The TANH model has the form:
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where A, B, C, m, and n are the same constants as in the J-C
constitutive model, whereas a, b, c, and d are the new material
constants in the TANH model.

Figure 2 shows the equivalent flow stress-strain curves of
the (adiabatic) J-C model and the TANH model for Ti6Al4V
alloy. These material models are dependent on the strain rate
and temperatures and have identical hardening behaviors. In
the TANH model, the parameter S represents the variation of
the strain matching to the peak stress and the exponential

Tool

Air mesh

Workpiece

Uncut chip

(b)(a)
Air mesh

x

y

Tool

Material + Eulerian mesh

Fig. 1 (a) The CEL model for
modeling the metal cutting
process and (b) the finite element
mesh arrangement of this model
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factor in the strain hardening term describes the strain soften-
ing effect [45]. The TANH model more clearly describes the
strain-softening effect caused by the larger strain level on the
flow stresses under high temperature environments. The adi-
abatic J-C model can describe the thermal softening effect at
the larger strain level. Both models describe the effect of re-
crystallization on the flow stresses as the recrystallization of
the Ti6Al4V alloy occurs around 1270° K [46]. However,
current experimental testing technologies only provide a direct
observation for the strain-softening effect in the range of the
strain less than 10−1 m/m [44, 47]. This problem has been
identified as a pressing research need for high-temperature
mechanical properties of materials.

In this study, the Ti6Al4V alloy work material is assumed
to be isotropic and thermoviscoplastic. Both the TANH law
and the adiabatic J-C law are used to describe the plastic flow
in cutting. The material properties of Ti6Al4V alloy and the
constitutive parameters are given in Table 1.

Contact and friction

In the CELmodel, the Eulerian–Lagrangian contact defines the
interactions of the tool-chip at the rake face. The interaction
behaves as a one-to-one contact between the Lagrangian and
Eulerian nodes. The contact algorithm adopted is following
that of by Benson and Okazawa [37] and implanted into the
commercial ABAQUS code. The location of the tool-chip in-
terface is fixed automatically. For metal cutting, the Coulomb
law with a constant friction coefficient describes the tool-chip
mechanical contact [48]. Recently, some authors expanded the
application of this law. Atkins [49] assumed the friction coef-
ficient to be related to the size and the pressure in the sticking
and sliding regions of contact surface. Sima and Özel [45],
Zorev [50], and Bahi et al. [51] assumed the friction coefficient
to be dependent on the shear stress, cutting speed, and temper-
ature.Wu and Lin [52] represented the friction coefficient as an
exponential function of the cutting speed μ = μ0exp(−ηVC), in
which μ0 and VC are the Coulomb friction coefficient and the
cutting speed, respectively. η is a small parameter. As indicated

by the authors that the parameter η can be found in terms of the
steady-state cutting condition. Under this circumstance, the
friction coefficient μ describes, on average, the sliding behav-
iors and plastic flow mechanisms on tool rake face. Therefore,
η denotes a slight difference between the conditions of the
static dry friction and the dynamic contact of cutting process.
Figure 3 illustrates the graphs of the friction coefficient versus
the cutting speed for different η. This CEL model assumes that
the friction coefficient is speed-dependent with η = 0.01.
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Fig. 2 The equivalent flow stress-strain curves of the J-C law and the
TANH law at different strain rates and temperatures

Table 1 The mechanical properties of Ti6Al4V allay [47] and the
parameters of the TANH law and the J-C law

Melting temperature (K) 1873

Ref. room temperature (K) 293

Taylor-Quinney coefficient β 0.9

Density ρ (kgm−3) 4420

Elasticity modulus E (GPa) 105

Poisson rate ν 0.3

Heat conductivity λ (Wm−1 K−1) 7.2

Specific heat c (Jkg−1 K−1) 520

Friction coefficient μ 0.4

Uncut chip thickness t0 (μm) 100

Rake angle γ0 (deg.) 0

Clearance angle αn (deg.) 7

Reference temperature T0 (K) 293

Reference strain rate ε
�
0 1

J-C constitutive model parameters [47]

A (MPa) 789

B (MPa) 529

n 0.28

C 0.028

m 1

TANH constitutive model parameters [15]

a 1.6

b 0.4

c 6

d 1.5
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Fig. 3 The relation graphs between the friction coefficient and the cutting
speed for different η values
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Results and discussion

Plastic strain and temperature fields

Figures 4 to 7 illustrate the calculation results of the
equivalent plastic strain and the temperature of the chips

based on the J-C model and the TANH model. The chip
shape transitions from continuous to serrated and then
return to continuous are demonstrated as the cutting speed
increase. In the stable cutting process with the cutting
speed 1 m/s, a continuous chip forms (Fig. 4); and in
the unstable cutting process with 20 m/s, a serrated chip
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Fig. 4 The equivalent plastic
strain fields (a, c) and the
temperature fields (b, d)
correspond to the J-Cmodel (a, b)
and the TANH model (c, d),
respectively. The cutting speed is
equal to 60 m/min (1 m/s)
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Fig. 5 The equivalent plastic
strain fields (a, c) and the
temperature fields (b, d)
correspond to the J-Cmodel (a, b)
and the TANH model (c, d),
respectively. It shows the critical
state of the transition of chip
shape from continuous into
serrated at the cutting speed of
120 m/min (2 m/s)
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forms due to the shear-banding instability of work mate-
rial in the primary shear zone (Fig. 5). Figure 6 illustrates
the modeling result at the cutting speed 2 m/s. It shows
that some shear bands have been developed in the chip,
and thus denotes a critical state of chip shape transition
from continuous to serrated. The calculation results in
Fig. 7 show that the shear band evolution has matured
and the serrated chip begins to develop when the cutting
speed is 3 m/s. In these cases, the peak temperature in the
chip reaches the melting point of the work material. In the
super-high-speed cutting at the cutting speed 320 m/s, the
serrated chip returns into a continuous chip and many
immature shear bands are present inside the chip

(Fig. 8). By comparing the present results (Fig. 6) and
(Fig.8) with the simulation results of Molinari et al.
[21], One can see that two critical speed 2 m/s and
320 m/s approach to the Molinari^s modeling results
1.5 m/s and 350 m/s. Evidently, the deviations result from
the different formulations of numerical FE models. The
atavistic phenomenon of chip shape is attributed to the
work material convection effect [21] and the inertia effect
[53] to inhibit shear band growth. Furthermore, the pres-
ent modeling results on the plastic strain fields indicate
that large shear strains present in the shear bands and
small strain areas present inside the tooth. Under the cut-
ting conditions we are interested in, the peak shear strains
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Fig. 6 The equivalent plastic
strain fields (a, c) and the
temperature fields (b, d)
correspond to the J-Cmodel (a, b)
and the TANH model (c, d),
respectively. The cutting speed is
equal to 1200 m/min (20 m/s). In
this situation, typical serrated
chips develop during the unstable
cutting process
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Fig. 7 The equivalent plastic strain fields (a, c) and the temperature fields (b, d) correspond to the J-C model (a, b) and the TANH model (c, d),
respectively. The cutting speed is equal to 19,200 m/min (320 m/s). It shows the critical state of chip shape transition from serrated to continuous
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obtained with the JC model in the shear bands are much
lower in values than that with the TANH model. This
indicates that the strain-softening effect of chip material
introduced in TANH model has evident influence on the
shear banding instability of unstable chip flow in high-
speed cutting.

Figure 8 illustrates the streamlines of the plastic flow of a
work material during the orthogonal cutting process. In low-
speed cutting (Fig. 8a), the strain-hardening effect governs the
plastic flow of the work material and inertia effect is
neglected. The inordinate streamlines around the tool edge
characterize the unsmooth separation behavior of work mate-
rial under low-rate loading conditions. In high-speed cutting
(Fig. 8b and c), the inertia effect becomes significant. Well-
ordered streamlines develop in the work material. We can see
in the serrated chip that the shear band induces the sudden
change in the streamline orientation in the primary shear zone;
whereas in the continuous chips, the change in the streamline
orientation is gradual and smooth.

Chip morphology

To characterize the serrated chip shape, Molinari et al. [21]
defined the mean shear band spacing, LS, and the segmenta-
tion index, Si, as follows:

LS ¼ 1

2
L−S þ LþS
� 	 ð4Þ

Si ¼ 1

tþ2
tþ2 −t

−
2

� 	 ð5Þ

where the meanings of LþS , L
−
S , t

þ
2 , and t−2 are shown in

Figure 9, in which the simulating equivalent plastic strain is
illustrated for a serrated chip of Ti-6Al-4 V alloy. The cutting
speed is 20 m/s, and the cut depth is 100 μm. The parameter Si
characterizes the irregular degree of the serrated chip shape.
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Fig. 9 Illustration of mean shear band spacing LS and the segmentation
index Si parameters
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Figure 10 shows the change of Si with the cutting speed. The
calculated results based on the CEL approach and the
Lagrangian approach [21] have a consistent trend of change.

The chip shape strongly depends on the cutting speed in the
low-speed unstable cutting process. In the high-speed cutting
process, however, the approximated constant Si denotes a
weak dependence of chip shape on the cutting speed.

Figure 11 shows the change of the shear band spacing with
the cutting speed. There is a better consistency between the
simulation results obtained in terms of the TANH model and
the adiabatic J-C model. The different simulation methods
(CEL and Lagrangian) do not produce evident influence on
the shear band spacing. In the serrated chip formation, the
shear band spacing remains nearly constant as the cutting
speed changes. In the low−/high-speed cutting, the sudden
increase/decrease of the shear band spacing means initiation
and inhibition of the shear bands. This tendency is agreement
with the experimental observation of Davies et al. [54].

Cutting force

Figure 12a presents the calculated cutting and thrust forces
using the TANH model and the adiabatic J-C model. The sim-
ulated forces have the same oscillating frequency as the results
of Sima and Özel [45]. The different slopes of the curve fronts
ascribe to the different orientation angles of the FEmeshes (see
theWeakmesh sensitivity Subsection below). The comparison
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thrust forces obtained using the CELmethod and the Lagrangian method;
(b) the observations from the scanning electron microscope of the
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Table 2 The root mean squares of the cutting and thrust forces

FC (N/mm) FT (N/mm)

TANH model 226 59.3

Adiabatic J-C model 237 65.2

Sima and Özel [45] 211 66.5
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Fig. 13 The variations of the specific cutting forces with the cutting
speed
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of the forces with the experimental results [45] in the sense of
root mean squares (Table 2) shows that the errors are approx-
imately 8.4% for the cutting force and 21.3% for the thrust
force. Figure 12b shows the SEM observations of the longitu-
dinal midsections of a serrated chip. The grains inside the shear
bands undergo strong shear flow that causes obvious elonga-
tion deformation. The grains inside the chip segmentations
experience a small plastic deformation and the initial micro-
structure of material is retained essentially. In serrated chip
formation, the shear-banding instability induces a periodic

oscillation of the cutting forces. The minimum value of the
cutting forces, corresponding to the peak value of the shear
strain in the shear bands, characterizes the mature degree of
shear band evolution [14]. The calculated results in Fig. 12a
show that the TANH model can better characterize the evolu-
tion mechanisms of the shear bands than the adiabatic J-C
model.

Figure 13 shows the specific cutting forces varying with
the cutting speed. When the cutting speed is beyond the
transition speed of 3 m/s, the chip flow is unstable and the
cutting forces have an identical variation tendency for the
TANH and adiabatic J-C material models. When the cut-
ting speed is below 3 m/s, the chip flow is stable. The CEL
modeling results predict that the cutting forces increase
with increasing cutting speed, which is in agreement with
the experimental observations of Atlati et al. [55], but dif-
ferent from the simulation results of Molinari et al. [21]. In
low-speed cutting, the plastic deformation of chip material
behaves the work hardening which is reflected by the am-
plitude increases of the cutting force.

Shear localization deformation

Evolution of shear bands

Figure 14 presents a series of contour maps of the chip equiv-
alent strain at different times. Here, the cutting speed is 20m/s,
the cut depth is 100 μm, and the total cutting time is 0.7 μs.
Assuming that the shear band nucleates at time t = 0

T = 0 s T = 0.187 s T = 0.280 s

T = 0.490 s T = 0.700 s
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Fig. 14 The full process of nucleation and evolution of shear bands during serrated chip formation
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(Fig. 14a). At t = 0.187 μs, the shear band grows about 60 μm
along the shear plane. The appearance of a slight inflexion on
the chip-free surface denotes initiation of a chip segmentation
(Fig. 14b). At t = 0.28 μs, the shear band extends to the chip-
free surface along a curve path and a new chip segmentation
begins to form (Fig. 14c). In this period, the shear band moves
upward a distance, Γ, along the tool-chip face (see the inset in
Fig. 14). At t = 0.28 μs, the shear fracture occurs along the
shear plane, a new surface appears at the chip-free surface
(Fig. 14d). By time t = 0.7 μs, a full chip segmentation has
developed, and another new shear band begins to nucleate at
the tool tip (Fig. 14e). We can see that the CEL model can
simulate the serrated chip formation in metal cutting in detail.

The distance of the shear band moves upward Γ during
cutting, as a crucial parameter, can be used to describe the
shear-localized instability in the serrated chip. From the dis-
cussion above, we can see that Γ is closely related with the
chip speed VF, the length of primary shear zone l1 and is the
average propagation speed of the shear band CS. Therefore,
we can define an impacting factor with it as below

Γ ¼ ϖ
V Fl1
CS

ð6Þ

where the coefficient ϖ = 1.25 is determined from the simu-
lation results in Fig. 14. According to the mass conservation

law, l1VF = t1VC, the dimensionless impacting factor Γ is
obtained as

Γ ¼ ϖ
VC

CS
ð7Þ

where Γ is related to the ratio of the cutting speed to the
propagation speed of the shear band. t1 represents the cut
depth. Figure 15 shows the relationship between the propaga-
tion speeds of the shear bands and the cutting speeds, which
covers the modeling results of the metal cutting process and
the pure shear case [21]. It shows that the loading conditions
of high-speed cutting are more favorable to the extension of
the shear bands due to larger propagation speeds. The transi-
tion speeds in the range of 300–350 m/s and the serrated chip
changes into the continuous chip, in agreement with the pre-
dictions in previous studies [21, 53].

Split shear bands

The phenomenon of split shear band (Fig. 16a and b) is related
to the cutting speed.When the cutting speed is 30m/s, two split
shear bands are observed (Fig. 16c), and at 100 m/s, three split
shear bands occur (Fig. 16d). When the first shear band (SB1/
SB3) nucleates at the tool tip and grows along a curved path,
the shear band moves upward along the tool rake face simul-
taneously. This leads to the formation of a strong shear flow
zone directly below the first shear band. Clearly, the extension
of the second shear band SB2/SB4 (Fig. 16c and d) should be
along the path of the minimum energy dissipation linking the
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Fig. 16 The observation of split
shear bands in chips: (a) a
Ti6Al4Valloy chip; (b) a Ck 45
chip in the quick stop experiment
at IEP, Magdeburg [56]. The
equivalent strain fields are
obtained for the orthogonal
cutting of Ti6Al4Valloy with
cutting speeds of 30 m/s (c) and
100 m/s (d)
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tool tip and the first shear band. The factor Γ characterizes the

size of the shear flow zone. Γ ¼ 0:06 At a cutting speed of

30 m/s, Γ ¼ 0:06 implies that less deformation energy stored
in the shear flow zone is used for the evolution of the second

shear band. At 100 m/s, Γ ¼ 0:1 shows more deformation
energy stored in the shear flow zone to be used for the evolu-
tion of the second and third shear bands.

The periodic fluctuation of the cutting force represents the
repeated shear-banding instability occurring in the serrated
chip. Figure 17a shows the cutting force time curves in the
case of two split shear bands at a cutting speed of 30 m/s.
The peak value of the force labeled by inset 1 corresponds to
the first shear band nucleation, and the valley value labeled by
inset 2 denotes that the shear band has extended to the chip-free
surface. The constant force between insets 2 and 3 denotes the
second shear band as it nucleates, extends, and links with the

first one. The peak value of the force labeled by inset 4 denotes
a new shear band nucleate and insets 4 to 6 denote a new period
of the shear band evolution. Similarly, the three split shear
bands at a cutting speed of 100 m/s can be discussed in terms
of Fig. 17b. We can see in the high-speed cutting that the
phenomenon of split shear band obviously reduces the oscilla-
tion amplitude of the cutting forces. This is favorable to the
improvement of the machined surface integrity.
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Weak mesh sensitivity

Figures 18a and b show the modeling cutting forces with
different mesh sizes and orientation angles, respectively. For
a given shear angle φ = 45 degrees, the variations of these
mesh geometrical parameters do not lead to the evident vari-
ation of the oscillation frequency of cutting force and only
induce a slight change of the average values of the cutting
forces. This shows that when the CEL model is used in the
modeling of metal cutting, it has weak mesh sensitivity that
merely influences the calculation accuracy, but does not
change the nature of the simulation results.

In FE simulation of metal cutting, the mesh size and orien-
tation angle describe the mesh sensitivity as the shear-localized
deformation occurs [53]. In order to get an insight into how the
mesh features produce an influence on the shear strain locali-
zation in the metal cutting, presently, assume that themeshes of
the CEL model have the size LM and orientation angle θ and
define the mesh number index in a dimensionless form

NSB ¼ N
.

sinφþ cosφtan θ−φð Þ½ � ð8Þ

where N and φ denote the mesh number and the shear angle,

respectively. NSB ¼ WSB=LSB,N ¼ WSB=LMN ¼ WS=L.WSB

is the width of shear bands. LSB is the characteristic size of
meshes, which prescripts the geometries of meshes (Fig. 19).

The parameter NSBNSB is the characteristic number of the

meshes contained inside the shear bands. The larger NSB in
value means that the meshes inside the shear bands are divided
into more small, which will be propitious to the improvement
of computational results. The relation (8) predicts that the re-
duction of the mesh size or the appropriate orientation angle
can improve the simulation results. The optimized mesh size
and orientation angle are related to the shear angle.

If initial mesh size LM0 decreases to LM/m, the mesh num-

ber N will increase m times. If two sides of meshes simulta-
neously reduces 1/m, the mesh numbers will increase to m2

times. This implies that an uncontrolled decrease in the mesh

size L is apparently impracticable. Here, m = LM0/LM, called
the mesh length factor, represents the ratio of reduction of
mesh lengths. Furthermore, introducing the mesh angle factor
n = φ/θ represents the influence of the orientation angle. In eq.
(8), if N is substituted with mN0 in which N0 ¼ WSB=LM0,
and only consider the case of (θ-φ) is small quantity, i.e., the
case of the mesh angle approaches to the shear angle, then
tan(θ-φ) in (5) can be replaced with φ (1-n)/n. Thus, eq. (8)
is rewritten as

NSB ¼ mnN0

.
cosφ ntanφþ 1−nð Þφ½ � ð9Þ

From eq. (9), the relation curves between the parameterNSB

and the mesh angle θ are shown in Fig. 20. The result illus-
trates a monotonously decreasing tendency of the parameter

NSB with an increasing orientation angle θ, and thus a small
orientation angle is favorable to improve the computational
results. The results in Fig. 21 obtained from eq. (9) indicate
that the length factorm is two orders of magnitude greater than
the angle factor n for the largem and n values. This shows that
the effect of the mesh size is much greater than that of the
orientation angle. Note that, as n < 10, the effect of the angle
factor n increases rapidly, while as n > 10, the effect tends to
steady state. It shows that, as the mesh angle θ varies around
the shear angle φ, it produces evident influence on the com-
putational results. These features of the CEL model are differ-
ent from that of the Lagrangian model of metal cutting [53].

Summary

This article proposes an improved FE model based on the
CEL formulation for the numerical analysis of metal cutting.
This model used the Eulerian mesh to describe the workpiece
deformation and the air mesh to collect the generated chip.
Therefore, it eliminated the mesh distortion and the influence
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of the separation line method in the Lagrangian approach to
better characterize the metal cutting process. The TANH law
and the adiabatic J–C law were used to describe the work
material plastic flow of a Ti6Al4V alloy. The friction contact
at the tool-chip interface was considered speed-dependent.

By CEL simulation of Ti6Al4V alloy cutting, the transi-
tions of chip shape from continuous to serrated and then to
continuous were revealed and the corresponding critical
speeds determined. The streamlines of plastic flow of work
material demonstrated the effect of inertia on chip separation
mechanisms and characterized the shear-banding instability in
the serrated chip. In the high-speed cutting process, the shape
of the serrated chip and the shear band spacing were found to
be weakly dependent on the cutting speed. The simulating
cutting forces based on the TANH model and the adiabatic
J-C model had the same oscillating frequency. However, the
TANH model better characterized the evolution of the shear
bands. The CEL model reasonably described the work hard-
ening behavior of plastic deformation of work material in
stable cutting process. Our study of the split shear bands in
high-speed cutting process showed that the phenomenon ob-
viously reduced the oscillation amplitude of the cutting forces
and was favorable to the improvement of the machined sur-
face integrity. In the metal cutting simulation, the CEL model
exhibited a weak dependence on the mesh geometries.
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